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ABSTRACT

Bacteria indigenous to a trichloroethylene (ICE)

contaminated site were used in a batch-microcosm experiment

to determine their ability to grow in the presence of and

degrade ICE. At two different initial concentrations of

ICE, bacterial populations were able to increase their

number by two orders of magnitude. Under the aerobic,

oligotrophic conditions of the microcosms, the average ICE

disappearance in live microcosms for all samples was 47

percent and 33 percent when the initial concentration was

559 ppb and 6.7 ppm, respectively.	 No TCE disappearance

was observed in blank or killed microcosms.	 It is believed

that bacteria degraded ICE to levels as low as 1-2 percent

of the initial concentration. 	 Lag times of 14 and 18 days,

were observed for the low- and high-concentration micro-

cosms, respectively. 	 Bacterial population shifts were

noted throughout the experiment.	 None of the volatile

chlorinated compounds expected as products of biodegrada-

tion were found.

v i ii



CHAPTER 1

INTRODUCTION

Background 

In recent years the national awareness has shifted

from a focus on visible air and surface water pollution to

hidden groundwater pollution.	 This shift in attention is

due in part to our reliance on groundwater as our drinking

water supply. About one-half of the United States popula-

tion depends on groundwater for its domestic water (Wilson

et al. 1983b), and in rural areas 90-95 percent of the

drinking water is supplied by groundwater (Bitton and Gerba

1984). Degradation of the quality of groundwater presents

a problem because the water may require additional treat-

ment to remove pollutants before it can be used, or wells

may need to be removed from service and alternate sources

of water secured; both of these consequences may be very

costly. Also, toxic reactions may occur in humans, other

animals, or plants before contamination is detected or

before remediation treatment can occur.

Contamination of groundwater is extensive.	 Signif-

icant pollution of groundwater has been reported in at

least one state in each of the ten EPA regions.	 In 45

1
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percent of the large public water supplies distributing

groundwater, volatile organic compounds have been found

(Wilson et al. 1983b).	 Sources of anthropogenic organic

compounds that contaminate aquifers are sewage and septic

tank effluents, industrial landfills, discharge sites,

waste lagoons, chemical storage tanks, and urban and

agricultural runoff (Bitton and Gerba 1984).

Determination of the transport and fate of pollut-

ants in the unsaturated and saturated zones is necessary to

protect aquifers and to rehabilitate polluted aquifers.

Factors that affect the transport and fate of organic

compounds in groundwater are advection, dispersion, solu-

bility, sorption, volatilization, chemical reaction (hydro-

lysis, oxidation, etc.), and biotransformation (Mackay,

Roberts, and Cherry 1985, and McCarty, Reinhard, and

Rittmann 1981).

Biotransformation is the process where organic

compounds are modified via biotic reactions. Biotrans-

formation by cometabolism occurs when an organic chemical

is altered at a constant, slow rate by microorganisms but

the microbial population is unable to use the chemical to

increase their numbers.	 According to Alexander (1981),

products of cometabolism may be structurally similar to the

parent compound and they may accumulate in the environment.

Apparently these transformed products are not chemically

adequate substrates for further enzymatic reactions.
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Biotransformation via biodegradation occurs when

the microbial population responsible for degradation is

able to use the organic compound for biosynthetic purposes.

Complete biodegradation results in mineralization of the

compound.	 Incomplete biodegradation results in a product

compound that may or may not be innocuous (Alexander 1981).

Of the factors that affect the environmental fate of

organic pollutants, biodegradation presents an attractive

prospect for aquifer restoration.	 If a contaminant is

biodegradable the polluted groundwater may be treated in

situ. A hazardous compound may be converted to a nonhaz-

ardous compound rather than transported to another environ-

ment where detoxification may or may not occur.

In situ treatment by biodegradation may be econo-

mically and environmentally the preferred remedy to

groundwater contamination. The conditions of the environ-

ment may be altered to increase the rate of biodegradation.

Addition of nutrients and aeration are two measures that

enhance clean up of oil spills by biodegradation (Werner

1985). Other factors that influence the rate or extent of

biodegradation are temperature, pH, availability of elec-

tron acceptors, concentration of contaminant, presence of

other toxicants, availability of other organic substrates,

presence of inorganic nutrients, and the abundance and type

of microorganisms in the environment (Bitton and Gerba

1984).
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Anthropogenic pollutants commonly found in ground-

water include pesticides, fertilizers, heavy metals,

petroleum contaminants and a wide variety of industrial

chemicals.	 An industrial chemical frequently found in

contaminated groundwater is trichloroethylene (1,1,2-

trichloroethylene; trichloroethene; ethylene trichloride;

TCE).

TCE has the molecular formula C2HC13 a molecular

weight of 131.39, and the structural formula:

	H \ 	Cl
,C = C\

	Cl f 	`C I .

It is a colorless liquid with a chloroform-like, sweet

odor. TCE has low water solubility (1,100 mg/L at 25 0 C

(Petura 1981)) and has a vapor pressure of 77 mm Hg (U.S.

EPA 1980).	 Principal physical and chemical properties are

summarized in Appendix 1.

TCE became a common degreasing agent in the 1920's

and in the 1930's use began in the drycleaning industry.

In the United States, annual production of TCE is estimated

at 234,000 metric tons (U.S. EPA 1980).	 TCE is currently

used as a metal degreaser, drycleaning solvent, ingredient

in paint, varnish, and finish remover, septic tank cleaner,

and to clean and dry electronic parts (Petura 1981), and to

extract caffeine from coffee (Sittig 1985).
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Local harmful effects of exposure to ICE vapor

include irritation of the eyes, nose, and throat.	 Systemic

harmful effects of acute exposure include depression of the

central nervous system leading to headache, dizziness,

vertigo, tremors, nausea, vomiting, irregular heart beat,

sleepiness, fatigue, blurred vision, and intoxication.

Unconsciouness and death have been reported. TCE adminis-

tered to mice has induced hepatocellular carcinomas with

some metastases to the lungs (Sittig 1985).

The permissible concentration of TCE in water on an

acute toxicity basis is 45,000 pg/L to protect freshwater

aquatic life, and 2,000 pg/L to protect saltwater aquatic

life. To protect human health the preferred concentration

is zero using the best available technology. A concentra-

tion of 27 pg/L poses a lifetime cancer risk of 1 in

100,000 (Sittig 1985).

Because of the hazardous health effects and

prevalence in contaminated groundwater, investigators have

sought to determine the biodegradability of ICE. As with

other organic pollutants, identification of the environ-

mental conditions under which transformation occurs, the

extent of transformation, the products formed, and the

types of microorganisms responsible for degradation is

essential before bioreclamation of contaminated groundwater

can be achieved.
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Review of Literature 

Early investigations into soil and subsurface

microbial ecology focused on soil microorganisms because of

their importance to agriculture.	 It was found that a wide

variety of microorganisms occupy the soil, that their

activity can be intense (McNabb and Dunlap 1975), and that

the numbers of microorganisms generally decrease with depth

from the surface (Waksman and Starkey 1931 and Alexander

1961).	 While information accumulated about microorganisms

in the soil zone, research into the microbiology of the

deeper subsurface region (the region below the soil zone

including both unsaturated and saturated regions) was

limited.

Investigations into subsurface microbial ecology

were hampered by the difficulty of getting representative

samples (samples free from surface microbial contamination)

and by the difficulty in determining the type, abundance,

and metabolic activity of the microorganisms (McNabb and

Dunlap 1975). Attempts to culture the microbes in the

laboratory were often unsuccessful because success depended

on knowing the growth requirements of the microorganisms

(Webster et al. 1985).

Recently methods have been developed to aid the

investigation of subsurface microorganisms.	 Wilson et al.
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(1983a) modified a procedure described by Dunlap et al.

(1977) for acquiring uncontaminated subsurface material.

By paring cored material brought up from bore holes,

aseptic cores are produced.

