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EXECUTIVE SUMMARY

S. B. GARLAND II, A. V. PALUMBO, G. W. STRANDBERG,
T. L. DONALDSON, L. L. BOLLA, W. ENG, and C. D. LITTLE.
1989. The use of methanotrophic bacteria for the
treatment of groundwater contaminated with
trichloroethene at the U.S. Department of Energy Kansas
City Plant. ORNL/TM-11084. Oak Ridge National
Laboratory, Oak Ridge, Tennessee. 79 pp.

Contamination of groundwater by organic compounds is recognized as
a major problem in many areas of the country. Conventional treatment of
the contaminated groundwater by air stripping or carbon adsorption
removes the organics from the water by transferring them to another
medium but does not destroy them. A variety of microorganisms are
capable of converting organic chemicals to carbon dioxide, water, and
simple inorganic acids, bases, and salts. Frequently, the organics in
the groundwater are in insufficient concentration to support microbial
growth or are not themselves used for growth and energy, and a primary
carbon source is needed, as well as oxygen. A potential application of
a supplementary carbon source is the use of methanotrophic
microorganisms to degrade halogenated organics such as trichloroethene
(TCE) in the presence of methane and oxygen.

This study was conducted to demonstrate the technical feasibility
of a trickle-filter methanotrophic bioreactor for the remediation of TCE
contamination in groundwater. A bench-scale continuous-flow bioreactor
was constructed and operated for several months to treat synthetic
contaminated groundwater and to identify the rate of TCE degradation and
the parameters that control bioreactor performance. With influent
concentrations of TCE and trans-1,2-dichloroethene (DCE) of 1 mg/L each
and a residence time of 50 min, approximately 50% of the TCE and 90% of
the DCE were degraded in a single pass through the bioreactor. Further
degradation of TCE was obtained with liquid recycle.

Simultaneously, batch shake-flask tests were conducted to
characterize the substrate and nutritional requirements of the microbial
culture in order to guide process development and to estimate potential
performance of the bioreactor. Experiments were conducted with mineral

salts media and contaminated site groundwater. Selection of a mixed

xi



microbial consortium resistant to the toxic effects of chlorinated
hydrocarbons and the identification of appropriate micronutrient
conditions, specifically manganese concentration, are two factors
identified as being important in optimizing the utility of the microbial
consortia. Based on the results of these studies, the presence of high
levels of other chlorinated alkenes may reduce the rate of TCE
degradation, but the importance of this effect depends upon the specific
composition of the contaminated water. These other chlorinated alkenes
(e.g., DCE) may actually degrade faster than the TCE.

The performance of the bench-scale bioreactor indicates that
bioremediation of TCE-contaminated groundwater is technically feasible.
A 3-month pilot plant project to further develop the process is
estimated to cost approximately $180,000. A full-scale plant ranging in
size from 50 to 700 gal/min is estimated to cost from $180,000 to $1
million to construct and from $4 to $1 per 1000 gal to operate.

xii



INTRODUCTION

The objective of this study is to demonstrate the technical
feasibility of a trickle-filter methanotrophic bioreactor for the
remediation of groundwater contaminated with trichloroethene (TCE) and
trans-1,2-dichloroethene (DCE) at the U.S. Department of Energy (DOE)
Kansas City Plant. In order to accomplish this objective, a prototype
bench-scale continuous bioreactor was constructed and operated for
several months to treat synthetic contaminated groundwater. Following
startup of the bioreactor and the development of an adequate microbial
culture, the parameters that control bioreactor performance were
identified, the rate of TCE destruction was measured, mass transfer
limitations were identified, and approaches to reducing mass transfer
limitations were evaluated. Concurrently, batch shake-flask tests were
performed to characterize the substrate and nutritional requirements of
the microbial culture in order to guide process development and to
estimate the potential optimal performance of a bioreactor system. The
data were used to determine the merit for further process scale-up and
to estimate the costs for doing so.

This study was divided into four tasks as described below.

TASK 1: CHARACTERIZATION OF PERFORMANCE OF BENCH-SCALE BIOREACTOR

A bench-scale trickle-filter bioreactor was constructed and
inoculated with a TCE-degrading culture isolated from a TCE-contaminated
groundwater well in the Oak Ridge area. The best existing information
on the requirements for the culture was used to start up the bioreactor.
As further understanding was obtained (Task 2), the operating conditions
of the bioreactor were modified as appropriate.

Degradation of TCE and DCE in synthetic contaminated groundwater
was evaluated, and the effects of various parameters on performance--
liquid and gas flow rates and gas phase oxygen and methane content--
were investigated. Complete material balances on TCE were attempted.
The ultimate objectives were to determine which parameters are
performance-controlling and to estimate the nature of the correlation in

order to guide further process definition, evaluation, and scale-up.



TASK 2: CHARACTERIZATION OF MICROBIAL CULTURE

The culture used in the prototype fixed-film bioreactor was
characterized in batch shake-flask tests to determine the conditions for
maximum TCE and DCE degradation. Although work to date at ORNL and
other labs has demonstrated that TCE can be degraded, it is not known
how to selectively promote this behavior, nor is it known what the
potential maximum degradation rate might be. Parameters that are
potentially influential include concentrations of methane, oxygen, TCE,
and other chlorinated compounds; nutrients such as nitrogen, phosphorus,
and trace metals; pH; and temperature. Actual contaminated groundwater
from the site was used for much of this work. These tests were
performed concurrently with the bioreactor development work (Task 1).
As further understanding was gained on the behavior of the culture, it
was transferred to the operation of the bioreactor. Furthermore, these
tests help to estimate the ultimate potential performance of a

full-scale groundwater remediation process.

TASK 3: REVIEW AND DECISION MEETING

Two ORNL staff members met with the Kansas City staff to review the
experimental progress over the first 6 months of the project. Based on
these results, a decision was made to initiate a preliminary engineering

evaluation for a pilot plant and a full-scale plant (Task 4).

TASK 4: PRELIMINARY ENGINEERING EVALUATION

The objective of this task was to determine if this treatment
technology appears feasible from a technical and economic perspective.
Information and process understanding gained in Tasks 1 and 2 were
combined to develop a conceptual process design for treatment of
TCE-contaminated groundwater, and a preliminary cost estimate was
developed.

A first quarter progress report was submitted in May 1988, and a
review of the project (Task 3) was conducted in Kansas City in August
1988. At the review in August, a decision was made to expand Task 4 to

include a pilot plant test campaign schedule, a full-scale plant



conceptual design, a cost estimate for a 1 gal/min pilot plant, and an
economic evaluation of a conceptual 50 gal/min full-scale plant.

This final report contains background material on TCE degradation,
the results of Tasks 1, 2, and 4, and conclusions. Task 3 was the oral
presentation and review that took place in Kansas City in August 1988,

and no additional information is provided in this report.



BACKGROUND

Contamination of groundwater aquifers by organic chemicals is
recognized as a major national problem. TCE and DCE are common
pollutants at U.S. Environmental Protection Agency (EPA) Superfund sites
and at DOE sites (EPA 1985). These compounds are suspected carcinogens,
are resistant to aerobic degradation, and thus threaten water supplies
(Infante and Tsongas 1982). Although TCE is an EPA priority pollutant,
American industry consumed 178 million pounds in 1985 (Storck 1987).

When contaminated groundwater is pumped to the surface, air
stripping and carbon adsorption are effective methods to remove the
organics from the water. However, these technologies simply move the
contaminant from one phase to another; the organics have not been broken
down, and a clean-up and disposal problem still remains. Photolytic and
chemical destruction methods are under development but are not-yet-
proven technologies. Therefore, a low-cost biological treatment method
offers a significant step forward in the remediation of groundwater
contaminated with organics, particularly when the organics are present
in low concentrations.

A variety of microorganisms have the capacity to use organic
chemicals via metabolic pathways forming carbon dioxide, water, and
simple inorganic acids, bases, and salts. Since the groundwater
environment frequently offers too low a concentration of organics to
support microbial growth, a primary carbon source is needed. In
addition, oxygen is needed for aerobic biodegradation. An attractive
potential treatment scheme is the use of methanotrophic microorganisms
to degrade halogenated organics such as TCE in the presence of methane
and oxygen. While this can occur in an aboveground bioreactor or in
situ, the technology is further advanced for the former. Degradation of
TCE has been demonstrated in the laboratory by several investigators
(Barrio-Lage et al. 1986, Bouwer and McCarthy 1983, Colby et al. 1977,
Eng et al. 1988, Fathepure et al. 1987, Barrio-Lage et al. 1987,
Kleopfer et al. 1985, Little et al. 1988, Nelson et al. 1986), including
a group at Oak Ridge National Laboratory (ORNL) (Little et al. 1988).

Several types of bioreactor systems appear to be feasible for process



applications; however, the technical feasibility has yet to be
demonstrated experimentally.

There are reports of biodegradation.of TCE by a variety of
mechanisms. Some investigators have reported anaerobic degradation of
TCE (Fathepure et al. 1987, Kleopfer et al. 1985). DCE and vinyl
chloride, a known carcinogen, are apparently produced from anaerobic
degradation of TCE (Vogel and McCarty 1985, Maltoni and Lefemine 1974).
Degradation of TCE to CO, by aerobic mixed cultures has also been
reported, but the degradation mechanisms have not been clearly
identified (Fogel et al. 1986). TCE biodegradation by aerobic pure
cultures of methanotrophs (Little et al. 1988) and pseudomonades (Wacket
and Gibson 1988) has also been reported. The toluene dioxygenase enzyme
of Pseudomonas has been shown capable of TCE degradation (Nelson et al.
1988, Wacket and Gibson 1988). However, either toluene or phenol was
required to induce degradation (Nelson et al. 1986). Pure strains of
methanotrophic cultures have also exhibited TCE degradation, apparently
by the methane monooxygenase enzyme (Colby et al. 1977, Little et al.
1988, Whittenbury et al. 1970).

TCE degradation by methanotrophs is apparently initiated by the
methane monooxygenase with a cometabolic process. Normally, methane is
oxidized to methanol by the methane monooxygenase enzyme (Colby et al.
1977), but TCE is also oxidized by the monooxygenase. TCE breakdown may
begin with epoxidation of the double bond, eventually resulting in the
formation of carbon dioxide, glyoxylic acid, and dichloroacetic acid
(Little et al., 1988). A small fraction of the carbon from the TCE is
incorporated into the cells (Little et al. 1988).

The DOE Kansas City Plant, which has groundwater contaminated with
TCE, is being studied in an effort to model the movement of chlorinated
compounds and devise remediation plans. The groundwater at this site
contains TCE, DCE, and vinyl chloride in various proportions with
increasing concentrations of DCE and vinyl chloride with increasing
distance from the spill site; thus the ratio of DCE to TCE in the
groundwater can vary over a wide range. The objectives of the research
presented here are to evaluate TCE and DCE degradation of several

methane-utilizing consortia for use in a proposed aboveground bioreactor



(Strandberg, personal communication) for treatment of the contaminated
groundwater at the site and to determine operating parameters

(e.g., effect of amounts of TCE, methane, oxygen, DCE, and manganese)

for the bioreactor.