A method for bacterial enumeration by the use of

fluorescence microscopy was developed by Trolldenier

(1973).	 This method involves counting the bacteria

directly under the microscope rather than depending on

culturing techniques.	 Bacterial cells are stained with

acridine orange (AO), a dye which binds to the nucleic

acids in the cells.	 Under ultra violet (UV) light AO dyed

cells fluoresce green (commonly) or red and can be counted.

Trolldenier's method has been modified by Hobbie, Daley,

and Jasper (1977) for counting aquatic bacteria, and by

Ghiorse and Balkwill (1983) and Wilson et al. (1983a) for

counting soil microorganisms.

Procedures for measuring metabolic activity include

extraction of adenosine triphosphate (ATP) (Webster et al.

1985) from samples or involve uptake of specific substances

such as [ 3 H]glucose (Meyer-Reil 1978) or 2-(p-iodopheny1)-

3-(p-nitropheny1)-5-phenyl tetrazolium chloride (INT)

(Harvey and Young 1980, Webster et al. 1985, and Zim-

mermann, Iturriaga, and Becker-Birck 1978).	 INT is reduced

by respiring organisms, organisms with electron transport

chains, to INT-formazon which is deposited in bacteria as

dense red-purple granules within the cells (Zimmermann,
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Iturriaga, and Becker-Birck 1978). 	 The red-purple granules

can be counted under the light microscope. The INT method

combined with the AO method enables enumeration of bacteria

and determination of the proportion that are respiring

(Webster et al. 1985).

Soil and aquatic microorganism research often makes

use of microcosms as laboratory models to simulate environ-

mental conditions. Microcosms are of two types, batch- or

continuous-culture (column) systems. 	 Batch-culture micro-

cosms are usually designed to imitate field conditions.

Physical factors are unregulated after onset of the

experiment. Advantages of batch microcosms include their

simplicity and ease of replication.	 Continuous-culture

microcosms strictly define physical factors and application

of growth medium (Parkes, 1982).

The development of better experimental techniques

has led to an increase in knowledge about the variety of

subsurface microorganisms and their environment. Groups of

microorganisms found in the subsurface that might be useful

in bioreclamation of aquifers are the actinomycetes, fungi,

and bacteria (aerobic, facultative anaerobic, and fasti-

dious anaerobic). Environmental parameters studied are

temperature, pH, oxidation-reduction potential, nutrient

requirements, and geologic setting (McNabb and Dunlap

1975).
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Actinomycetes are able to grow in conditions rang-

ing from oligotrophy to activated sludge and under a wide

range of temperature and pH. They are known to transform

organic compounds including chlorinated and nonchlorinated

aromatics, and long-chain carbon compounds (Kobayashi and

Rittmann 1982).

Fungi are attractive for use in contaminated water

treatment because of their nonspecific enzyme systems and

because they appear to have the ability to degrade complex

structures or long chain length hydrocarbons (Kobayashi and

Rittmann 1982). As an example, Fusarium oxysporum is able

to completely degrade DDT (Gibson 1978).

The list of bacteria known to degrade organic pol-

lutants is long (Kobayashi and Rittmann 1982).	 Genera of

heterotrophic bacteria often associated with contamination

are Pseudomonas, Arthrobacter, Achromobacter, Micrococcus,

Vi brio, Brevibacterium, Corynebacterium, and Flavobacterium 

(Atlas 1981).

Examples of degradation by bacteria under anaerobic

conditions include degradation of the pesticide toxaphene

by Corynebacterium pyrogenes and of the pesticide lindane

by Clostridium Ia. (Kobayashi and Rittmann 1982). Under

aerobic conditions, Pseudomonas putida is able to degrade

benzene (Gibson 1978) and Flavobacterium is able to degrade

naphthalene (Colwell and Sayler 1978).
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While specific examples of detoxification or min-

eralization of pollutants by microorganisms are easy to

find, many contaminants persist in the environment.	 The

factors that affect the fate of pollutants mentioned

earlier do not remove them from the groundwater at an

acceptable rate, and/or further pollution acts to increase

their concentration. 	ICE is an example of a contaminant

that appears to persist in the environment.	 Because of its

toxicity and persistence, researchers have sought to

determine its biodegradabilty.

Biodegradation of TCE under anaerobic conditions has

produced variable results.	 Parsons et al. (1984) observed

biotransformation of tetrachloroethylene (PCE) to TCE, cis-

and trans-dichloroethylene (DCE), chloroethene, and 1,1-

DCE and/or dichloromethane by muck microorganisms from a

ICE spill site.	 Initial concentration of PCE was about

1460 pg/L and samples were followed for 21 days. Kleopfer

et al. (1985) also observed dechlorination of ICE to 1,2-

DCE under anaerobic conditions by soil microorganisms. No

1,1-DCE was detected as product.

Using sediments collected from a spill site, Parsons

and Lage (1985), investigated anaerobic degradation of ICE

with initial concentrations between 4 and 5 pg/L.

They found that ICE was biotransformed to cis- and trans-

DCE and that the concentration of the cis isomer was

greater.	 Also, dehalogenation took place in a reductive
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environment with a neutral to acidic pH.

In another anaerobic study, (Bario-Lage et al.

1986), ICE was transformed by microorganisms in microcosms

that contained highly organic sediments or crushed calcar-

eous rock. With an initial concentration of ICE at 5 ppm,

the microorganisms transformed TCE to cis-DCE in one year

in the organic sediment microcosms and in 21 months in the

crushed rock microcosms.

Bouwer et al. (1981) report no appreciable anaerobic

degradation by mixed methanogenic bacterial culture grown

from waste-activated sludge in batch experiments after 16

weeks of incubation.	 Initial concentrations of ICE were in

the range of 10-200 pg/L. However, in a later batch

experiment, Bouwer and McCarty (1983), report a 40 percent

reduction in ICE concentration by a similar methanogenic

culture. The reduction in TCE concentration was observed

after 8 weeks and the initial concentration was about 200

pg/L.

Recently, Wilson, Smith, and Rees (1986), reported

that under anaerobic conditions TCE was degraded non-

quantitatively to 1,2-DCE and vinyl chloride by micro-

organisms from methanogenic aquifer material collected near

a land fill.	 Initial concentration of ICE was 127-155 pg/L

of pore water and at least a sixteen week lag time was

needed before disappearance was quantifiable. Variable

removal of ICE was observed in replicate microcosms.
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In column studies, mixed methanogenic culture sup-

ported by a primary substrate of acetate (Vogel and McCarty

1985), transformed PCE to TCE by reductive dechlorination,

and further reductive dechlorination produced DCE and vinyl

chloride.	 This study indicated that at least partial

mineralization of PCE to CO2 can occur.

Under aerobic, methanotrophic conditions, batch

experiments with soil microorganisms have reported no

detectable degradation of ICE (Wilson et al. 1983a) and

slow degradation (Wilson et al. 1983b) possibly due to to

abiotic processes.	 Wilson and Wilson (1985) enriched an

unsaturated soil column for methanotrophs by exposing it to

natural gas for three weeks.	 With an influent ICE concen-

tration of 150 ug/L, less than five percent of the TCE

applied was found in the effluent with a two day residence

time under aerobic conditions.	 Results of [ 14 C]TCE

influent show that ICE is apparently degraded to CO2.

Fogel, Taddeo, and Fogel (1986) found that enrich-

ment of sediment samples from a cattail marsh for methano-

trophs under aerobic conditions produced a population of

bacteria that could degrade TCE and that the products were

not volatile chlorinated compounds.	 They report 2.5x10 -6

umol degraded per hour per ug of protein when initial

concentration was about 80 ppb.

Nelson et al. (1986), isolated from organochlorine

contaminated soil and water, a gram-negative, strictly
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aerobic bacterium. This isolate degraded TCE to CO2 and

unidentified, nonvolatile products.	 In contrast to the

aerobic, methanotrophic conditions previously mentioned,

this organism did not grow on methane or methanol indica-

ting that it is probably not a methanotroph.

Research Objectives 

The purpose of this research was to determine if TCE

is biodegradable under aerobic, oligotrophic conditions by

microorganisms indigenous to a site with prolonged exposure

to TCE contamination. To accomplish this objective it was

first necessary to determine if active microorganisms were

present.	 The microorganisms were then used in an experi-

ment to determine to what extent they could multiply in the

presence of two different concentrations of TCE. Popula-

tion shifts of the microorganisms during the experiment

were determined. The extent, rate and products of TCE

degradation were sought.



CHAPTER 2

METHOD OF INVESTIGATION

Analytical methods 

Routine analyses performed during the experiment

were phase and epifluorescent microscopy for determining

bacterial presence and abundance, and for determining the

percent of metabolically active bacteria.	 Trichloro-

ethylene (ICE) concentration and appearance of volatile

organic degradation products were monitored by gas chrom-

atography.	 In addition to these parameters, pH and

dissolved oxygen were monitored.

Phase and Epifluorescent Microscopy

Bacterial presence was determined by direct ob-

servation of drop preparations in the phase microscope.	 A

modification of Trolldeiner's acridine orange (AO) direct

count method was used for bacterial enumeration. 0.2 mL of

a 0.1 percent aqueous acridine orange solution (stored in

aluminum foil wrapped glassware, refrigerated at 8 0 C, and

filter sterilized through 0.2 um filters daily) was added

to a 2.0 mL subsample of well or microcosm water in a small

test tube. The test tube was vortexed and allowed to

incubate for two minutes while the filter tower was pre-

pared. A 0.2 pm Nuclepore filter was placed on top of a

14



15

cellulose filter on the filter support.	 The sample was

filtered and the filter was placed on a glass slide.	 One

drop of a 1.0 percent aqueous nigrosin solution was

dispensed onto the filter. The filter was covered with a

coverslip to make the slide ready for viewing under ultra

violet (UV) light on the phase microscope.

The number of bacteria per mL water was determined

by counting the number of green and red fluorescing

bacteria in each of 50 fields of view, and multiplying by

the number of fields per filter and by one filter per

subsample,

of bacteria 	of fields 	filter 	of bacteria
of fields	 filter	 /N mL sample	 mL

Enumeration of bacteria in this manner is referred to as an

acridine orange direct count (AOC).

The percent of metabolically active bacteria was

determined by adding 0.2 mL of a 0.2 percent filter-

sterilized aqueous iodonitrotetrazolium chloride (INT)

solution to a 2 mL subsample of well or microcosm water.

The sample was vortexed and incubated in the dark for 30

minutes. 0.22 mL of AO were added to the sample which was

then prepared in the same manner as for an AODC. Bacteria

were first viewed under UV light. After counting the

number of bacteria in a field, the UV light was cut out and

the number of bacteria with red-purple INT granules was

determined under phase. From this information the percent
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of bacteria that were INT metabolically active was deter-

mined.

Appropriate dilutions of subsamples were made when

the field of view became too crowded to count. Acridine

orange direct counts on samples at time zero show less than

a ten percent standard deviation between replicates

(Appendix 2).	 INT counts on samples at time zero show less

than a 25 percent standard deviation between replicates

(Appendix 2).	 All solutions were filtered daily through

0.2 um filters and checked by AODC to insure that they

remained bacteria-free.

Gas Chromatography

Chemical analyses were performed on a Hewlett-

Packard 5790 Gas Chromatograph (GC) with a Ni 63 electron

capture detector (ECD), and a Megabore DB-1 column. High

purity helium was used as a carrier gas and flow was

adjusted to 12 mL per minute. The GC was programmed to run

at 27 0 C for 4.6 minutes and then to increase in temperature

at a rate of 60C per minute until an oven temperature of

620C had been attained. This temperature was held for 2

minutes until cool down was begun.

The GC integrator was calibrated using aqueous

standard solutions of TCE, 1,1,2-trichloroethane (TCA),

1,1,1-TCA, 1,2-dichloroethane (DCA), 1,1-DCA, cis-dichloro-

ethylene (DCE), trans-DCE, and 1,1-DCE. Table 1 contains

the detection limits and retention times for the standards.



Table 1.

Detection Limits and Retention Times

for Aqueous Standard Solutions

Compound Detection	 Limit

ppb	 by weight

Retention	 Time

minutes

1,1,2-	 Trichloroethane 3 6.74

Trichloroethylene 1 4.33

1,1,1-Trichloroethane 1 2.86

1,2-Dichloroethane 33 2.73

cis-Dichloroethylene 76 2.15

1,1-Dichloroethane 110 1.70

trans-Dichloroethylene 47 1.45

1,1-Dichloroethylene 324 1.08

17
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The standard solutions were prepared in 120 mL

serum bottles from stock solutions of the compounds in

methanol. Standards were extracted using 5 mL of pesticide

grade pentane, giving a pentane to water ratio of 1:24.

The pentane was injected by syringe through the septum of a

serum vial held upside down. A second syringe just punc-

turing the septum allowed for 5 mL of water to escape as

the pentane entered the serum vial. This technique was

used for preparation of all standard solutions and for

extraction and analysis of microcosm water during the

experiment.

pH Determination

An Orion Research model 811 pH/millivolt meter was

used for pH determination. A calibration curve was esta-

blished daily using pHydrion buffer (Micro Essential

Laboratory Inc., Brooklyn, N. Y.) solutions of pH 4, 6, 7,

8, 9, and 10.	 For all analyses, the correlation coeffi-

cient for the calibration curve data was better than

- 0.9999.	 pH was calculated to plus or minus 0.05.

Dissolved Oxygen (DO) Determination

A YSI model 57 oxygen meter with YSI 5739 probe

using high sensitivity membranes was used for DO determin-

ation.	 The meter was calibrated daily using distilled

water which had been aerated for two hours. A lower

analytical limit of 1 ppm was determined by deaerating
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distilled water with nitrogen for 3 hours and processing

this water as microcosm water would by processed. The DO

meter was read to plus or minus 0.05 ppm.

Scanning Electron Microscopy (SEM)

Bacteria from microcosm samples were prepared for

SEM by filtering them onto a 0.2 pM membrane. A second

membrane was placed on top of the filtrate and the edges of

the membranes sealed with vinyl washers, trapping the

bacteria inside. The samples were fixed with a two percent

gluteraldehyde solution, washed in distilled water, and

dehydrated in a series of ethanol rinses (30, 50, 70, 90,

and 3 times with 100 percent). After evaporation of

ethanol, the samples were mounted on aluminum pegs and the

covering filter and washers removed. The mounted samples

were coated with gold palladium to make ready for viewing.

Microcosm Procedure 

Upon receiving well water samples from the contam-

inated site, subsamples were taken for determining bacter-

ial presence and for calculating the number of bacteria per

mL well water by AODC. Also, determined as quickly as

possible was the percent metabolically active bacteria by

the INT method.

Equal-volume water samples from two wells from a

contaminated site were combined and filtered through 0.45

um filters under sterile conditions.	 The filters were
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rinsed with, and placed in a filter-sterilized salt

solution containing 0.1 g/L KH2PO4, 0.02 g/L MgSO4, 0.001

g/L (NH4)2SO4, and 0.03 g/L Ca(NO3)2.4H20 and adjusted to

pH 8.0 using Na2CO3; no precipitation of salts was observ-

ed.	 The filters soaked in the salt solution for ten

minutes and were scraped to remove the bacteria. This

produced a concentrated suspension of bacteria, which was

diluted by addition of more salt solution.

Microcosms were prepared by dispensing 35 ml of the

bacterial suspension in 50 mL microcosms (actual volume was

60 mL).	 Half of the ampules were autoclaved to kill the

bacteria and provide a measurement of the importance of

biosorption. These microcosms are hereafter referred to as

the "killed series". The microcosms that were not auto-

claved are referred to as the "live series".	 Blank

microcosms, the "blank series", were prepared using 35 mL

of the salt solution with no bacterial suspension inoculum.

All microcosms were spiked with a ICE stock solution

and sealed immediately after spiking with an oxygen torch.

The experiment was run in parallel at two initial TCE

concentrations, the "high-concentration series", at 6.7 ppm

by weight, and the "low concentration series" at 559 ppb.