TASK 1
CHARACTERIZATION OF PERFORMANCE OF BENCH-SCALE REACTOR

INTRODUCTION

A trickle-type packed-bed bioreactor was constructed and operated
to evaluate the technical feasibility of bioremediation of TCE-
contaminated groundwater by methanotrophic microorganisms. The
performance of this bench-scale bioreactor system is described in this
section, along with observations on the kinetics of the degradation of
TCE and DCE.

METHODS AND MATERTALS
Bioreactor Design and Operation

The bioreactor (Fig. 1) consisted of a 5-cm ID x 110-cm-long glass
column packed with 0.6-cm ceramic berl saddles (Scientific Products,
McGaw Park, Illinois) as a support matrix for the biofilm. Viton tubing
was used for all streams containing TCE.

A concentrated feed solution containing mineral salts (Little et
al. 1988) and TCE, DCE, or both was continuously bled into a stream of
process water by a peristaltic pump. The mixture was distributed
(generally at 10 mL/min) over the top of the packing. Flow rates were
measured daily by collecting liquid in a graduate for a short period of
time. The influent concentrations of TCE and DCE were controlled by
adjusting their concentrations in the feed concentrate and by varying
the dilution with process water. A gas stream (usually 25 mL/min)
containing methane (4% v/v unless noted otherwise) and air was also
introduced at the top of the bioreactor. This type of bioreactor and
mode of operation were chosen to promote transfer of oxygen and methane
to the biofilm.

The bioreactor system was operated continuously at nominal steady
state under conditions noted above for most of this feasibility study.
However, deviations were made on occasion to examine the effects of
changing various parameters. Oxygen and methane concentrations from
10 to 50% methane in air were tested. The bioreactor was operated for

several days on several occasions with methane and oxygen predissolved
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in the feed stream and no flowing gas phase. Total liquid recycle was
used on several occasions to extend the liquid residence time and
simulate a batch experiment.

Controls were done to test the TCE material balance in the absence
of biological activity. An empty column with no packing was used, and
the packed column containing biofilm was tested in the absence of
methane and air to eliminate TCE degrading activity.

The average liquid residence time and holdup were estimated at
several flow rates by using a salt tracer method (Levenspiel 1972).
This technique involves monitoring the electrical conductivity of the

effluent liquid following an input pulse of NaCl.

Bioreactor Startup

The microbial consortium originated from a TCE-contaminated
groundwater monitoring well on the Oak Ridge Reservation. The culture
was maintained in a mineral salts medium (Little et al. 1988) under an
atmosphere of 20% methane and 80% air. The microbial population in the
bioreactor was established by adding approximately 50 mL of an actively
growing culture and 150 mL fresh medium and then operating the system at
~99% liquid recycle at 10 mL/min. Fresh medium containing 1 mg/L of TCE
was introduced at 0.1 mL/min. The gas stream (10 mL/min) contained 20%
methane and 80% air. After 3 to 4 weeks, a substantial growth of
salmon-colored biomass was visible throughout the column. The recycle
was then switched off, and the system was operated routinely in a
single-pass mode except for several periods when liquid recycle was

employed.

Analytical Procedures

TCE and DCE were analyzed by gas chromatography with a Varian 3700
gas chromatograph (Palo Alto, California) equipped with an electron
capture detector. Separation was achieved with a DB+l megabore column
(J&W Scientific, Folsom, California) operated isothermally at 40°C with
nitrogen as the carrier gas (3 to 4 mL/min). Liquid samples (20 mL)
were collected daily and placed in 65-mL amber bottles sealed with a

Teflon-lined septum closure. The bottles were placed on a rotator (20
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rpm, Cole-Palmer, Chicago, Illinois), and the contents were allowed to
equilibrate for 1 h. The headspace gas was then assayed. Samples
(5 pL) of the headspace gas or the bioreactor off-gas were injected
directly onto the column. Quantification was based on integrated
detector responses to headspace gas when known quantities of TCE and DCE
were diluted in 20 mL of the mineral salts--process water feed. The
detection limit was =10 ug/L, and the detector response was linear over
the concentration range from 0 to 10 mg/L of TCE or DCE (initial liquid
phase concentrations).

Mercuric chloride was used to inhibit biological activity in the
samples during the 1-h equilibration. However, the results were
comparable to no use of mercuric chloride, and thus it was not used

routinely.

RESULTS AND DISCUSSION
Single-Pass Mode

Removal of TCE is illustrated by the data shown in Table 1 and
Fig. 2. Typically about half of the TCE was lost from the liquid phase
when the influent TCE concentration was about 1 mg/L, whereas DCE was
removed more rapidly and to a greater extent. The TCE removal rate
appeared to be first order with respect to TCE concentration over the
range of 0.15 to 5 mg/L (Fig. 2).

Bioreactor performance in terms of TCE and DCE degradation was
measured at liquid flow rates of 5, 10, 20, 35, and 50 mL/min
(Tables 1 and 2). The mean residence time at each flow rate was
estimated from residence-time distribution studies (see below). Removal
of TCE was consistent with first-order kinetics; that is, a first-order
rate constant of 0.016 to 0.024 min'! was found throughout this range of
flow rates, except for a single high value of 0.046 min™! at 50 mL/min.
The DCE removal rate may also be first order in DCE concentration;
however, the limited data to date are inconclusive. Although the TCE
and DCE concentrations in the effluent rose with increasing flow rate as
expected, the total removal increased, presumably due to the higher

average concentrations of TCE and DCE in the bioreactor.
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Table 1. Degradation of TCE in a trickle bioreactor
Degradation

Flow rate t* Influent Effluent Off-gas® rate® kd-e
(L/min) (min)  (mg/L) (mg/L) (mg/L) (mg/d) (min™?)
0.005 75 0.9 .2 0.02 5 0.020
.3 .3 0.02 6 0.020
0.010 50 0. 0.06 7 0.024
1. .5 0.05 6 0.016
0.020 30 .0 .5 0.06 12 0.023
.7 0.06 15 0.021
0.035 16 .1 0.14 14 0.020
1.3 .0 0.10 10 0.016
0.050 11 1. 0.6 0.04 29 0.046
1.0 0.6 0.03 29 0.046

8Mean residence time (see text).
bGas flow rate was 20 mL/min, 4% methane in air.
°Corrected for small loses of TCE in the off-gas.
9Corr1uent/Cinfluent = €Xp(-kt), where k is the overall apparent rate

constant.

®Also see Fig. 2; the kt band from 0.5 to 1.2 corresponds to k
values from 0.01 to 0.024 mint.
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13

Table 2. Degradation of DCE in a trickle bioreactor
Degradation

Flow rate t® Influent Effluent Off-gasP rate® k4
(L/min) (min)  (mg/L) (mg/L) (mg/L) (mg/d) (min™!)
0.005 75 .1 <0.01 0.003 >8 >0.063
1.7 0.05 0.002 10 0.047
0.010 50 <0.01 0.005 217 >0.095
1.0 0.01 0.01 13 0.092
0.020 30 .2 0.03 0.02 33 0.12
.6 0.08 0.02 21 0.10
0.035 16 0.8 0.03 0.01 40 0.21
.2 0.04 0.01 159 0.27
0.050 11 1.0 0.02 0.01 69 0.35
1.0 0.02 0.01 69 0.35

28Mean residence time (see text).
bGas flow rate was 20 mL/min, 4% methane in air.
°Corrected for small loses of DCE in the off-gas.
9Cesriuent/Cingluent = €Xp(-kt), where k is the overall apparent rate

constant.
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Mean residence times were estimated by monitoring the effluent
conductivity following pulses of NaCl (Levenspiel 1972). At flow rates
of 11, 32, and 66 mL/min, the mean residence times were found to be 47,
17, and 10 min, respectively. The liquid holdup was thus about 500 to
650 mL, depending upon the flow rate. The conductivity response
indicated a large degree of backmixing (meaning relatively inert or
inactive regions) in the bioreactor. This suggests that the reactor may

be equally active with considerably less biomass in the column.

Recycle Mode

The data in Table 1 and Fig. 2 show that ~50% of the TCE was
removed during a single pass through the bioreactor. To determine if
the TCE concentration could be reduced further, recycle of the liquid
effluent was used to extend the residence time. The normal feed flow
was stopped and a fresh 1 mg/L solution of TCE in salt medium was
recycled through the bioreactor. The gas flow was maintained at
20 mL/min. After 1.5 h the TCE concentration had decreased to and
remained at 50 to 100 ug/L (Fig. 3).

Approximately 10% of the TCE and DCE was volatilized by the
methane-air gas stream (Tables 1 and 2). 1In practice, this could
necessitate either off-gas treatment to remove these pollutants or
perhaps recycle of the off-gas. To avoid a gas phase in the bioreactor,
an attempt was made to operate the system by sparging the process water
diluent stream with methane and oxygen before TCE and DCE were added.
At all methane levels tested (from 10 to 50% of the sparge gas;
remainder air), the TCE-DCE degradation rate remained constant for
approximately 4 h but fell significantly in 18 to 48 h (Table 3).
Apparently there was insufficient dissolved methane or 0, or both to
maintain enzyme production (see below). The degradation rate rose to
the original levels within 2 to 3 h after restoring the flow of the
methane-air gas stream.

As noted earlier, it is generally believed that methane
monooxygenase is responsible for the initial oxidation of TCE and DCE.
Thus, it could be hypothesized that there is competition between methane
and TCE and DCE for the enzyme. This hypothesis suggests that it might
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Table 3. Performance of bioreactor with methane and air predissolved in feedwater®

TCE DCE
Time Influent Effluent Degradation Rate® Influent Effluent Degradation Rate®
(h) (mg/L) (mg/L) (mg/d) (mg/L) (mg/L) (mg/d)

10% methane in air

Initial® 0.8 0.3 4 0.8 0 <11

2 0.6 0.3 4 0.8 0.03 11

3 0.8 0.4 6 1.1 0.05 15

4 0.7 0.5 3 1.1 0.07 14

22 0.8 0.8 0 1.1 0.9 4
20% methane in air

Initial® 1.8 1.0 12 3.6 0.05 51

2 1.2 0.9 4 2.2 0.5 24

3 1.0 0.8 3 1.7 0.4 19

5 1.2 1.0 3 2.1 0.4 24

22 1.0 1.2 0 1.9 2.2 0
50% methane in air

Initial® 0.9 0.6 d 0.9 0.08 11

2 1.2 0.8 6 1.2 0.4 12

3 1.1 0.7 6 1.0 0.2 12

4 1.1 0.8 4 1.0 0.2 12

5 1.2 0.8 6 1.1 0.1 14

22 1.4 1.1 4 1.3 1.1 3

8Liquid flow rate = 10 mL/min.

PCorrected for loss of TCE in off-gas initially (no off-gas at subsequent times).
°‘Immediately before changeover to sparged feedwater, 4% methane in air at 20 mL/min.
dUncertain due to abnormally high off-gas concentration.
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be advantageous to periodically restrict the supply of methane to
achieve a greater TCE degradation rate. With TCE as the sole
chlorinated alkene (no DCE), the methane (4% v/v) supply was shut off.
Unexpectedly the TCE degradation rate did not rise but remained constant
for about 4 h and decreased by about one-third in 16 to 18 h (Table 4).

This behavior is similar to what was observed during attempts to
operate the system with methane- and 0,-presaturated process water.
Perhaps at normal operating conditions the liquid-phase methane
concentration was just sufficient to maintain growth and enzyme
activity, and the TCE was in relatively great excess from a kinetic
standpoint. In this case, any short-term effect of methane removal on
the TCE degradation rate would be too small to detect. A likely
explanation for the loss of activity is the cessation of enzyme
production due to substrate (methane) limitation and the natural decay
of the existing enzyme (i.e., protein turnover).