After sealing, the ampules were placed in a box pro-

tected from light and placed on a Gyrotory Shaker Table

(New Brunswick Scientific Company, New Brunswick, N.J.).
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Samples were removed from the shaker table and sacrificed

as needed for analysis.	 Initial sampling of the microcosms

occurred within three hours of experimental setup. Subse-

quent sampling occurred twice weekly for the first three

weeks of the experiment and then approximately once a week

for a total of eleven weeks.

Each sampling day consisted of sacrificing two or

three replicate microcosms of each treatment: blank,

killed, or live series.	 Parameters measured at each

sampling were concentration of TCE, 1,1,2-TCA, 1,1,1-TCA,

1,2-DCA, 1,1-DCA, cis-DCE, trans-DCE, 1,1-DCE, DO, pH,

number of bacteria per mL, and the percent of metabolically

active bacteria.	 In addition, subsamples were taken for

scanning electron microscope examination.



CHAPTER 3

RESULTS

Well Water Examination 

Water was taken from two trichloroethylene-contam-

inated wells located at the Motorola 52nd Street manufac-

turing plant in Phoenix, Arizona. 	 The site is character-

ized by low organic carbon soil, and a shallow water table.

Examination of the well waters by drop preparation revealed

that bacteria are present, and that they range in number

from 4.3 x 10 6 to 1.0 x 10 7 bacteria per mL.	 The metabolic

activity of these bacteria ranged from 26 to 30 percent.

High-Concentration Series 

Initial Conditions

Three microcosms each of the blank, killed, and

live, high-concentration series were sacrificed within

three hours of preparation to determine the initial condi-

tions present in the microcosms.

After concentration of bacteria from equal volumes

of water from both wells and after resuspension in the salt

solution medium, the mean initial number of bacteria pres-

ent in microcosms of the live, high-concentration series

was 2.8 x 10 6 bacteria/mL with 19 percent INT metabolically

active.	 In the killed, high-concentration series, 2.3 x

22
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10 6 bacteria/mL were present with one percent metabolic-

ally active.	 In the blank, high-concentration series

analysis showed 144 bacteria/mL with three percent meta-

bolically active. Table 2 contains the data for the number

of bacteria per mL for the high-concentration series.

Table 3 contains the data for the percent of INT metabolic-

ally active bacteria for the high-concentration series.

The initial DO content was 8.4 ppm in each of the

blank, killed, and live, high-concentration series micro-

cosms.	 Table 4 contains the DO data for the microcosms in

the high-concentration series.

The initial pH was 7.8, 8.3, and 7.8, in the blank,

killed, and live, high-concentration series microcosms,

respectively.	 The pH data for the high-concentration

series are listed in Table 5.

The average concentration of TCE present in the

water after volatilization was 6.27 ppm by weight, 7.26

ppm, and 6.47 ppm for the blank, killed, and live, high-

concentration series, respectively. The average TCE

concentration of the nine initially sampled microcosms was

6.7:4-: 0.5 ppm. Table 6 contains the data for the concen-

tration of ICE in the killed and live microcosms for the

high-concentration series.

Experimental Results

The bacteria present in the blank, high-concentra-

tion series did not increase in number throughout the



Table 2.

Number of Bacteria in the High-Concentration Series

x = mean number of bacteria per mL of 2, 3, or 6
replicates

Elapsed	 Time

days

Blank	 Series

x

Killed	 Series

x

Live	 Series

x

0 144 2.3x106 2.8x105

4 24 1.1x105 1.7x108

7 32 1.7x105 2.0x108

11 16 7.6x104 1.1x108

14 128 9.9x104 1.6x108

18 48 9.2x104 1.7x108

21 21 9.9x104 2.0x108

28 32 9.2x104 1.1x108

35 11 1.0x105 2.4x108

42 16 6.5x104 1.2x108

47 21 6.9x104 1.0x108

63 11 6.0x104 9.3x107

71 43 5.0x104 7.8x107

76 11 4.7x104 9.9x107
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Table 3.

Percent of INT Metabolically Active Bacteria in the
High-Concentration Series

x = mean percent of INT active bacteria of 2, 3, or 6
replicates

Elapsed	 Time

days

Blank	 Series

x

Killed	 Series

x

Live	 Series

x

0 5.0 0.7 19.3

4 0.0 0.5 43.5

7 0.0 0.0 44.0

11 0.0 0.5 16.3

14 14.7 0.7 29.3

18 0.0 0.5 28.5

21 50.0 1.0 20.2

28 0.0 2.0 25.5

35 100.0 0.3 23.7

42 0.0 0.0 17.6

47 50.0 0.7 28.0

63 0.0 NA 21.2

71 33.3 NA 17.4

76 0.0 0.3 21.0

NA = not analyzed
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Table 4.

Dissolved Oxygen in the High-Concentration Series

x = mean dissolved oxygen (ppm) of 2, 3, or 6 replicates

Elapsed Time	 Blank Series	 Killed Series	 Live Series

days
	

X 	x	 x

0 8.4 8.4 8.4

4 8.5 8.4 7.6

7 8.4 8.3 2.2

11 8.3 8.4 3.3

14 8.3 7.9 2.4

18 8.0 8.0 2.3

21 8.2 7.9 2.6

28 8.1 8.0 2.5

35 7.9 7.9 2.5

42 7.5 7.6 2.1

47 8.0 7.8 2.0

63 7.5 7.3 1.5

71 7.5 7.4 1.4

76 7.7 7.6 1.6
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Table 5.

pH in the High-Concentration Series

x = mean pH of 2, 3, or 6 replicates

Elapsed Time	 Blank Series	 Killed Series Live Series

days	 x	 x	 x

0 7.8 8.3 7.8

4 8.0 8.2 7.3

7 7.6 8.2 6.8

11 7.9 8.0 6.7

14 7.9 8.1 6.6

18 7.9 8.1 6.8

21 7.7 8.2 6.7

28 7.8 8.2 6.5

35 7.6 8.2 6.6

42 7.4 8.0 6.5

47 7.8 8.2 6.4

63 7.9 8.1 6.6

71 7.8 8.2 6.4

76 7.7 8.2 6.3



Table 6.

Concentration of TCE in Killed and Live, High-

Concentration Series

x = mean concentration of TCE (ppm) of 2, 3, or 6
replicates

s = standard deviation of replicates

Elapsed	 Time

days

Killed	 Series

x	 s

Live	 Series

x 	s

0 7.26 0.62 6.47 0.17

4 6.94 0.44 6.88 0.13

7 5.93 0.18 6.23 0.12

11 7.16 0.43 6.53 0.13

14 6.51 0.52 6.41 0.51

18 7.38 0.10 6.39 0.48

21 6.76 0.15 3.99 3.12

28 6.45 0.36 3.51 3.77

35 7.33 0.51 1.49 0.66

42 6.85 0.07 6.99 0.09

47 6.73 0.29 0.15 0.01

63 6.43 0.21 1.91 2.62

71 6.78 0.06 4.29 1.47

76 6.55 0.14 4.37 2.15
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experiment. The number of bacteria counted remained very

low and never exceeded 144 bacteria per mL initially

counted (Table 2).

The number of bacteria present in the killed, high-

concentration series decreased rapidly during the first

eleven days after onset of the experiment to 7.6 x 10 4

bacteria/mL. The numbers then decreased steadily, reaching

4.7 x 10 4 bacteria/mL at experiment termination (Table 2).

Very small numbers of bacteria were INT metabolic-

ally active in either the blank or the killed, high-concen-

tration series. Generally, less than one percent of the

total number counted were found to be active for the killed

series (Table 3).

The number of bacteria in the live series micro-

cosms increased by two orders of magnitude reaching 2.0 x

10 8 bacteria/mL in one week. The bacteria then entered a

"stationary phase" with fluctuations less than half an

order of magnitude for the remainder of the experiment

(Table 2 and Figure 1).