At times there were indications that the rate of TCE degradation
was depressed by DCE. Experiments to verify this inhibition in the
bioreactor were inconclusive. However, inhibition of TCE degradation by
DCE was observed in shake-flask experiments that use, among others, a
culture initiated from the bioreactor (see Task 2 discussion).

Although TCE removal was obtained at gas phase methane
concentrations of up to 20% (v/v), 4% methane was sufficient to maintain
the microbial population and bioreactor activity. When the methane
concentration was decreased to 2%, TCE degradation was maintained for 4
to 5 d but then appeared to decrease somewhat (the data are
inconclusive). At the same time, a bright yellow microbial growth began
to appear. The organism, a Gram-negative bacterium, was isolated by
streaking cultures on agar; it neither utilized methane nor degraded
TCE. 1In this regard, six to eight different organisms were isolated
from the consortium by plating on a variety of media. Only one methane-
utilizing organism (salmon pink) appeared to be present based on cell
and colony morphology. This was also the predominant organism visually
in the consortium. The biofilm did not adhere tightly to the packing;
rather, the culture appeared to be growing as dense masses in the void

spaces between the packing elements.
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Table 4. Effect of no methane and air to the bioreactor?

Influent Effluent 1ok off-gas Degradation
RateP
Time (d) (mg/L) (mg/L) (mg/L) (mg/d)
-1 0.7 0.3 0.04
0 (before gas off) 0.5 0.2 0.06 3
+2 0.5 0.4 - 1
2 + 2 h after gas
back on 0.8 0.3 0.04 6
-1 0.8 0.4 0.04
0 1.3 1.0 - 4
+3 (a.m.) 0.6 0.4 -
+3 (p.m. after gas
back on) 1.1 0.5 0.07 7

8Liquid flow rate = 10 mL/min, 4% methane in air, 20 mL/min, before
the gas was shut off (time < 0).
®Corrected for loss of TCE in the off-gas.
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Liquid effluent from the bioreactor was assayed twice for priority
pollutants [purge and trap followed by gas chromatography/mass
spectroscopy (GC/MS)]. No priority pollutants other than TCE and DCE
were detected. Although vinyl chloride has been shown to be a product
of chlorinated-alkene degradation by anaerobic organisms, it is not
produced by aerobic, methanotrophic organisms (Little et al. 1988).

One additional chromatographic peak was often observed during the
course of bioreactor operation with DCE and batch-type DCE degradation
experiments. 1Its retention time was 1.6 min, intermediate between DCE
(1.1 min) and TCE (2.0 min). It decreased with time during recycle and
batch experiments. Mass spectrometric analysis revealed that the
compound had a mass of 112 or greater and likely contained two carbon
atoms, two chlorine atoms and possibly an oxygen atom. Although the
compound was not identified, its characteristics are consistent with the
DCE epoxide recently found when methanotrophs were exposed to DCE
(Jansen et al. 1987). On occasion, particularly during recycle, other
chromatographic peaks whose elution times were between those of TCE and
DCE were observed. These peaks also appeared to arise as a result of
DCE metabolism. They were not noted when only TCE was fed to the
system. During recycle, these peaks gradually disappeared.

Finally, three independent observations indicate that TCE
disappearance was in fact due to microbial action. Greater than 90% of
the influent TCE was accounted for in the effluent liquid and off-gas by
using both a blank column (without packing) and when the biological
activity was virtually eliminated by shutting off the gas flow. Shake-
flask experiments with the mixed culture from the bioreactor that used
l4Gc-.labeled TCE showed that in excess of 60% of the TCE was mineralized
to CO, (see Task 2 discussion). The rest of the label appeared in the
cell (~25%) and in water-soluble products (5-10%).

CONCLUSIONS

The performance of the bench-scale bioreactor indicates that
bioremediation of TCE-contaminated groundwater is technically feasible,
but further development and demonstration of this new technology is

needed at the pilot scale. Alternate packing materials for support of
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the biofilm in the bioreactor should be tested. Laboratory studies are
needed to address the apparent lower limit of TCE in the effluent and to

further characterize the optimal operating conditions.
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TASK 2
CHARACTERIZATION OF MICROBIAL CULTURE

INTRODUCTION

Batch studies were conducted to determine what cultures and
conditions would result in the greatest degree of TCE and DCE
degradation. A comparison the TCE and DCE degradation capacities among
mixed and pure cultures in mineral salts media was made. Growth was
also examined in groundwater obtained from the site. Since previous
experiments had shown that manganese, a monooxygenase cofactor, has an
effect on TCE degradation by pure cultures (Palumbo, personal
communication), the effect of manganese on a mixed culture was
determined. In an effort to increase the extent and rate of TCE
degradation by methane-utilizing cultures, the effects of methane,
oxygen, phosphate, ammonia and methanol on TCE degradation were also

tested.

MATERIALS AND METHODS
Microbial Cultures

Three pure cultures and four consortia were used in the
experiments. Pure methanotroph strains 46-1 and 68-1 were previously
isolated from well water contaminated with chlorinated compounds from an
industrial waste disposal site in Oak Ridge, Tennessee (Little et al.
1988). Both strain 46-1 and 68-1 are type I methanotrophs as indicated
by their internal stacked membranes and the ribulose monophosphate
pathway of formaldehyde fixation (Little et al. 1988). Methylosinus
trichosporium (strain OB3B) was provided by the California Institute of
Technology. The JS mixed culture was also isolated from the waste
disposal site in Oak Ridge (Little et al. 1988) and is currently being
used in bioreactor studies of TCE degradation (Strandberg, personal
communication). The DT1 and DT2 mixed cultures are bacteria-amoeba
consortia isolated from an Oak Ridge site. The S1 consortia was
obtained during this study from contaminated groundwater at the DOE
Kansas City Plant.

In all experiments unless otherwise noted, 100 mL of sterile

mineral salts media, NATE, (Whittenbury et al. 1970) containing 50 ug/L
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CUS0,<5H,0, 10 ug/L MnSO,+H,0, 70 ug/L Zn(NO,;),+6H,0, 10 pg/L CoCl,+H,0,
10 ug/L MoO;, 1 g/L MgsSO,+7H,0, 0.2 g/L CaCl,, 1 g/L KNO,, 0.1 g/L NH,C1,
10 mL of 0.27 g/L FeCl;, and 20 mL of 5% phosphate solution (pH 6.8) was
prepared in 250-mL culture bottles. Final media pH was adjusted to 6.8
(Little et al. 1988, Whittenbury et al. 1970). Filtered methane and
oxygen were injected when necessary into the bottles with a syringe.
Each bottle contained 8 to 8.5% (v/v) methane and atmospheric levels of
oxygen and nitrogen in the headspace except as otherwise noted. Each
bottle was sealed with a teflon septum, and the bottles were incubated
at room temperature (20°C + 2°C) for 8 to 14 d. To ensure an airtight
seal, modeling compound, sandwiched between parafilm, was used to cover
the bottle caps. The culture bottles were shaken inverted, to further
guard against gas leakage, on a rotary shaker (Fermentation Design) at
75 rpm. Samples were taken at various intervals for determination of

TCE, DCE, methane, and oxygen concentration by GC.

Chemical Analysis
Analysis of TCE and DCE in headspace gas was performed by using a
Perkin-Elmer 2000 Gas Chromatograph equipped with an electron capture
detector and by using nitrogen as carrier gas. A glass column
(0.64 cm diam by 45 cm long) packed with 1% SP-1000 60/80 Carbopack
(Supelco) was used, and the oven and injection port temperatures were
set at 100°C. The detector temperature was set at 350°C. The retention.
time of TCE was 2.9 min. Analysis of DCE used the same gas
chromatography parameters as described for TCE analysis, except oven
temperature was set at 65°C. This gave a DCE retention time of
2.05 min. Liquid DCE standards were used to calibrate the GC daily.
Oxygen and methane concentrations were measured with a Perkin Elmer
3920B Gas Chromatograph equipped with a 6- by 1/8-in. Molecular Sieve S5A
column (Supleco) and a thermal conductivity detector. Both the injector
and interface temperatures were 150°C. Oven temperature (initial and
final) was set at 45°C. Retention times were 0.68, 1.3, and 2.3 min for

oxygen, nitrogen, and methane, respectively. Data on
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oxygen and methane concentrations are reported as percent (v/v) of
headspace gas.

The fate of *C TCE was followed through radiolabel techniques as
described by Little et al. (1988). After incubation with [1,2- !4C]
trichloroethene [3.0 mCi/mmol (111 MBq/mmol), Pathfinder Laboratories,
St. Louis], the pH of the medium was adjusted to 9.5 to 10, thereby
converting C0, gas into soluble carbonate ion. A subsample of culture
was centrifuged, and the pellet was resuspended in NATE to assess the
amount of TCE incorporated into cellular material. Remaining TCE was
extracted from the supernatant with hexane. Acid was added to convert
the carbonate into CO,, which was trapped in a vial containing 0.1 N
NaOH. Subsamples of the water phase and the trapped “CO, were then
counted by a TriCarb 2000CA liquid scintillation analyzer (Packard,

Downers Grove, Illinois).

Comparison of TCE and DCE Degradation Ability Among Cultures

The extent of TCE degradation among the pure cultures 46-1, 68-1,
OB3b, and the mixed JS culture was compared at initial TCE
concentrations of 414 ug/L and 207 wg/L. Data on concentrations of TCE
and DCE added are given here and below as the amount added to the
bottles. Comparison of headspace gas to TCE and DCE liquid standards
indicated that,under the conditions used in these experiments,
approximately 30% of the added TCE and 17% of the DCE partitioned into
the gas phase. The 250-mL culture bottles containing the mineral salts
media were inoculated with 1.0 mL of log phase starter culture
containing about 10® cells. There was 8% methane and 18% (v/v) oxygen
present in the bottles (the remainder was nitrogen and CO,), and
uninoculated bottles served as controls.

The degradation of DCE (63 mg/L) was compared among the strains
46-1 and OB3b and the consortia JS, DT, and S1. Headspace gas contained

9% (v/v) methane and atmospheric oxygen and nitrogen.

Growth and Degradation in Site Water
The growth of the JS mixed culture was examined at various methane

levels after adding NATE elements (to make up 10% of the final volume)
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to the site water (90% of final volume). Methane levels were 1.2, 3.5,
5.5., 7.5, and 9.7% (v/v) of headspace. Initial oxygen levels were 18%
(v/v) of headspace for all treatments. Initial concentration of TCE in
incubation water was about 4.7 mg/L. In a second experiment with site
groundwater, the proportion of groundwater was varied by the addition of
NATE nutrients and distilled water to yield final concentrations of site
water of 22.5, 45, 67.5, and 90%. The purpose of this experiment was to
determine the effect of TCE concentration and micronutrient conditions
on the growth and TCE degradation. The site groundwater initially
contained 12.3 mg/L of DCE and 4.7 mg/L of TCE, and the concentrations
in the treatments varied in proportion to the amount of site water
added. Initial methane and oxygen concentrations were 8 and 18% (v/v)

of headspace gas, respectively.

Effect of DCE on TCE Degradation

A comparison of the ability of DT2 and JS consortia to degrade TCE
(0.3 mg/L) with 0, 30, and 63 mg/L of DCE added to the bottles was
conducted to determine if DCE inhibited TCE degradation. Initial
methane and oxygen concentrations were 8 and 18% (v/v) of headspace gas,
respectively. TCE degradation was followed by both radiolabel and
GC techniques, and DCE degradation was followed by using GC analysis.
The DT2 consortium was incubated for 14 d, while the JS consortium was

incubated for 23 d because it grew slower.

Effect of Manganese on TCE Degradation

The effect of manganese on growth parameters (methane and oxygen
consumption) and TCE degradation by the mixed cultures JS and DTl was
examined. Concentrations of 0, 10, 50, 100, and 200 upg/L of MnSO,-H,0
were used in this experiment, and the initial TCE concentration was 126
ug/L. Bottles were again inoculated with 1 mL of culture, and they
contained methane and oxygen concentrations of 6.8 to 7.9% and 18.7 to

19.3% (v/v), respectively.
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Effect of Oxygen and Methane on TCE Degradation and Growth of
Strain 46-1

The effect of oxygen on TCE degradation by strain 46-1 was examined
by varying the concentration of oxygen from 2.2 to 12.3% of the
headspace gas. Methane concentration in this experiment was 16% (with a
standard deviation of 0.59) of the headspace gas, and TCE concentration
was 2.56 ug/mL. The effect of high levels of methane on TCE degradation
was examined in an experiment where 15 mL of methane were added to the
headspace of two bottles, 25 mL of methane were added to the headspace
of two other bottles, and all bottles were inoculated with strain 46-1.
In another experiment methane was varied from 0.67 to 16.7% of the
headspace gas to determine the effect of methane on the growth rate and
the TCE degradation rate. The oxygen concentration was 20% of the
headspace gas, and 0.1488 mg of TCE was added to yield a nominal
concentration of 1.042 mg/L.

Effect of Phosphorus and Ammonia on Growth and TCE Degradation

The effect of phosphorus concentration on TCE growth and
degradation was determined in an experiment where five concentrations of
phosphorus (1.4, 3.2, 6.2, 25, and 100 ug/mL) were used. A total of
29.6 ug (final concentration = 0.29 ug/mL) of TCE was added to each
bottle. Strain 46-1 was used in these experiments.

In previous experiments the DT mixed culture had shown high rates
of TCE degradation, and the effects of NH,C1 (2.5 g/L and 0.1 g/L) on
growth and TCE degradation were examined by using this culture. NATE
media was prepared as previously described, and the fate of TCE was
followed through radiolabel techniques. Methane and oxygen were 8 and

18% of headspace gas, respectively.

Data Analysis

Analysis of variance with Duncan’s multiple range test was used to
test for significant treatment differences in total TCE transformation
and the transformation to breakdown products in experiments that use the
radiolabeled TCE. Other data were analyzed through Lotus 1-2-3 (Lotus
Corp.).
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RESULTS
Comparison of TCE Degradation Among Cultures

There were no significant (p = 0.05) differences (F = 1.72,

D.F. = 3, 15) in total TCE transformed among the strains, but the
radiolabel data indicated that there were significant differences
(F=18.7, D.F. = 3, 15) in the proportion of the transformed TCE, which
was transformed to CO, (Fig. 4A). Duncan’s multiple range test '
indicated that there were significant differences in the conversion
patterns between the mixed culture and the pure culture and among the
pure cultures. The highest percent conversion of the transformed TCE
to CO, (68.9%, S.E. = 5.6, n = 4) and lowest conversion to water soluble
products (5.6%, S.E. = 2.3, n = 4) was exhibited by the JS mixed
culture. Strain 46-1 converted significantly (p = 0.05) less of‘the TCE
to cell material (8.4%, S.E. = 0.28, n = 4), and strain 68-1 converted
significantly (p = 0.05) less to CO, (23.4%, S.E. = 2.4, n = 4) than the
other pure cultures.

A significantly greater proportion of TCE was transférmed
(F=5.37, D.F. = 1, 15) at the higher (414 ug/L) initial TCE
concentration than at the lower concentration (207 ug/L). This
difference is due to cultures 46 and OB. However, the proportion of the
transformed TCE converted to CO, (F = 0.48, D.F. = 1, 15), cell material
(F=0.08, D.F. = 1, 15), or water-soluble products (F = 0.13, D.F. =1,
15) was not significantly affected by the TCE concentration.

Strain 68-1 exhibited the fastest rate of methane consumption amongb
the pure cultures, but all the pure cultures used methane and oxygen at
a slower rate than did the mixed culture (Fig. 5). The JS mixed culture
consumed methane at the fastest rate and consumed all the methane over
the course of the experiment. The rate of methane utilization of
strains 46-1 and OB3b were almost identical under these conditions, and

there was a small amount of methane left at the end of the experiment.

Growth of Cultures Exposed to Site Water
There was substantial growth of mixed cultures in the site water.

Although at all concentrations of site water the JS consortia eventually
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consumed the same amount of methane and oxygen, consortia growing in the
higher concentrations of the site water consumed the methane and oxygen
at a slower rate, indicating a decreased growth rate (Fig. 6). The
unsterilized treatment without any inoculum contained 25% site water and
also displayed methane and oxygen consumption, indicating the presence
of methane-utilizing organisms in the site water. The rate of methane
and oxygen consumption from day O to day 4, however, was not as rapid as
in the treatment containing 22.5% site water with added JS mixed culture
(Fig. 6). An enrichment (S1) from the site water was used in subsequent
experiments.

In the second experiment examining the effect of methane on the
growth of methane-utilizing consortia exposed to the site water, the
methane was substantially depleted in all treatments after 10 d
(Table 5). As in other experiments, oxygen consumption was
significantly correlated with the amount of methane consumed
(xr? = 0.995, N = 5).

Biodegradation of TCE Under Varying DCE Concentrations

Both the DT2 and JS cultures exhibited greater growth, as indicated
by methane and oxygen consumption (Table 5), at lower concentrations of
DCE. Both consortia also transformed significantly (F = 19.88,
D.F., = 2, 13) greater amounts of TCE at lower DCE concentrations
(Fig. 4). The decrease in the extent of degradation of the TCE was
statistically significant (95% level) and was proportional to the
concentration of DCE added; the correlation coefficient (r) for the
relationship between the percent degradation of TCE, measured by the
radiolabel data, and the DCE concentration was -0.92 (n = 6) for the
DT2 cultures and -0.94 (n = 6) for the JS cultures. The DT2 culture was
significantly (F = 12.54, D.F. = 1, 11) more efficient at degrading the
DCE, transforming a mean of 22.3% of the added TCE compared to a mean of
12.4% transformation by the JS mixed culture. The GC data gave similar
results for total TCE conversion. The GC data on percent degradation
was significantly correlated with the radiolabel data (r = 0.89, p <
0.01), but it apparently overestimated the degradation. The !“C data

indicate that degradation. The mean degradation from the GC data is
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Table 5. Oxygen and methane remaining (as percent of the headspace) in
replicate bottles containing DCE and cultures as well as the
uninoculated control

Final gas concentration (%) *

Culture Treatment Oxygen Methane

Control 0 mg/L DCE 18.8 19.0 8.0 8.6
DT-1 0 mg/L DCE 7.0 6.6 0.0 0.0
DT-1 30 mg/L DCE 7.5 9.5 0.0 2.0
DT-1 63 mg/L DCE 14.9 13.6 6.0 5.3
JS 0 mg/L DCE 7.0 6.6 0.0 0.0
JS 30 mg/L DCE 7.5 9.5 1.0 0.1
JS 63 mg/L DCE 14.9 13.6 7.4 3.6

*The least amount of growth is indicated by the highest percent
oxygen and methane concentration remaining.
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29.4%, and the mean from the radiolabel data is 17.3%. Both consortia
converted a high percentage of the TCE to CO,, and there was no
significant difference (F = 1.73, D.F. = 1, 11) between the consortia in

the proportion of the transformed TCE that was converted to CO, (mean =
50.5%).

DCE Degradation

O0f the mixed and pure cultures tested, the S1 culture, which
originated from the site water, exhibited the fastest rate of DCE
degradation (Fig. 7) and methane consumption (Fig. 8). The pattern of
oxygen consumption (data not shown) was essentially similar to that for
methane consumption. The S1 culture depleted the DCE in 7 d and was the
only culture to completely consume all the methane (Fig. 8) during the
10-d experiment. OB3b was the only other culture to completely remove
the DCE during the experiment, doing so in 10 d and using less methane
than did the S1 culture. In the bottles with the DT2 culture, the
concentrations of methane, oxygen, and DCE appeared to be dropping after
10 d, and DCE may have declined to lower levels if the experiment had
continued. The JS mixed culture consumed methane rapidly over the first
3 d; however, on the fourth day the rate of methane consumption slowed
as did the rate of DCE disappearance. The DCE apparently completely
inhibited the growth of strain 46-1; it did not degrade DCE or consume
methane under these conditions.

A compound with a retention time of 2.9 min was first observed at
day 5 at high levels in the JS and S1 consortia and lower levels in the
OB3b and DT2 cultures (Fig. 9). This compound was not observed in the
controls or in the bottles containing strain 46-1 (which did not grow or
degrade DCE). The JS and S1 consortia had the most rapid initial
degradation rates of the TCE (Fig. 8), and as the experiment progressed,
the concentration of the unknown compound appeared to decrease (Fig. 9)
in these consortia. Although the absolute concentration of this
compound cannot be determined in the absence of an authentic standard to
determine the gas chromatograph detector response, the concentration of
the compound increased in the cultures DT2 and OB3b where DCE

degradation increased during the later stages of the experiment. Mass
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spectroscopy indicates this compound contains 2 carbons, 2 chlorides,
and one oxygen atom and has a molecular weight of 112.94 (see Task 1
discussion), which is consistent with a tentative identification as DCE

epoxide.

Effect of Manganese on Growth and TCE Degradation

For the mixed JS consortia, the level of TCE degradation after 6 d
varied among the manganese treatments (Fig. 10), with the highest
transformation of TCE at an intermediate manganese sulfate concentration
of 50 pug/L. Although analysis of variance indicates that these
differences are not significant (F = 2.34; D.F. = 4, 5; p > 0.05),
further examination of the data indicates that there may be an optimum
manganese concentration for TCE transformation. In an analysis of- the
data that uses a polynomial regression, the DCE squared term is
significant at the 94.7% level (F ~ 5.39; D.F. =1, 7). Since this just
fails to meet the 95% criteria for significance, confirmation of this
effect (an optimum in TCE transformation in relation to manganese
concentratién) requires further experimentation with a greater number of
replicates. Mineralization to CO, accounted for the majority of the
transformed TCE, 59.4 + 0.58% (mean + S.D.). Total water-soluble
products represented the smallest proportion of the transformed TCE,
12.4 + 4.5% (mean + S.D.). '

The amount of TCE degradation by the DTl consortia at 10 and
200 pg/L manganese sulfate was significantly greater
(F=231.2, D.F. = 1, 7) than that observed with the JS consortia.
Although the total TCE transformation by the two consortia was slightly
higher at 10 than at 200 mg/L (Fig. 10) of added manganese sulfate, the
effect was not statistically significant. The GC data indicated that
noticeable degradation of TCE by the DTl culture began on the third and
fourth days and continued to day 10 at both 10 and 200 pg/L of
manganese. There were no significant differences (p > 0.05) in the
distribution of transformation products between the two consortia.