Coupled with the increase in numbers of bacteria

seen during the first week was an increase in the percent

of metabolically active bacteria to a maximum for the

experiment of 44 percent (Table 3). The percent of active

bacteria decreased from this number, fluctuating for the

remainder of the experiment. The second largest increase

in activity occurred during the time from the eleventh to
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Figure 1. Bacteria per mL versus Time in the High-
Concentration Series.
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the fourteenth day from onset of the experiment; activity

increased from 16.3 to 29.3 percent during this time.

Fluctuations in metabolic activity with time are graphed in

Figure 2.

The DO content of the blank and killed, high-

concentrations remained nearly constant throughout the

experiment. The DO measured on the final day of sampling

was 7.7 ppm and 7.6 ppm, respectively. The DO content of

the live series changed dramatically during the first week.

After one week the DO measured was 2.2 ppm. On the final

day of sampling, the DO measured 1.6 ppm (Table 4). Hydro-

gen sulfide was detected as the experiment progressed.

The pH decreased only slightly for the blank and

killed, high-concentration series during the eleven weeks

of sampling. The final pH in the blank series was 7.7,

down from pH 7.8 initially measured.	 The final pH in the

killed-series was 8.2, down from pH 8.3 initially measured.

The pH of the live, high-concentration series decreased to

6.6 at the end of two weeks and to pH 6.3 during the last

nine weeks of the experiment (Table 5).

Response of the GC varied slightly from one

sampling day to another; in general, sensitivity to ICE

measurement increased during the experiment. This was due

in part to conditioning of a newly installed column.

Because of the variability in sensitivity, killed and live

series samples were normalized by the mean concentration
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measured for the blank series for that day. The resultant

value, a percentage, was then multiplied by the mean

concentration measured on the day the experiment was set

up, 6.67 ppm for the high-concentration series.

The mean concentration and standard deviations of

2, 3, or 6 replicates for the killed, and live, high-

concentration series are listed in Table 6.	 Applying

Duncan's multiple range test (Montgomery 1984) to the high

concentration data for the whole experiment reveals no

difference between the mean value for the blank (6.64 ppm)

and killed series (6.75 ppm) with a 95 percent significance

level (alpha =.05).	 However, the mean live series concen-

tration of TCE was 4.49 ppm for all sampling days of the

experiment which is significantly different from the blank

and killed series' concentrations.	 Appendix 4 contains the

statistical analysis for the ICE high-concentration data.

Within the live, high-concentration series,

significant loss of TCE did not occur until after 18 days,

(Figure 3). All concentrations measured inclusive of that

sampling were at least 93 percent of the original spiked

concentration. After 18 days, the mean concentration of

TCE in the remaining live microcosms was 3.31 ppm.

Replicate microcosms showed little difference in

concentrations measured for the blank, and killed series.

However, live series replicates showed significant vari-

ability in removal of ICE after 18 days had elapsed. On
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the final day of sampling the concentration of TCE ranged

from 0.16 to 5.65 ppm for six microcosms sacrificed (Figure

3).

Low-Concentration Series 

Initial Conditions

Three microcosms each of blank, killed, and live,

low-concentration series were sacrificed within three hours

of preparation to determine the initial conditions of the

microcosms.

The average initial number of bacteria present in

microcosms of the live, low-concentration series was 3.0 x

10 6 bacteria/mL, with 19 percent INT metabolically active.

The killed, low-concentration series began with 1.9 x 10 6

bacteria/mL and 0.33 percent INT metabolically active.	 In

the blank, low-concentration series 48 bacteria/mL were

initially present with no bacteria INT active.	 Table 7 and

Table 8 list the number of bacteria/mL and the percent INT

metabolically active bacteria, respectively, for the low-

concentration series.

The initial DO content was 8.4 ppm, 8.4 ppm, and 8.5

ppm in the blank, killed, and live, low-concentration

series, respectively. The DO contents of the low-concen-

tration series microcosms are listed in Table 9.

The initial pH was 7.7, 8.2, and 7.7 in the blank,

killed, and live, low-concentration series, respectively.



Table 7.

Number of Bacteria in the Low-Concentration Series

x = mean number of bacteria per mL of 2, 3, or 6
replicates

Elapsed Time	 Blank Series	 Killed Series	 Live Series

days	 x	 x	 x 

0 48 1.9x106 3.0x106

4 92 9.0x105 4.5x107

7 16 1.5x105 1.0x108

11 80 6.2x104 2.0x108

14 11 6.1x104 1.9x108

18 16 8.8x104 1.5x108

21 0 9.8x104 2.1x108

28 16 9.9x104 1.1x108

35 0 7.7x104 7.6x107

42 48 6.1x104 6.6x107

47 11 6.1x104 7.6x107

63 32 4.6x104 1.1x108

70 0 4.7x104 1.4x108

76 11 4.6x104 1.1x108
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Table 8.

Percent of INT Metabolically Active Bacteria in the

Low-Concentration Series

x = mean percent of INT active bacteria of 2, 3, or 6

replicates

Elapsed	 Time

days

Blank	 Series

x

Killed	 Series

x

Live	 Series

x

0 0.0 0.3 19.0

4 25.0 1.0 32.0

7 50.0 0.8 51.2

11 25.0 1.0 31.8

14 0.0 0.7 29.3

18 0.0 1.0 47.5

21 0.0 0.5 23.2

28 100.0 1.7 25.6

35 0.0 1.4 27.6

42 33.3 0.5 29.7

47 0.0 0.7 24.1

63 25.0 0.7 20.7

70 0.0 0.7 26.2

76 0.0 0. 0 17.2
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Table 9.

Dissolved Oxygen in the Low-Concentration Series

x = mean dissolved oxygen (ppm) of 2, 3, or 6 replicates

Elapsed Time	 Blank Series	 Killed Series	 Live Series

days 

0 8.4 8.4 8.5

4 8.1 8.2 7.0

7 8.1 8.2 4.0

11 8.2 8.3 3.1

14 8.0 8.1 2.7

18 8.1 8.1 2.5

21 8.1 8.1 2.0

28 8.2 8.1 2.1

35 8.0 8.0 2.1

42 7.5 7.4 1.8

47 7.7 7.6 1.8

63 7.4 7.7 1.7

70 7.4 7.6 1.6

76 7.4 7.4 1.6

38



39

The pH data for the low-concentration series are listed in

Table 10.

The mean concentration of TCE present in the water

after volatilization was 577 ppb by weight, 552 ppb, and

549 ppb for the blank, killed, and live-low concentration

series, respectively. The mean ICE concentration of the

nine initially sampled microcosms was 559d=15 ppb.	 Table

11 lists the mean ICE concentrations and the standard

deviations for the killed and live, low-concentration

series microcosms.

Experimental Results

The bacteria present in the blank low-concen-

tration series did not increase in number throughout the

experiment. The number of bacteria remained very low and

never exceeded 92 bacteria/ml (Table 7).

The number of bacteria present in the killed, low-

concentration series decreased rapidly during the first

eleven days after onset of the experiment to 6.2 x 10 4

bacteria/mL. After eleven weeks of sampling the number of

bacteria was 4.6 x 10 4 bacteria/mL (Table 7).

Very few bacteria were INT active (generally less

than one percent) in the killed series microcosms 	 (Table

8). Total numbers of active bacteria per mL were also very

small for the blank series.

The number of bacteria present in the live, low-

concentration series increased from 3.0 x 10 6 bacteria/mL



Table 10.

pH in the Low-Concentration Series

x = mean pH of 2, 3, or 6 replicates

Elapsed Time	 Blank Series	 Killed Series	 Live Series

days	 x	 x	 x

0 7.7 8.2 7.7

4 7.7 8.1 7.3

7 7.5 8.2 6.7

11 7.5 8.1 6.7

14 7.5 8.1 6.5

18 7.5 8.1 6.7

21 7.6 8.0 6.6

28 7.5 8.2 6.5

35 7.7 8.1 6.6

42 7.7 8.2 6.4

47 7.6 8.1 6.4

63 7.6 8.1 6.5

70 7.6 8.2 6.6

76 7.6 8.2 6.4
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Table 11.