The amount of oxygen and methane consumption by the two consortia
was similar, but the DTl culture consumed slightly less oxygen. Oxygen

consumption by the JS culture did not differ as a response to the
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manganese; the final concentration of oxygen in the headspace gas was
6.00% (S.D. = 0.79%). Nonsterile controls with no added culture
exhibited some oxygen loss, but there was no methane consumption or TCE
degradation. The mean final headspace oxygen concentration in the
bottles containing the DT1 culture was 7.6% (S.D. = 0.27%). There was
no detectable methane in the JS consortia at the end of the experiment,
and there was a mean of 0.3% (5.D. = 0.2%) methane in the headspace of

the bottles containing the DT1 consortia at the end of the experiment.

Effect pf Methane and Oxygen on Growth and TCE Degradation

Both methane and oxygen affected the growth rate, and the effect of
methane and oxygen has been modeled by using Michaelis-Menten kinetics.
These bacteria are apparently well adapted to low oxygen and methane
concentrations. The calculated half-saturation constant for oxygen was
low (1.2 mg/L), and the half-saturation consfant‘for‘methane was even
lower (0.071 mg/L). Even an addition of 1 mL of methane to the 150 mL
headspace, giving a dissolved methane concentration of 0.109 mg/L,
resulted in a growth rate that was over half the maximum growth rate.

In the ranges tested in these initial experiments, the TCE
degradation rate was relatively unaffected by changes in initial oxygen
and methane concentration except at the highest methane concentrations
tested. In the oxygen experiment TCE degradation in all treatments
appeared to be depressed, perhaps due to the high methane concentrétidn
added to ensure oxygen limitation. The mean rate of TCE degradation at
the six oxygen concentrations from 2.2% of the headspace to 12.3% of the
headspace was 0.0034 ug/d + 0.0008 (mean + S.E.). The results of the
methane variation experiment were similar except for the lowest and
highest methane concentrations tested. At the lowest methane
concentration (0.67% of the headspace gas), there was no measurable
degradation of the TCE, probably due to the limited growth observed.
Direct microscopic counts indicated that there was much less growth in
this treatment than in the other treatments, including the next lowest
which contained five times as much methane. The mean degradation rate

for the other five treatments in this methane experiment was 2.1 + 0.41%
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per day. The degradation rate at 3.3% methane, 1.4% + 0.49% per day,
was somewhat lower than at concentrations of 6.6 to 16.7 mg/L.

In the second methane experiment the effect of methane on the TCE
degradation rate was apparent at relatively high levels of methane.
Twenty-nine percent of the added TCE was transformed by strain 46-1 with
15 ml of added methane (10% to C0,), and only 16% of the TCE was
transformed with 25 mL of added methane (6% to CO,).

Effect of Methanol on Growth and TCE Degradation

Methanol appeared to reduce the TCE toxicity to some extent,
allowing growth at somewhat higher TCE levels. With the pure culture
46-1, bacteria yields were greatest at 1 mg/L TCE. No growth was
observed at 30 mg/L TCE. Total TCE conversion was 13.5, 12.5, 6.4, 1.9,
and 0.4% for 1, 3, 8, 18, and 30 mg/L TCE, respectively. In the
experiment with the S1 mixed culture, bottles containing methane
(8.9 x 10™ mol) converted 32.1 to 36.3% of the TCE, while bottles
containing methanol (11.9 x 10™* mol) converted 3.6 to 3.8%. Similar
results were found with the DT consortia. No water-soluble products
were formed by cultures using methanol. Additionally, the cultures were
visibly different. The cultures grown on methane contained
orange-colored pigments, whereas the cultures grown on methanol were

unpigmented.

Effects of Ammonia on TCE Degradation

Increased levels of ammonia inhibited TCE degradation by the DT1
consortia. At the highest concentration of NH,C1 (2.5 g/L), 22.7 to
24.4% of the TCE was degraded. At a lower concentration (0.1 g/L
NH,Cl), more of the TCE (53.7 to 48.0%) was degraded. No degradation

occurred in culture bottles without methane.

Effect of Phosphorus on TCE Degradation and Growth of Methanotrophs
Variations in phosphorus content affected the growth rate of the

organism but not the rate of TCE degradation. The methane and oxygen

consumption data indicate that the variations in phosphorus content

affected the growth rate of the organism (Fig. 11) with higher levels of
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phosphorus leading to higher growth rates. There was no significant
relationship between the PO, concentration and the TCE remaining at the
end of the experiment (r = 0.36, N = 5). Thus, the extent of TCE

degradation was not significantly affected by phosphorus concentration.

DISCUSSION

The extent of TCE loss and the high degree of conversion of TCE to
CO, observed with the DT1, DT2, and the Sl consortia make these prime
candidates for subsequent tests in the bioreactor. The S1 culture
exhibited higher rates of both TCE degradation (Fig. 4) and DCE
degradation (Fig. 7) than did the JS bioreactor culture, and the DT1
(Fig. 8) and DT2 (Table 5) cultures exhibited higher rates of TCE
degradation than the JS bioreactor culture.

The rapid rate of growth and extensive TCE degradation exhibited by
the S1 culture may be due to its recent isolation and consequent high
biological diversity. This S1 culture was obtained from contaminated
groundwater immediately prior to these experiments. Newly isolated
cultures have been reported to degrade TCE more effectively, although it
is not reproducible after several transfers (Fliermans et al. 1988).
However, recent isolation is not the only key to rapid TCE degradation.
The highest rates of TCE degradation were obtained with the DT cultures
that were obtained from a site on the Oak Ridge reservation over one
year prior to these experiments. These consortia contain both amoeba
and bacteria and utilize methane. The JS culture has been tested in a
bioreactor, and it exhibits a greater degree of TCE degradation in the
bioreactor than it does in batch culture (Strandberg, personal
communication). The other consortia may also show similar improvements
in TCE degradation in bioreactors where constant supplies of methane and
nutrients are added and the population is maintained in a more active
state.

Degradation of TCE by pure methanotrophic cultures appears from
these results to be a fairly general phenomena. Thus, the usefulness of
particular cultures in remediation may be related as much to their
tolerance to chlorinated alkenes as to their ability to degrade them.

Under the conditions in these experiments with low-to-moderate methane
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levels (<20% in the headspace), TCE degradation has been found in every
isolate tested (Fig. 4). However, there were differences among the
cultures in their tolerances for chlorinated alkenes. Pure strain OB3b
had a greater tolerance for chlorinated alkenes than did strain 46-1.
OB3b grew and degraded DCE and transformed 95% of it (Table 3) at DCE
concentrations of 63 mg/L, but the same concentration completely
inhibited the growth of strain 46-1.

Although it was shown that DCE can inhibit TCE degradation, the
levels of DCE required are so high that degradation of the TCE in the
site water should not be inhibited by the presence of the DCE. If, as
previously hypothesized, TCE degradation is initiated by an epoxide
mechanism (Little et al. 1988), DCE, which is a structurally similar
compound, should be degraded in a similar manner (Colby et al. 1977) and
thus may compete for the same enzyme sites. In the experiment varying
the proportion of site water in the media, it was anticipated that
growth would be best at the lowest concentration of site water due to
the inhibitory effects of TCE on growth, and this was the case. .
However, despite the high TCE concentrations, consortia were capable of
growth at all concentrations of site water. Further experiments .
indicated that DCE could inhibit the degradation of the TCE (Fig. 4),
but even with the very high ratios of DCE to TCE in these experiments
there was still TCE degradation observed. Thus, it is evident that the
presence of DCE does inhibit TCE degradation. However, it is unclear
whether this effect is due to DCE retarding growth or DCE competing with
TCE for the same active site or a combination thereof. The ratio of DCE
to TCE in the site water used in the experiments was on the order of 2
to 1; thus, DCE probably was not critical in inhibiting TCE degradation
in the site water. It appears that consortia maintained in bioreactors
are capable of degrading TCE in the presence of DCE when they are
present in equal proportions (see Task 1 discussion). However, at some
of the other wells at the site, the ratio can be much higher, in the
range of 100 to 1. Based on the batch culture work presented here, it
is possible that the presence of DCE at these ratios in contaminated
water may require modification of bioreactor operation so that both the

TCE and DCE are degraded to acceptable levels.
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Previous reports of DCE degradation have indicated that DCE epoxide
can be formed (Jansen et al. 1987), and the results of this study are
consistent with this finding. A peak appeared in the GC scans in
treatments where DCE was being degraded, and the peak was tentatively
identified by mass spectroscopy as DCE epoxide.

Methane utilization exhibited in bottles containing uninoculated,
diluted site water (Fig. 6) indicates that there was a population of
methane-utilizing bacteria present in the site water, which was able to
effectively grow under relatively high concentrations of DCE and TCE.
The mixed culture (S1) obtained from the site is able to degrade DCE and
TCE at relatively high rates. Isolates of methane-utilizing bacteria
from this mixed culture have been made but have not been extensively
tested for strain purity.

As with pure culture, alterations in the manganese concentration of
the media affected the rate of TCE degradation of the two consortia
tested, JS and DT1l. Manganese is a cofactor of some oxygenase enzymes
(Grady 1984), and altering its concentration may affect the specificity
of the methane monooxygenase. Growth of consortia was not noticeably
affected by the changes in manganese concentration, but there was an
apparent optimum manganese concentration for TCE degradation. For the
JS culture, TCE degradation increased as manganese concentration
increased from 0 to 50 ug/L, but degradation decreased beyond 50 ug/L.
Thus, alterations in the available cofactors may be a promising avenue
for increasing the rate of degradation of chlorinated hydrocarbons by
methanotrophs in bioreactors.

The methane and oxygen concentrations resulting in maximum growth
of strain 46-1 were fairly low compared to saturated concentrations of
these gases, and high levels of methane decreased the TCE degradation
rate. This finding supports the idea that maintaining a low methane
level in the feed water for a bioreactor will result in greater
degradation of TCE.

Methanol apparently stimulated growth of populations that do not
degrade TCE. Methanol was not observed to increase the extent of TCE
degradation in pure cultures, and in mixed cultures methanol decreased

the extent of TCE degradation. In mixed cultures methylotrophs lacking
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the methane monooxygenase enzyme are apparently stimulated by the
methanol addition. In pure methanotrophic cultures TCE degradation was
observed with methanol addition, probably because the methane
monooxygenase is constitutive. However, there was no improvement in the
extent of TCE degradation with the methanol. Thus, despite the appareﬁt
reduction in TCE toxicity with methanol due to the negative effect of
methanol on TCE degradation in mixed cultures, it would not be useful in
a mixed culture bioreactor.

As with methanol addition, addition of ammonia did not improve TCE
degradation; rather, it decreased the extent of TCE degradation. »
However, it is not certain that the cultures tested contained ammonia
oxidizers. Thus, this line of research could be continued by culturing
microbial consortia containing ammonia oxidizers and by testing the TCE
degradation capabilities of pure cultures of ammonia oxidizers.

However, at this time the best strategy for bioreactor operation is to
use nitrate as a nitrogen source rather than ammonia, although testing
of other ammonia concentrations may show a lower concentration.