Concentration of TCE in Killed and Live,

Low-Concentration Series

x = mean concentration of TCE (ppb) of 2, 3, or 6
replicates

s = standard deviation of replicates

Elapsed	 Time

days

Killed	 Series

x	 s

Live	 Series

x 	s

0 552 17.9 549 27.7

4 583 4.6 495 38.9

7 569 8.5 455 76.2

11 570 12.0 513 14.8

14 578 22.7 521 29.1

18 629 21.0 241 307.3

21 571 23.0 451 210.2

28 617 45.9 460 224.2

35 561 36.8 68 68.7

42 542 14.6 181 220.8

47 552 12.7 24 3.6

63 502 13.9 328 180.3

70 559 12.0 29 9.4

76 556 10.1 94 213.6
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to 2.0 x 10 8 bacteria/mL in eleven days (Figure 4). As

with the high concentration series, the bacteria entered a

stationary phase with small fluctuations in number for the

remainder of the experiment (Table 7).	 During the rapid

increase in numbers of bacteria, the percent of INT active

bacteria rose to 51 percent. The percent INT active

bacteria decreased to 32 and 29 percent on the eleventh and

fourteenth sampling days, respectively. 	 On the eighteenth

day INT activity was 47.5 percent. After the eighteenth

day no other large fluctuations were measured (Table 8 and

Figure 5).

The DO content of the blank, and killed, low-

concentration series remained nearly constant throughout

the experiment. The DO measured on the final day of

sampling was 7.4 ppm for both blank and killed series.	 In

the live series, the DO decreased to 4.0 ppm in one week,

and to 2.0 ppm after three weeks. On the final day of

sampling the DO measured 1.6 ppm (Table 9). Hydrogen

sulfide was detected as the experiment progressed.

The pH decreased only slightly for the blank, low-

concentration series during the eleven weeks of sampling.

The final pH in the blank series was 7.6, down from 7.7

initially measured.	 The final pH in the killed series was

8.2, as was originally measured.	 The pH of the live, low-

concentration series decreased to 6.5 at the end of two

weeks and to 6.4 during the last nine weeks of the
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experiment (Table 10).

TCE concentration was calculated for the low-

concentration series in the same manner as the high-

concentration series. The mean concentration and standard

deviations of 2, 3, or 6 replicates for the killed, and

live, low-concentration series are listed in Table 11.

Replicate microcosms showed little difference in concentra-

tions measured for the blank and killed series. Applying

Duncan's multiple range test to the low concentration data

reveals no difference between the mean value for the blank

(561 ppb) and the killed series (564 ppb) with a 95 percent

significance level. Appendix 5 contains the calculations

used in the statistical analysis of the TCE low-concentra-

tion data.

The live series mean concentration of ICE was 295

ppb for the experiment which is significantly different

from the blank and killed series. The first dramatic

decrease in concentration of TCE occurred between the

fourteenth and eighteenth sampling days when the percent of

original concentration decreased from 93 percent to 43

percent (Figure 6). After 14 elapsed days, the live series

replicates showed significant variable disappearance of

ICE. After 18 days, the mean concentration of ICE in the

remaining live microcosms was 182 ppb. On the final day of

sampling the concentration of ICE ranged from 4.1 to 530

ppb for the six microcosms sacrificed.
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High- and Low-Concentration Statistical Results 

Application of Duncan's multiple range test to both

concentration series on a percent removal basis shows no

difference in the means of the blank or killed, high- or

low-concentration series microcosms. However, both high-

and low-concentration live microcosms had significantly

different means from the blank and killed microcosm means.

Also, no significant difference was observed

between the percent removal of TCE for the high and for the

low concentrations when the mean value for all sampling

days of the experiment were used for the concentration of

ICE. Appendix 6 contains the statistical analysis of TCE

concentration data for the entire experiment.



CHAPTER 4

DISCUSSION

Well Water Examination 

Examination of well water showed that bacteria are

present in water grossly contaminated with trichloroethyl-

ene (TCE) and other industrial wastes. This finding was

not unexpected.	 Parsons et al. (1984) and Parsons and Lage

(1985) working with muck and sediment from a contaminated

site observed biotransformation of ICE indicating the

presence of active microorganisms.	 Also, the site of this

study experienced contamination with TCE for over thirty

years and if bacteria were able to adapt to the contamin-

ated conditions it was believed that this was sufficient

time for them to do so.

The percent of iodonitrotetrazolium chloride (INT)

metabolically active bacteria in the well water was higher

than expected based on earlier examinations of bacteria in

soil cores from the same contaminated site. The percent

INT activity ranged from 6 to 20 percent in earlier

examinations versus the 26 to 30 percent observed in well

water. The increased activity in the well water may be due

to better environmental conditions for the bacteria in and

near the wells or may be a result of aeration of the

samples during transport to the laboratory.
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Blank Series Microcosms 

Very few bacteria were found during analysis of the

blank, high- and low-concentration series. 	 The number of

bacteria per mL listed for the blank series in Tables 2 and

7 are a result of the large multiplication factor of fields

per filter used in the calculation of this number.	 For

example, one bacterium found in 400 fields of view gives 24

bacteria/mL (see Table 7, blank series results after 28

elapsed days).

Similarly, the numbers listed in Table 3 and Table

8 for the percent INT metabolically active bacteria for the

blank series are misleading.	 For example, the single

bacterium mentioned in the previous paragraph was INT

active. Because only one bacterium was counted by acridine

orange direct count (AODC) and it was INT active, the

percent activity for that day was 100 percent (see Table 8,

blank series results after 28 elapsed days).

The bacteria enumerated by AODC and counted in the

INT method are believed to be bacteria that escaped

filtration of the solutions used for AODC and INT methods.

This belief is supported by the lack of change in pH and

small change in dissolved oxygen (DO) for the blank series

microcosms.	 (The decrease in DO for both series over the

course of the experiment is thought to be a result of the
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warming trend in the air temperature of the laboratory as

the summer months approached.) 	 For these reasons, it is

believed that the blank series microcosms remained bacter-

ia-free throughout the experiment. These microcosms were

designed to measure any physical (chemical) loss of ICE

(the experimental "controls"), although none was observed.

Killed Series Microcosms

Results of the killed, high- and low-concentration

series microcosms show a decrease in the number of bacteria

per mL during the experiment.	 It is presumed that auto-

claving the samples damaged some of the cells integrity and

that over the course of the experiment these cells lysed.

The low percentage of INT active cells in both

killed series is believed to be a result of the few

bacteria that escaped filtration. As with the blank

series, the pH remained constant and the DO changed very

little supporting the belief that active bacteria were not

present in the killed series.

The killed series microcosms were designed to

provide a measure of biosorption of ICE. The concentration

of ICE in the killed series was not significantly different

from the blank series with a 95 percent significance level,

therefore biosorption was not significant in the killed

series with its numbers of bacteria.
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Live Series Microcosms

Bacteria in the live series microcosms were able to

multiply in the presence of the high (6.67 ppm) and low

(559 ppb) concentrations of ICE. Both microcosm series

show a two-order-of-magnitude increase in the number of

bacteria during the first week, followed by a stationary

phase that continued for the remainder of the experiment

(Figure 1 and Figure 4).	 It is believed that the initial

growth in numbers of bacteria is due to the rapid prolifer-

ation of opportunistic bacteria that react most favorably

to the initial conditions of the experiment.	 The condi-

tions known to exist in the microcosms at the beginning of

the experiment were high dissolved oxygen (DO), 8.4 ppm, pH

7.7, and availability of mineral salt solution nutrients.

Scanning electron micrographs (SEMs) show the rise

in number of opportunistic bacteria. 	 Photographs of

samples taken from both high- and low-concentration series

at the beginning of the experiment show a heterogenous

population of several bacteria types.	 Figures 7 and 8 are

photographs at time zero of the high- and low-concentration

series, respectively. SEMs of the bacteria enriched for by

the initial conditions of the experiment and responsible

for the dramatic increase in numbers are 0.5 um x 1.5 11M

rods.	 Figures 9 and 10 are photographs of high- and low-

concentration series samples taken after seven days.



Figure 7. SEM of Bacteria in the High-Concentration Series
at Time Zero.

Figure 8.	 SEM of Bacteria in the Low-Concentration Series
at Time Zero.
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Figure 9.	 SEM of Bacteria in the High-Concentration
Series after 7 days.

Figure 10. SEM of Bacteria in the Low-Concentration
Series after 7 days.
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As the inorganic nutrients became depleted, the

number of bacteria became essentially constant for both

high- and low-concentration series.	 Small fluctuations in

the number of bacteria after the initial increase are

probably a result of shifts in the populations of bacteria

as the ecosystem as a whole adjusts to the changing

environment in the microcosms.

One population shift that is noticeable in all

microcosms in both concentration series is an increase in

the number of longer rods, 0.5 pm x 5.0 pm in size, after

18 days in the high-concentration series (Figure 11) and

after 14 days in the low-concentration series (Figure 12).

Also during this time, an increase in the amount of

glycocalyx secreted is observed. Near the end of the

experiment the populations shift again, becoming heterogen-

eous as in the beginning, suggesting a well-established

bacterial community evolution.

As expected, INT results show an increase in

metabolic activity corresponding to the period of rapid

growth in numbers. More interesting is the second burst of

activity shown especially well in the low-concentration

series, that follows the rapid decrease in DO.	 This

increased activity occurs between the fourteenth and

eighteenth days, which corresponds to the period when loss

of ICE first becomes significant, and to the shift in

bacterial populations to the longer rods.



2010,1 	. 24K X 51..1 0018

It
iii11.111.11111n

07-

\i‘• IN •	
6

-.n)
2010)	 5 lEKX.5IJ 0003

Figure 11. SEM of Bacteria in the High-Concentration
Series after 18 days.

Figure 12. SEM of Bacteria in the Low-Concentration Series
after 18 days.
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The decrease in concentration of TCE observed in

both live series microcosms is best explained by biodegra-

dation.	 Blank and killed, high- and low-concentration

series microcosms show no decrease in TCE concentration

during the experiment and losses in these microcosms would

be expected if physical effects such as hydrolysis,

adsorption, or significant biosorption were occurring.

Also, biosorption within the live series microcosms

explains only a 1-2 percent loss in concentration of ICE.

The number of bacteria per mL was relatively constant at

10 8 per mL after one week in all microcosms (between

replicates in a concentration series and between concentra-

tion series) while the concentration of ICE in these

microcosms varied greatly. 	 It can be assumed that a

physical process such as biosorption would not occur

selectively when the concentration of bacteria is similar.

The time when ICE degradation first becomes

significant corresponds to the periods when shifts occur in

the bacterial populations in both the high- and low-

concentration series towards longer rods. Also, this time

period corresponds to the second burst in INT activity in

the low-concentration series.	 It is believed that the

second increase in INT metabolic activity is due to the

increase in activity of bacteria using TCE as a food

source. The INT data for the high-concentration series is

variable (Figure 3), however, the second largest increase
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in INT activity (the largest increase corresponds to the

initial growth of bacteria) occurs just prior to the

significant degradation of TCE. This second increase in

INT acitivity may be attributed to degrading bacteria which

have not yet reached large enough numbers to degrade ICE at

the high concentration to a significant extent.

Variable removal of TCE between microcosm repli-

cates has been observed by Wilson, Smith, and Rees (1986).

After 40 weeks of incubation, concentrations ranged from 2

percent of the controls, to concentrations similar to those

in the controls.	 It is possible that degradation of TCE

occurs during a narrow range of conditions.	 If these

conditions are met in the ever-changing microcosms, then

TCE degradation occurs.	 But, if the degrading population

is unable to attain large enough numbers, and/or if the

proper bacterial community does not develop, and/or if a

nutrient becomes limiting, TCE degradation may not occur or

may occur at a reduced rate and to a limited extent.

Significant disappearance based on average TCE

concentration for replicates did not occur until after 14

days and 18 days for the low- and high-concentrations

series, respectively.	 Temporary inhibition at the high

concentration may be responsible for the four day lag.

However, inhibition in general was not significant when

considering mean percent disappearance of ICE for the

entire experiment. The lowest observed concentration of



58

TCE was 138 ppb in the high-concentration series, and 4.1

ppb in the low-concentration series.	 This represents

degradation to 2.1 percent and 0.7 percent of the original

concentration, respectively.	 This finding is encouraging

in that bacteria are apparently capable of degrading ICE

over a range of concentrations.

The lag times of 14 and 18 days observed in this

experiment are shorter than those reported in the litera-

ture for anaerobic degradation.	 Bario-Lage et al. (1986),

Bouwer and McCarty (1983), and Wilson, Smith, and Rees

(1986), report lag times of one year, eight weeks, and 16

weeks, respectively, under anaerobic conditions. The

shorter lag times observed in this experiment may be a

result of prior acclimation and the preference of these

indigenous bacteria for aerobic or microaerophilic, low

nutrient conditions.

None of the volatile, chlorinated compounds

analyzed for in this experiment as possible degradation

products appeared to a significant degree in any degrading

microcosms. If TCE was degraded to these compounds, then

the compounds may be degradable themselves and so did not

accumulate at the detectable levels of the gas chromato-

graph (Table 1).	 Also, in the low series, if degradation

to 1,1-DCE occurred, it is unlikely that it would be

observed because of the high detection limit for this

compound. Degradation to vinyl chloride may have occurred,



59

since this volatile chlorinated compound was not detectable

on the GC. Vinyl chloride is known to be a product of

anaerobic degradation; it has not yet been shown to be a

product of aerobic degradation. However, the possibility

also exists that these bacteria mineralized TCE or degraded

it to nonvolatile organic compounds. 	 This possibility is

supported by Wilson and Wilson (1985), Fogel et al. (1986),

and Nelson et al. (1986).	 Under aerobic conditions, these

researchers also found no volatile chlorinated degradation

products.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATION

Conclusions 

The results of this study show that heterogenous

bacterial populations exist in well water taken from a site

with prolonged TCE contamination. Bacteria from the well

water are able to grow in number by two orders of magnitude

in the presence of ICE. And, they are able to degrade ICE

under the aerobic or microaerophilic, oligotrophic condi-

tions that existed in these batch microcosm experiments.

Insufficient dissolved oxygen remained in solution at the

time when degradation first became significant to account

for the oxidation of all of the TCE that disappeared.

However, other electron acceptors, the mineral salts, were

present in the microcosms.

The initial conditions of the experiment enriched

for nondegrading bacteria.	 Bacteria that increased in

prominence during the time when degradation was first

significant were rods, 0.5 pm x 5.0 um in size.	 At all

times the bacterial population remained diverse.

The conditions to optimize for degradation were

unable to be determined from this batch experiment. Once

the experiment started, control was lost over the various
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parameters and it is not known what the nutrient state was

in the microcosms.	 However, a dissolved oxygen (DO)

content near 2.5 ppm (the DO when TCE degradation was

first significant) and limited addition of inorganic

nutrients may enhance degradation.	 Inorganic nutrients

such as magnesium sulfate and calcium nitrate may provide

additional electron acceptors needed to oxidize TCE.

ICE degradation did not result in the formation of

volatile, chlorinated products at the detectable levels

listed in Table I.	 The possibility exists that the

degradation products are nontoxic, or include vinyl

chloride.	 If the products are nontoxic, the potential

exists for using indigenous bacterial populations for in

situ degradation of TCE.

Recommendation 

Elucidation of the optimal conditions for biodegra-

dation of ICE would best be determined in a steady-state

microcosm experiment.	 In such an experiment, parameters

could be varied individually and their effect on the rate

of degradation determined. Determination of the optimum

dissolved oxygen content might be a first priority.	 Also,

steady-state, continuous-culture microcosms more closely

simulate conditions in the natural environment, therefore

information gained in these studies might be more applica-

ble to degradation in situ.