Phosphorus could be used to control the growth of the consortia in
the bioreactor. The data indicated that phosphorus concentration
affected the growth rate of the bacteria but not the extent of TCE
degradation. Thus, in a bioreactor where the maximum amount of TCE
degradation is desired with the minimum increase in biomass, phosphorus
could be used as a control agent. The lowest phosphorus concentration
used in the experiment (1.4 ug/L) is still fairly high compared to
natural waters, but since the extent of TCE degradation was not reduced

at this level, further reductions are still possible.

CONCLUSIONS

The results of this research are summarized in Table 6 where the
effect of various parameters is shown on the growth rate of
methanotrophs and TCE degradation rate. There are several strategies
that should be followed to optimize TCE degradation in bioreactors.
Selection of consortia resistant to the toxic effects of chlorinated
hydrocarbons and the identification of appropriate micronutrient

conditions, specifically manganese concentration, are two factors that
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Summary of experimental results showing the effect of various
parameters on the growth rate of the methane-utilizing bacteria
and on the rate of TCE degradation

Parameter Effect on growth Effect on TCE degradation
Methane Yes Inhibits at very high concentration
Oxygen Yes No apparent effect on rate

Site water Inhibits growth Inhibits degradation

DCE Inhibits growth Inhibits at high concentration

TCE Inhibits growth Apparent O-order kinetics
Manganese No (range tested) Rate may change with concentration
Phosphorus Yes No effect

Ammonia Not measured Inhibits TCE degradation

Methanol Reduces TCE toxicity Reduces rate

Culture Yes Large differences in rates among

cultures
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this research has identified as being important in efforts to increase
the utility of consortia in bioreactors. The addition of methanol or
ammonia will tend to decrease bioreactor efficiency rather than to
increase it, and phosphorus concentration may be utilized to control the
growth of the consortia without affecting the TCE degradation rate. The
presence of high levels of other chlorinated alkenes such as DCE may
reduce the rate of TCE degradation, but the importance of this effect.

will depend on the specific composition of the contaminated water.
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TASK 4
PRELIMINARY ENGINEERING EVALUATION

INTRODUCTION

A design for a 1-gal/min pilot plant and conceptual designs for
larger full-scale plants of several sizes have been prepared, and cost
estimates have been made. These designs are based on the performance of
the laboratory-scale bioreactor system and assumptions about the site

and the groundwater to be treated, as summarized below.

Pilot Plant

A schematic of the 1l-gal/min pilot plant is shown in Fig. 12. It
consists of two bioreactor columns in series, each constructed from
2-ft-diam PVC pipe. The packing is a PVC material. This pilot plant
could be skid mounted and transported to the field site for testing or
rack mounted at the site.

The list of equipment and estimated costs are shown in Table 7.
The total equipment and construction costs are estimated to be
approximately $20,000. The total 6-month project cost to construct the
pilot plant, install it at a site, and carry out a 3-month minimal test

campaign is estimated to be approximately $180,000.

Full-Scale Plants

A conceptual design for a full-scale plant is shown in Fig. 13,
and the list of major equipment is given in Table 8. The design is
patterned after conventional trickle-filter processes for wastewater
treatment. The first-order rate constant for TCE degradation is taken
to be 0.01 min™!, based on laboratory studies. The TCE concentration in
the influent water is chosen to be 1 mg/L, and the effluent
concentration is specified to be 0.05 mg/L. The gas phase is 4% methane
in air, and the nutrient addition is based on laboratory experience.
The effluent is to be discharged directly to a local sewage treatment
plant. It is anticipated that there will be some stripping of TCE into
the gas phase, and thus an activated carbon system is specified for off-
gas cleanup. However, stripping may actually be quite minimal with

proper optimal operation of the bioreactor.
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Table 7. Equipment list for pilot plant

Equipment Cost
(dollars)

PVC pipe, 1 in. sch 40 (water), 100 ft 35
PVC pipe, 1/2 in. sch 40 (gas), 50 ft 18
Valves, ball, 7 each 140
Metering valve/controller, 2 each 2,000
PVC pipe, 2 ft sch 40 (columns), 20 ft 920
Packing media, PVC Flexipac, 62 ft3 930
Pump, 2 each 800
Gas supply system 2,000
Skid/pipe support 2,000
Total equipment 8,843
Fabrication, 200 work-hours 10,000

Total cost

19,000
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Table 8. Estimated capital equipment costs for
plants of various sizes (dollars)

Plant size (gal/min)

Item 50 100 50 200 700
Groundwater pump 1,168 1,516 1,733 1,980 7,516
Recycle pump 1,168 1,516 1,733 1,980 7,516
Reactor and packing 26,642 49,465 73,873 93,040 307,332
[size = gal] [15,000] [28,000] [42,000] [56,000] [180,000]
[height = [9] [16] [20] [23] [34]

diameter, ft]

Chemicals pump 1,168 1,516 1,722 1,980 7,516
Chemicals tank 3,256 3,256 4,480 4,480 6,162
and handling
Carbon 11,408 15,696 18,912 21,592 33,312
adsorbers (two)
Methane tank 12,632 12,632 12,632 12,632 12,632
Air tank 7,083 7,083 11,333 11,333 11,333
Air compressor 2,947 2,947 5,263 5,263 10,526
Flow controller - air (not costed separately)
Flow controller - methane (not costed separately)
Gas mixer (not costed separately)
Chemicals conveyors (not costed separately - see item 5)
Totals 68,000 96,000 132,000 154,000 404,000

(round numbers)
Add instruments and controls (15%), taxes (3%), and freight (5%)
84,456 119,232 163,944 191,268 501,768

Add installation costs: foundations and support (5%), erection and
handling (50%), electrical (8%), piping (2%), painting (2%)

141,041 199,117 273,786 319,417 837,952

Add indirect costs, as % of equipment: engineering supervision (25%),
construction fee (10%), startup (2%), contingency (10%)

Total capital cost 180,735 255,156 350,840 409,313 1,073,782
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Five plant sizes were costed: 50, 100, 150, 200, and 700 gal/min.
The latter flow rate is equivalent to 1 million gal/d, which is
comparable to small municipal wastewater treatment plants. The smaller
plant sizes may be representative of typical groundwater treatment
requirements. The reactor volume and a characteristic linear dimension
for each size of trickle filter is given in Table 8, assuming that the
tank diameter and height are equal. (This number is given to illustrate
the physical size of the tank; the actual design would not necessarily
have an aspect ratio of unity.) The larger reactor sizes would be
fabricated on-site by using standard procedures, while the smaller
reactors could be constructed from off-the-shelf tanks. Alternatiﬁely,
the larger systems could be constructed from multiple smaller modules.

No buildings are specified for enclosure of equipment nor fof
administration and laboratory and maintenance functions. It is assumed
that these latter functions are incorporated into existing facilities at‘
the site. _

The operating costs are summarized in Tables 9 and 10. The
approach is based on EPA recommendations (EPA 1978) and is probably
conservative. |

The chemicals for nutrients are similar to the nutrients used in’
the laboratory studies. The economic impact is considerable if this
level is necessary. However, the actual requirements will likely be
site specific, and further laboratory studies are needed to define the
minimal requirements. The activated carbon requirement is about
$0.06/1000 gai with no regeneration and no charges for disposal.

Optimal reactor design and operation may lead to a lower requirement for

activated carbon.

SUMMARY

From these preliminary evaluations it appears that a trickle-
filter plant to treat contaminated groundwater could be constructed with
conventional equipment and procedures. Capital and operating costs may
be comparable to those for conventional biological treatment of
industrial and municipal wastewaters (depending on nutrient

requirements). However, further laboratory data are needed on nutrient
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various plant sizes (dollars/year)
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Estimated operating costs for

Plant size (gal/min)

Item 50 100 50 200 700
O&M labor 35,000 35,000 40,000 40,000 45,000
Overhead (60%) 21,000 21,000 24,000 24,000 27,000
Electricity 6,220 9,330 12,440 15,550 18,660

($0.06/kWh)

Taxes, insurance, 7,230 10,206 14,033 16,372 42,951

administration (4%)

Capital recovery 28,917 40,825 5,6134 65,490 171,805

(10% interest)

Total, dollars/year 98,367 116,361 146,607 161,412 305,416

(no chemicals)

Total, dollars/1000 gal 3.75 2.21 1.86 1.54 0.84

(no chemicals)

Add chemicals 3.95 2.41 2.06 1.74 1.04

($0.20/1000 gal)




Table 10. Estimated operating costs for
various plant sizes (dollars/1000 gal)
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Plant size (gal/min)

Item 50 100 150 200 700
0&M labor 2.13 1.06 0.81 0.61 0.20
+ overhead (60%)
Electricity ($0.06/kWh) 0.24 0.18 0.16 0.15 0.05
Taxes, insurance, 0.28 0.19 0.18 0.16 0.12
administration (4%)
Capital recovery 1.10 0.78 0.71 0.62 0.47
(10% interest)
Chemicals 0.20 0.20 0.20 0.20 0.20
($0.20/1000 gal)
Total 3.95 2.41 2.06

1.74

1.04
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requirements, stripping, and reaction kinetics at low TCE
concentrations, and a pilot plant study is needed to verify and

demonstrate the scale-up parameters.,

CONCLUSIONS

1. Reduction of TCE in a synthetic groundwater was demonstrated in
a continuous-flow, trickle-filter bioreactor that used methanotrophic
bacteria.

2. With influent concentrations to the bioreactor of 1 mg/L for
both TCE and DCE, approximately 50% of the TCE and 90% of the DCE were
degraded in a single pass. Liquid recycle increased the degradation
further.

3. The presence of other chlorinated hydrocarbons, such as DCE,
may reduce the rate of TCE degradation, but this reduction is dependent
upon the specific composition of the contaminated water. The other
chlorinated hydrocarbons may degrade faster than the TCE. It is not
clear if DCE inhibited the degradation of TCE or was preferentially
degraded by the microorganisms.

4. The use of a mixed microbial consortium performs better than a
pure strain. Indigenous microorganisms from the groundwater were used
successfully in batch shake-flash tests to degrade TCE. This implies
that future developmental work should concentrate on indigenous
microorganisms.

5. The indigenous microorganisms degraded DCE and consumed methane
in batch shake-flash tests at the fastest rate of all other cultures.

6. The batch shake-flash tests indicate that there is an optimum
concentration of manganese for TCE degradation.

7. Increased concentrations of ammonia inhibited TCE degradation.

8. Phosphorus concentration did not affect the extent of TCE
degradation.

9. The consortia tested in the batch shake-flash tests were well-
adapted to TCE reduction at low methane concentrations (relative to
saturated concentrations), and high methane concentrations decreased TCE

degradation rates.
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10. Methanol addition reduced the rate of TCE degradation.
11. A pilot plant utilizing a trickle-filter bioreactor should be

operated to further develop and demonstrate the technology.



57

REFERENCES

Barrio-Lage, G., F. Z. Parsos, and R. S. Nassar. 1987. Kinetics of the
depletion of trichloroethene. Environ. Sci. Technol. 21:366-370.

Barrio-Lage, G., F. Z. Parson, R. S. Nassar, and P. A. Larenzo. 1986,
Sequential dehalogenation of chlorinated ethanes. Environ. Sci.
Technol. 20:96-99.

Bouwer, E. J., and P. L. McCarty. 1983. Transformations of 1 and 2
carbon halogenated aliphatic compounds under methanogenic
conditions. Appl. Environ. Microbiol. 45:1286-1296.

Colby, J., D. F. Stirling, and H. Dalton. 1977. The soluble methane
monooxygenase of Methylococcus capsulatus (Bath): Its ability to
oxygenate n-alkanes, n-alkenes, ethers, and aliphatic, aromatic,
and heterocyclic compounds. Biochem. J. 165:395-402,

Eng, W., A. V. Palumbo, and C. D. Little. 1988. Kinetics of
trichloroethylene degradation by a methane-utilizing bacterium
under oxygen-limiting conditions. Abstract. 88th Annual Meeting,
American Society for Microbiol. p. 293.

Fathepure, B. Z., J. P. Nengu, and S. A. Boyd. 1987. Anaerobic
bacteria that dechlorinate perchloroethene. Appl. Environ.
Microbiol. 53:2671-2674.

Fliermans, C. B. et al. 1988. Mineralization of trichloroethylene by
heterotrophic enrichment cultures. Appl. Environ. Microbiol.
54:1709-1714.

Fogel, M. M., A. R. Taddeo, and S. Fogel. 1986. Biodegradation of
chlorinated ethenes by a methane-utilizing mixed cultures. Appl.
Environ. Microbiol. 51:720-724.

Grady, C. P., Jr. 1984. Biodegradation: Its measurement and
microbiological basis. Biotechnol. and Bioeng. 27:660-674.

Infante, P. F., and T. A. Tsongas. 1982. Mutagenic and oncogenic
effects of chloroethenes, and halogenated analogs of vinyl

chloride. Environ. Sci. Res. 25:301-327.



58

Jansen, D. B., G. Grobben, and B. Witholt. 1987. Toxicity of aliphatic
hydrocarbons and degradation by methanotrophic cultures.
pp. 515-518. 1IN O. M. Neijssel, R. R. Van der Meer, and
K. Ch. A. Luyben (eds.), Proc. Fourth European Congress on
Biotechnology, Vol. 3. Elsevier Science Publishers, Amsterdam.

Kleopfer, R. D., D. M. Easley, B. B. Haas, Jr., T. G. Deihl, D.:Jackson,
and C. J. Wurrey. 1985. Anaerobic degradation of
trichloroethylene in soil. Environ., Sci. Technol. 19:277-280.

Levenspiel, 0. 1972. Chemical Reaction Engineering, 2nd ed. Wiley,
New York.

Little, C. D., A. V. Palumbo, S. E. Herbes, M. E. Lindstrom,

R. L. Tyndall, and P. J. Gilmer. 1988. Trichloroethylene
biodegradation by pure cultures of a methane-oxidizing bacterium.
Appl. Environ. Microbiol. 54:951-956.

Maltoni, C., and G. Lefemine. 1974. Carcinogenicity bioassays of vinyl
chloride. I. Research plan and early results. Environ. Res.
7:386-396.

Nelson, M. J. K., S. O. Montgomery, W. R. Mahaffy, and P. H. Pritchard.
1986. Biodegradation of trichloroethylene and involvement of an
aromatic biodegradative pathway. Appl. Environ. Microbiol.
53:949-954.

Nelson, M. J. K., S. 0. Montgomery, and P. H. Pritchard. 1988.
Trichloroethylene metabolism by microorganisms that degrade
aromatic compounds. Appl. Environ. Microbiol. 54:604-606.

Storck, W. 1987. Chlorinated solvent use hurt by federal rules. Chem.
Eng. News 65:11.

U.S. Environmental Protection Agency (EPA). 1985. Substances found at
proposed and final NPL sites through update number three Document
NPL-U3-6-3. U.S. Environmental Protection Agency, Washington D.C.

U.S. Environmental Protection Agency. 1978. Capital and operating costs
of selected air pollution control systems. PB80-157282.

Vogel, T. M., and P. McCarty. 1985. Biotransformation of
tetrachloroethylene to trichloroethylene, dichloroethylene, vinyl
chloride, and carbon dioxide under methanogenic conditions. Appl.

Environ. Microbiol. 49:1080-1083.



59

Wacket, L. P., and D. T. Gibson. 1988. Degradation of
trichloroethylene by toluene dioxygenase in whole-cell studies with
Pseudomonas putida F1. Appl. Environ. Microbiol. 54:1703-1708.

Whittenbury, R., K. C. Phillips, and J. F. Wilkinson. 1970. Enrichment
isolation and some properties of methane-utilizing bacteria.

J. Gen. Microbiol. 61:205-218.






WO WN =

99.

100.

101.

102.

61

INTERNAL DISTRIBUTION

EXTERNAL DISTRIBUTION

ORNL/TM-11084

R. E. Adams 43, M. E. Mitchell

T. L. Ashwood 44, C. E. Nix

J. W. Autrey 45. C. R. Olsen

L. W. Barnthouse 46-50. A. V. Palumbo

B. A. Berven 51. J. C. Parker

P. R. Bienkowski 52. W. W. Pitt

R. D. Bundy 53. G. A. Prosser

G. E. Butterworth 54. J. W. Ranney

R. B. Clapp 55. D. E. Reichle

H. D. Cochran 56. M. E. Reeves

R. B. Craig 57. A. L. Rivera

A. G. Croff 58. T. H. Row

B. H. Davison 59. T. C. Scott

T. L. Donaldson 60. S. P. N. Singh

J. L. Epler 61. B. P. Spalding

B. D. Eaison 62. W. B. Staub

L. L. Farr 63. M. G. Stewart

M. P. Farrell 64. S. N. Storch

C. W. Francis 65. S. H. Stow

S. B. Garland 66-70. G. W. Strandberg

C. W. Gehrs 71. J. R. Trabalka

R. K. Genung 72. R. L. Tyndall

L. V. Gibson 73. R. I. Van Hook

J. L. Haymore 74. W. Van Winkle

S. E. Herbes 75. L. D. Voorhees

S. G. Hildebrand 76. S. A. Wagner

D. D. Huff 77. J. H. Wilson

G. K. Jacobs 78. G. T. Yeh

E. H. Krieg, Jr. 79-93. ESD Library

D. D. Lee 94-95. Laboratory Records Dept.
S. Y. Lee 96. Laboratory Records, ORNL-RC
S. M. Leone 97. ORNL Patent Section
J. C. Massey 98. ORNL Y-12 Technical Library
C. P. McGinnis

V. Dean Adams, Director, Center for the Management Utilization
and Protection of Water Resources, Tennessee Technological
University, Box 5082, Cookeville, TN 38501

H. I. Adler, Oak Ridge Associated Universities, Oak Ridge,

TN 37830

R. Atlas, Department of Biology, University of Louisville,

Louisville, KY

40208

J. Ault, Director, Division of Superfund, Tennessee Department
of Health & Environment, Customs House, 701 Broadway,

Nashville, TN 37219

DO NOT MICROFILM
THIS PAGE



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114,

115.

116.

117.

118.

119.

120.

121.

122.

123.

124,
125.
126.

62

R. Balzhiser, Electric Power Research Institute, P.0O. Box
10412, Palo Alto, CA 94303

S. J. Bass, IT Corporation, 312 Directors Drive, Knoxville, TN
37923

R. P. Berube, Deputy Assistant Secretary for Environment, EH-
20, U.S. Department of Energy, Washington, DC 20585

D. Bhattacharyya, Professor, Department of Chemical
Engineering, University of Kentucky, Lexington, KY 40506

W. R. Bibb, DOE/ORO, P.0. Box 2001, Oak Ridge, TN 37831-8550
J. W. Blackburn, Center for Environmental Biotechnology,
10515 Research Drive, University of Tennessee, Knoxville, TN
37996-1610

A. W. Bourquin, Ecova Corporation, 3820 159th Ave., NE,
Redmond, WA 98052

C. M. Borgstrom, Director, Office of NEPA Project Assistance,
EH-25, U.S. Department of Energy, Washington, DC 20585

J. S. Brehm, Office of Surplus Facilities Management, UNC
Nuclear Industries, P.0. Box 490, Richland, WA 99352

G. Brubaker, IT Corporation, Aquifer Remediation Systems,

165 Fieldcrest Ave., Edison, NJ 08837

E. Bryan, National Science Foundation, 1800 G Street, NW,
Washington, D.C. 20550

D. L. Bunting, Director, Ecology Program, 687 Dabney,
University of Tennessee, Knoxville, TN 37996

J. Thomas Callahan, Associate Director, Ecosystem Studies
Program, Room 336, 1800 G Street, NW, National Science
Foundation, Washington, DC 20550

L. W. Canter, Environment & Groundwater Institute, University
of Oklahoma, 200 Felger Street, Norman, OK 73019

T. J. Cerveny, Office of Scientific Research, Bolling AFB,
Washington, D.C. 20443-6448

A. Chakrabarty, Department of Microbiology, University of
I1linois Medical Center, 1853 West Polk Street, Chicago, IL
60612 :

T. C. Chee, R& and Byproducts Division, DP-123 (GTIN),

U.S. Department of Energy, Washington, DC 20545

E. Chian, Professor, School of Civil Engineering, Georgia
Institute of Technology, Atlanta, GA 30332

E. W. Colglazier, Director, Energy, Environment, and Resources
Center, 327 S. Stadium, University of Tennessee, Knoxville, TN
37996-0710

R. R. Colwell, Director, Maryland Biotechnology Institute,
University of Maryland, Microbiology Building, College Park,
MD 20742

W. E. Cooper, Department of Zoology, College of Natural
Sciences, Michigan State University, East Lansing, MI 48824
J. Corey, Savannah River Laboratory, Aiken, SC 29808

J. Cornett, Tyndall Air Force Base, Panama City, FL 32403

R. Crawford, Department of Bacteriology and Biochemistry,
University of Idaho, Moscow, ID 83843

DO NOT MICROFILM
THIS PAGE



63

127. B. L. Crynes, Dean College of Engineering, The University of
Oklahoma, Room 107, Carson Engineering Center, 202 West Boyd,
Norman, OK 73019

128. N. H. Cutshall, 10461 White Granite Dr., Suite 204, Oakton,
VA 22124

129. P. Deshmane, Merck Sharp Dohme, Division of Merck & Co., Inc.,
West Point, PA 19486

130. C. Dial, U.S. Environmental Protection Agency, HWERL, 26 W.
St. Clair St., Cincinnati, OH 45268

131. J. E. Dieckhoner, Acting Director, Operations and Traffic
Division, DP-122 (GTN), U.S. Department of Energy,
Washington, DC 20545

132. D. D. Drury, Groundwater Technology, Inc., 4080 Pike Lane,
Suite D, Concord, CA 94520

133. J. C. Duggan, Waste Management Institute, Tennessee Valley
Authority, 2044 Old City Hall, Knoxville, TN 37902

134. W. W. Eckenfelder, Jr., Center for Water Quality Management,
Vanderbilt University, Station B, Box 6222, Nashville, TN
37235

135-139. W. Eng, Institute of Molecular Biophysics, Florida State
University, Tallahassee, FL 32306

140. J. H. Exner, International Technology Corporation, 4585
Pacheco Blvd., Martinez, CA 94553

141, L. T. Fan, Kansas State University, Durland Hall, Manhattan,
KS 66506

142, J. Farley, Office of Energy Research, U.S. Department of
Energy, ER-65, Washington, DC 20545

143. P. Flanagan, National Science Foundation, 1800 G Street, NW,
Washington, DC 20550

144, D. D. Focht, Department of Soil and Environmental Sciences,
University of California, Riverside, CA 92521

145. G. J. Foley, Director, Environmental Monitoring Systems
Laboratory, MD-75, Research Triangle Park, NC 27711

146. L. B. Fournier, Groundwater Technology, Inc., U.S. Route 1,
Chadds Ford W., Chadds Ford, PA 19317

147. R. Fox, IT Corporation, 312 Directors Drive, Knoxville, TN
37923

148. J. Frank, Gas Research Institute, 8600 West Bryn Mawr Ave.,
Chicago, IL 60631

149. J. Genung, ProBac International Corp., 2801 Fruitville Road,
Sarasota, FL 34237-5318

150. D. Gibson, Department of Microbiology, University of Texas,
Austin, TX 78712

151. J. Glaser, U.S. Environmental Protection Agency, HWERL, 26 W.
St. Clair St., Cincinnati, OH 45268

152. R. Goldstein, Electric Power Research Institute, 3412 Hillview
Ave., P.0. Box 10412, Palo Alto, CA 94303

153. C. P. Leslie Grady, Jr., Environmental Systems Engineering,
Clemson University, Clemson, SC 29634

154, T. D. Hayes, Gas Research Institute, 8600 West Bryn Mawr Ave.,

DO NOT MICROFILM
THIS PAGE



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173-177.