Appendix 1

PHYSICAL AND CHEMICAL PROPERTIES OF TRICHLOROETHYLENEa

Molecular Formula	 C2HC13

Molecular Weight	 131.39

Physical State at 15 0 C	 liquid

Boiling point at 1 atm	 roc

Melting pointb	 -84.80C

Specific gravity at 20 0 Cb	 1.4649

Liquid surface tension at 20 0 C	 29.3 dynes/cm

Liquid water interfacial tension at

24 0 C	 34.5 dynes/cm

Vapor specific gravity	 4.5

log Kowc	 2.29

Water Solubility at 25 0 Cd	 1,100 mg/L

Vapor Pressure at 20 0 Cd	 58 mm Hg

aweiss (1980)

bDean (1985)

cHansch and Leo (1979)

dPetura (1981)
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Appendix 2

MEAN AND STANDARD DEVIATION OF THE NUMBER OF BACTERIA/ML
AND OF THE PERCENT OF INT ACTIVE BACTERIA

FOR THE LIVE SERIES

x = mean number or percent
s = standard deviation in percent
Elapsed Time = zero

High-Concentration Series

	

Bacteria /mL	 INT Active Bacteria

x	 s	 x	 s

	2.70 x 10 6 	7.6
	

17.0
	

8.3

	

3.02 x 10 6 	0.7
	

19.0
	

22.3

	

2.68 x 10 6 	1.3
	

22.0
	

7.4

Low-Concentration Series

Bacteria/mL	 INT Active Bacteria

X 	s	 x	 s

	2.87 x 106
	

8.6
	

20.0
	

14.1

	

3.06 x 10 6 	2.1
	

18.0
	

15.7

	

3.06 x 10 6 	1.6
	

19.0
	

7.4
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APPENDIX 3

STATISTICAL ANALYSIS OF ICE HIGH-CONCENTRATION DATA

Elapsed	 Time
days

	

Blank	 Series

	Concentration	 Sum of
ppm	 Squares

Degrees	 of
Freedom

O 7.47 2.172 2
5.66
5.67

4 6.63 .003 1
6.71

7 6.45 .168 2
6.56
7.00

11 6.90 .097 1
6.45

14 6.64 .148 2
6.95
6.41

18 6.72 .004 1
6.62

21 6.27 .245 2
6.93
6.80

28 7.12 .394 1
6.23

35 6.61 .060 2
6.86
6.53

42 6.63 .004 1
6.72

47 6.59 .011 2
6.71
6.72

63 6.97 .250 2
6.77
6.28

71 6.84 .133 2
6.37
6.79

76 7.00 .221 5
6.67
6.82
6.61
6.42
6.51
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APPENDIX 3 -- Continued 

Killed Series

Elapsed	 Time
Days

Concentration
ppm

Sum of
Squares

Degrees of
Freedom

0 7.96 .769 2
7.02
6.79

4 7.25 .190 1
6.63

7 6.01 .068 2
5.72
6.06

11 7.46 .188 1
6.85

14 7.00 .547 2
6.58
5.96

18 7.45 .010 1
7.31

21 6.93 .044 2
6.67
6.67

28 6.20 .130 1
6.71

35 6.85 .519 2
7.27
7.87

42 6.80 .005 1
6.90

47 6.52 .170 2
7.07
6.62

63 6.63 .092 2
6.47
6.20

71 6.83 .006 2
6.72
6.79

76 6.43 .102 5
6.33
6.62
6.57
6.73
6.60
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APPENDIX 3 --Continued 

Elapsed	 Time
Days

Live	 Series

Concentration
PPm

Sum of
Squares

Degrees	 of
Freedom

0 6.32 .059 2
6.44
6.66

4 6.97 .016 1
6.79

7 6.10 .028 2
6.26
6.33

11 6.62 .016 1
6.44

14 6.92 .510 2
6.39
5.91

18 6.05 .231 1
6.73

21 4.41 19.418 2
0.69
6.88

28 0.84 14.204 1
6.17

35 1.95 .858 2
1.78
0.74

42 7.05 .008 1
6.92

47 0.16 .000 2
0.15
0.14

63 4.92 13.717 2
0.62
0.18

71 3.64 4.306 2
3.26
5.97

76 4.70 23.151 5
0.16
4.28
5.91
5.51
5.65
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APPENDIX 3 --Continued 

Error Sum of Squares = 83.27

Total Degrees of Freedom = 78

Mean Square Error = EMSH = Error sum of squares 
Degrees of Freedom

= 83.27 = 1.07
78

(:

Standard Error Sy = EMSH
--Tr

1/2

=(
1.07 .611
2.

where n = average number of
replicates

= 2.857

Least Significant Range =R=rx Sy

R2 = 2.83 x 2.857 = 1.73
R3 = 2.98 x 2.857 = 1.82

Mean Blank Concentration = 6.75
Mean Killed Concentration = 6.67
Mean Live Concentration = 4.49

Therefore,	 Blank Killed	 Live
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APPENDIX 4

STATISTICAL ANALYSIS	 OF 	ICE 	LOW-CONCENTRATION DATA

	Blank	 Series

Elapsed	 Time	 Concentration	 Sum of	 Degrees	 of
Days	 ppb	 Squares	 Freedom

O 558 .654 2
579
594

4 557 .014 1
562

7 621 5.710 2
531
526

11 571 .257 1
548

14 565 .080 2
560
553

18 579 .810 1
539

21 583 1.130 2
559
535

28 556 .019 1
562

35 564 7.530 2
618
496

42 562 .009 1
557

47 553 .175 2
570
555

63 600 3.801 2
564
514

70 572 .295 2
559
548

76 603 3.129 5
564
552
562
548
528
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Elapsed	 Time
Days

APPENDIX	 4	 --

Killed	 Series

Concentration
ppb

Continued

Degrees	 of
Freedom

Sum of
Squares

0 573 .641 2
542
542

4 587 .021 1
580

7 561 .146 2
568
578

11 579 .144 1
562

14 583 1.033 2
598
553

18 644 .441 1
614

21 588 1.055 2
579
545

28 585 2.110 1
650

35 524 2.708 2
598
561

42 532 .214 1
553

47 560 .257 2
559
538

63 514 .245 2
486
505

70 550 .289 2
572
553

76 556 .514 5
543
567
546
559
567
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Elapsed	 Time
Days

APPENDIX	 4

Live

Concentration
ppb

--Continued

Degrees	 of
Freedom

Series

Sum of
Squares

0 578 1.533 2
545
523

4 467 1.513 1
522

7 418 11.613 2
543
405

11 502 .220 1
523

14 488 1.694 2
532
543

17 73 188.882 2
596
55

21 208 88.381 2
577
567

28 618 50.245 1
301

35 147 9.452 2
29
27

42 25 48.734 1
337

47 28 .025 2
24
21

63 461 65.043 2
401
123

70 23 .177 2
24
40

76 7 228.229 5
530

7
7
8
4



APPENDIX 4 --Continued

Error Sum of Squares = 729,172

Total Degrees of Freedom = 79

Mean Square Error = EMSL = Error Sum of Squares 
Degrees of Freedom

= 729,172 = 9,230
79

2
Standard Error = Sy = EMS L 

n	 where n = average number of
replicates

= 2.881
V219,21= 56.602

2.881

71

Least Significant Range =R=rx Sy

R2 = 2.83
R3 = 2.98

x 56.602 = 160.18
x 56.602 = 265.68

Mean Blank Concentration = 560.7
Mean Killed Concentration = 563.8
Mean Live Concentration = 295.02

Therefore,	 Killed Blank	 Live



APPENDIX 5

STATISTICAL ANALYSIS	 OF TCE CONCENTRATION	 FOR	 THE	 EXPERIMENT

Error Sum of Squares	 - High = 83.272 = 1.87175
6.67 2

Error	 Sum of	 Squares	 - Low = 729 2 172 = 2.32982
559 2

Error Sum of Squares	 - Total = 4.20157

Mean Square Error - Total = 4.20157 = .026762
157

IA
Standard Error Total = Sy =

( 

.026762 = .096581
2.86905

Least Significant Range = R2 = .2704

R3 = .2849

R 4 = .2946

R5 = .3013

R6 = .3071

Therefore, Killed-High Killed-Low Blank-Low Blank-High 

Live-High Live-Low 
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