178.

179.
180.

181.

64

T. C. Hazen, E.I. du Pont de Nemours & Co., Inc., Savannah
River Lab, Aiken, SC 29808

R. Hill, U.S. Environmental Protection Agency, HWERL, 26 W.
St. Clair St., Cincinnati, OH 45268

T. B. Hindman, Director, Office of Defense Waste and
Transportation Management, DP-12, U.S. Department of Energy,
Washington, DC 20545

J. S. Hirschhorn, Office of Technology Assessment, U.S.
Congress, Washington, DC 20510

J. W. Huckabee, Manager, Ecological Studies Program, Electric
Power Research Institute, 3412 Hillview Avenue, P.O.

Box 10412, Palo Alto, CA 94303

W. J. Huffman, Battelle/Columbus Laboratories, 505 King Ave.,
Columbus, OH 43201

A. E. Humphrey, Department of Chemical Engineering, Lehigh
University, Bethlehem, PA 18015

E. A. Jordan, Office of Defense Programs, U.S. Department of
Energy, DP-122, Washington, DC 20545

George Y. Jordy, Director, Office of Program Analysis, Office
of Energy Research, ER-30, U.S. Department of Energy,
Washington, DC 20545

M. E. Karpuk, TDA Research, 12421 West 49th Avenue, Wheat
Ridge, CO 80033

K. G. Kibler, Materials Response, General Dynamics, P.O. Box
748, Fort Worth, TX 76101

L. Kirschner, Materials and Processes Technology, General
Dynamics, P.O. Box 748, Fort Worth, TX 76101-5984

D. S. Kosson, Department of Chemistry & Biochemistry, Rutgers
State University, P.O. Box 909, Piscataway, NJ 08854

R. F. Lewis, U.S. Environmental Protection Agency, HWERL,

26 W. St. Clair St., Cincinnati, OH 45268

M. Lih, National Science Foundation, 1800 G Street, NW,
Washington, DC 20550

G. E. Likens, Director, The New York Botanical Garden,
Institute of Ecosystem Studies, The Mary Flagler Cary
Arboretum, Box AB, Millbrook, NY 12545

D. G. Linz, Gas Research Institute, 8600 West Bryn Mawr Ave.,
Chicago, IL 60631

C. Litchfield, E.I. du Pont de Nemours & Co., Inc., Haskell
Lab, Elkton Road, Newark, NJ 19714

C. D. Little, U.S. Environmental Protection Agency,
Environmental Research Laboratory, Sabine Island, Gulf
Breeze, FL 32561

R. C. Loehr, College of Engineering, Cockrell Hall, The
University of Texas, Austin, TX 78712

T. Lubozynski, Tyndall Air Force Base, Panama City, FL 32403
Helen McCammon, Director, Ecological Research Division, Office
of Health and Environmental Research, Office of Energy
Research, ER-75, U.S. Department of Energy, Washington,

DC 20545

P. L. McCarty, Department of Civil Engineering, Stanford

" BONOT MNCROFILM
THIS PAGE



182,

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194,

195.

196.

197.

198.

199.

200.

201.

202.

203.

204,

205.

206.

65

J. F. McNabb, U.S. Environmental Protection Agency, Ada, OK
74820

C. E. Miller, Surplus Facilities Management Program Office,
U.S. Department of Energy, Richland Operations, P.0. Box 550,
Richland, WA 99352

R. Minear, Director, Institute for Environmental Studies,
University of Illinois, Urbana, IL 61801

W. E. Murphie, Office of Remedial Action and Waste Technology,
U.S. Department of Energy, NE-23, Washington, DC 20545

T. Mukerjee, National Science Foundation, 1800 G Street, NW,
Washington, DC 20550

D. V. Nakles, Remediation Technologies, Inc., 1034 Fifth Ave.,
Suite 100, Pittsburgh, PA 15219

R. D. Neufeld, Professor of Civil Engineering, University of
Pittsburgh, 939 Benedum Hall, Pittsburgh, PA 15261

Oak Ridge National Laboratory, P.O. Box 2567, Grand Junction,
CO 81502

Edward O’Donnell, Division of Radiation Programs and Earth
Sciences, U.S. Nuclear Regulatory Commission, NLS-260,
Washington, DC 20555

B. H. Olsen, Environmental Health and Planning, Program in
Social Ecology, University of California, Irvine, CA 92717
F. Parker, Vanderbilt University, Box 1596, Station B,
Nashville, TN 37235

D. Patterson, Tennessee Technology Foundation, P.0. Box 23184,
Knoxville, TN 37933

D. C. Paul, Research and Development Division, E.I. du Pont de
Nemours & Co., Inc., 13375 Brandywine Building, Wilmington, DE
19898

J. Peltola, BioTrol, Inc., 11 Peavey Road, Chaska, MN 55318
J. A. Phillips, Department of Chemical Engineering, Lehigh
University, Bethlehem, PA 18015

A. K. Pierce, Hunter Biosciences, Inc., 3208 Spring Forest
Road, Raleigh, NC 27604

P. H. Pritchard, U.S. Environmental Protection Agency, Sabine
Island, Gulf Breeze, FL 32561

R. L. Raymond, E.I. du Pont de Nemours & Co., Inc., 1801
Eugene Court, Wilmington, DE 19810

Gregory Reed, Department of Civil Engineering, 73 Perkins
Hall, The University of Tennessee, Knoxville, TN 37996

N. W. Revis, Oak Ridge Research Institute, 113 Union Valley
Rd., Oak Ridge, TN 37830

K. J. Richards, Vice President, Technology Division, Kerr-
McGee Corporation, P.O. Box 25861, Oklahoma City, OK 73125
J. A. Roth, Professor, Vanderbilt University, P.0. Box 1574,
Station B, Nashville, TN 37235

D. Roy, Department of Civil Engineering, Louisiana State
University, Baton Rouge, LA 79803

T. N. Sargent, Engineering-Science, Inc., 57 Executive Park
South, N.E., Suite 590, Atlanta, GA 30329

D. Savage, Department of Microbiology, Walters Life Sciences
Building, University of Tennessee, Knoxville, TN 37996

DO NOT MICROFILM

TUIC NAnr



207.

208.

209.
210.
211.

212.
213.

214,

215.

21s6.

217.

218.

219.

220.

221.
222,

223.
224,

225.

226.
227.

228.

229.

66

Ilkka Savolainen, Waste Management Section, International
Atomic Energy Agency, Wagramerstrasse 5, P.0. Box 100, A-1400
Vienna, Austria

G. S. Sayler, Center for Environmental Biotechnology, 10515
Research Drive, University of Tennessee, Knoxville, TN 37996-
1610

H. Shaw, New Jersey Institute of Technology, Cullimore Hall,
Room 604/IHTWM, Newark, NJ 07102

E. H. Snider, Engineering-Science, Inc., 57 Executive Park
South, N.E., Suite 590, Atlanta, GA 30329

W. T. Snyder, Dean of Engineering, 124 Perkins Hall,
University of Tennessee, Knoxville, TN 37996

J. Spain, Tyndall Air Force Base, Panama City, FL 32403

V. Srivastava, Institute of Gas Technology, 3224 South State
Street, Chicago, IL 60616

R. J. Starmer, HLW Technical Development Branch, Office of
Nuclear Material Safety and Safeguards, Nuclear Regulatory
Commission, 5E4 (OWFN), Washington, DC 20555

M. J. Steindler, Director, Chemical Technology Division,
Argonne National Laboratory, 9700 South Cass Ave., Argonne, IL
60439

M. T. Stewart, University of South Florida, Tampa, FL 33620
D. W. Tedder, Associate Professor, Chemical Engineering,
Georgia Institute of Technology, Atlanta, GA 30332

L. Thibodeaux, Hazardous Waste Research Center, College of
Engineering, Louisiana State University, Baton Rouge, LA
70803

J. Tiedje, Department of Crop & Soil Science, Michigan State
University, East Lansing, MI 48823

K. Timmis, Department of Medical Biochemistry, University
Medical Center, University of Geneva, 1211 Geneva 4,
Switzerland

M. Tittlebaum, Department of Civil Engineering, Louisiana
State University, Baton Rouge, LA 70803

0. Tuovinen, Professor of Microbiology, The Ohio State
University, 484 W. 12th Ave., Columbus, OH 43210

S. B. Upchurch, University of South Florida, Tampa, FL 33620
Ken Walker, Department of Geology, The University of
Tennessee, Knoxville, TN 37916

Raymond G. Wilhour, U.S. Environmental Protection Agency,
Environmental Research Laboratory, Sabine Island, Gulf Breeze,
FL 32561

B. H. Wilson, U.S. Environmental Protection Agency, Ada, OK
74820

J. T. Wilson, U.S. Environmental Protection Agency, Ada, OK
74820

Frank J. Wobber, Ecological Research Division, Office of
Health and Environmental Research, Office of Energy Research,
ER-75, U.S. Department of Energy, Washington, DC 20545

J. D. Wright, TDA Research, 12421 West 49th Avenue, Wheat

=" 7"D0 NOT MICROFILM
THIS PAGE



230.
231.
232.
233.
234,

235-244.

67

J. G. Yates, Office of Energy Research, U.S. Department of
Energy, ER-42, Washington, DC 20585

S. B. Yunker, Advanced Fossil Power Systems, EPRI, 3412
Hillview Avenue, P.0. Box 10412, Palo Alto, CA 94303

H. H. Zehner, U.S. Geological Survey-Water Resources Division,
1013 N. Broadway, Knoxville, TN 37917

G. Zeikus, MBI, 3900 Collins Road, Lansing, MI 48910
Office of Assistant Manager for Energy Research and
Development, Oak Ridge Operations, P.0. Box 2001, U.S.
Department of Energy, Oak Ridge, TN 37831-8600

Office of Scientific and Technical Information, P.0. Box 62,
Oak Ridge, TN 37831

DO NOT MigRoF
THIS PAGE .



