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Abstract

Intrinsic cometabolic transformation of chlorinated solvents-commonly occurs at sites where
co-contaminonts are present as primary substrates to support the energy needs and metabolic
activities of transforming bacteria. The extent of transformation that occurs depends upon the
relative concentration of primary substrates and the microorganisms and environmental
condifions present. Reduction of tetrachloroethene (PCE) and trichloroethene (TCE) to ethene has
occurred at many sites, although transformations are often not complete. Evidence for intrinsic
biotransformation of chlorinated cliphatic hydrocarbons (CAHs) is provided by the presence of
CAH transformation products and indicators of ancerobic biogical activity, such as the
disoppearance of dissolved oxygen, nitrates, and sulfates, and the production-of methane and

soluble iron (ll). -

¥

Introduction

Chlorinated ‘solvents and their nctural transformation produdcts represent the most prevalent
organic ground-water contamincnts in the country. These solvents, consisting primarily of CAHs,
have been used widely for degreasing of circroft engines, automobile paris, electronic
components, and clothing. Only during the past 15 years has it become recognized that CAHs
can be transformed biologicclly -(1).- Such tronsformations sometimes occur under the
environmental conditions present in on aquifer in the obsence of planned human intervention,
a process called intrinsic biotransformation (2). Conditions under which this is likely to occur with
CAHs and the end produds thcrt can be expected are discussed in this paper.

The major chlonncrl‘ed solvenfs .are carbon tetrachloride (CT), PCE, TCE, ond
1,1,1-trichloroethane (TCA). These compounds can be transformed by chemical and biclogical
processes in soils to form a variety of other CAHs, including chloroform (CF), methylene chloride
(MQ), cis- and trans-1,2-dichlaroethene (c-DCE, +-DCE), 1,1-dichloroethene (1,1-DCE), vinyl
chloride (VQ), 1,1-dichloroethane (DCA), and chloroethane (CA). In CAH transformation, the
microorganisms responsible carinot obtain energy for growth from the transformations. The
transformatiorts are brought about through co-metabolism or through interactions of the CAHs
with enzymes or cofocdors produced by the microorganisms for other purposes. In co-
metabolism, other organic chemicals must be present to serve as primary substrates to satisfy
the energy needs of the microorganisms. Chemical transformations of some CAHs con also
occur within the timeframe of interest in ground water. Transformations that are hkely, and the
environmental conditions required, are discussed below. .
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Chemical Transformation

TCA is the only major chlorinoted solvent that can be transformed chemically in ground water
under oll conditions likely to be found and within the one- fo two-decade fime span of general
interest, although chemical transformation of CT through reductive processes is a possibility.
TCA chemical transformation occurs by two different pathways, leading to the formation of
1,1-DCE and acetic acid {HAc):

kpee CH=CCl, +H*+CT  (climination) (1)
/ 1,1-DCE .
CH3CCl, ' .

TTCA +H,0 -
.- Kiiae ‘
CH,COOH +3H*+3CI' (hydrolysis)  (2)
HAc

The rate of each chemical transformation is given by the first-order reaction:

C = Ce" ‘ {3)

where C is the concentration of TCA at any time t, C, represents the initial concentration at
t = 0, ond k is a transformation rate constant. The overall rate constant for TCA transformation
(kTCA) is equal to the sum of the individual rote constants (kyee + k). The trcnsformcmon rate
constants are funclions of temperature:

k = Aebrooesiax .. (4)

where A and E are constants and K is the temperature in degrees Kelvin. Toble 1 provides o
listing of values reported for A and E for TCA abiofic transformation by various investigators, and

“colculated values for the TCA transformation rate constant for 10°C, 15°C, ond 20°C using

equation 4. Also given is the average calculated TCA hcelf-life based upon 11/2 = 0.69/k. The
femperature effect on TCA half-life is quite significont.

-
A
-

Taoble 1. Reporfed First-Order TCA Abictic Transformation Rates (krea)

krea {yr)

A e 10 15 20

yr! 3 C °C °C References

3.47 (10)20 1180 0058 0.137 032  Haag and Mill (3)

6.31 (10)*° 119.3 0.060 0.145 0.34 Cline and Delfino (4)

1.56 (10)2° 1161 0058 0137 031  Jeffers et al. (5]
u Average half-life {yr 12 49 . 095 ]J
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Cline and Delfino (4) found that ko equaled about 21 percent of Kye,, and Hoag and Mill (3)
found it to be 22 percent. This means that clmost 80 percent of the TCA is transformed into
acetic acid. The 20-plus percent that is converted to 1,1-DCE, however, is of great significance
beccuse 1,1-DCE is considered more toxic than TCA, with @ maximum contominant level of
7 pg/L compored with 200 ug/L for TCA. Whenever TCA is present as a contaminant, 1,1-DCE
can olso be expected. In general, TCAis probably the main source of 1,1-DCE contamination
found in oqurfers.

Chloroethane, formed through biclogical transformation of TCA, can dlso be chemxcally
transformed with a half-life on the order of months. by hydrolysis to ethanol, which can then be
biologically converted to acetic acid and nenharmful products (6).

Biological Transformations

CAHs con be oxidized.or. reduced, generally through co-meiabohsm; as l"nofed in Table 2. In

. ground waters, intrinsic reductive transformations are most often noted, perhaps because the

presence of intermediate products that are formed provide strong evidence that reductive
transformations are toking place. Intrinsic cerobic transformation of TCE is also possible,
clthough if it did occur, the intermediate products are unstable and more difficult, anclytically,
to measure. Thus, convincing evidence for the latter is difficult to obtain. Also, aerobic co-
metabolism of TCE would only occur if sufficient dissolved oxygen and a suitable electron doner,
such as methane, ammonia, or phenol, were present. Since circumstances under ‘which the
proper environmental conditions for significant aerobic co-metabolism are unlikely to occur
often, intrinsic cerobic co-metabolism of TCE is probably of little significance. Evidence is cmple,

however, thet anaerobic reductived transformations of CAHs occur frequently,; and this process: - .-

is important to the transformation of all chlorinated solvents and their transformation products.
The major environmenial requirement is the presence .of sufficient concentrations of other
organics that can serve os electron donors for energy metabolism, which often is the case in
aquifers. Indeed, the extent to which reductive dehalogenation occurs may be limited by the
amount of such co-contaminants present. Theoretically, only ¢ 0.4-g chemical oxygen demand
(COD) equivalent of primary substrate would be required to convert 1 g of PCE 1o ethene (7),

- but much more is actuclly required because of the co-metabolic nature of the transformation.

14

Figure 1 illustrotes the potential chemical ond biclogical transformation pathways for the four
major chlorinated solvents under onoerobic environmental conditions (6). Freedman and Gossett
(8) provided the first evidence for conversion of PCE and TCE to ethene, and de Bruin et al. (9)
reported completed reduction to ethane. Table 3 indicates that while some transformations, such
as CT to chloroform and carbon dioxide, may take place under mild reducing conditions such
as those associated with denitrification, complete reductive transformation to inorganic end
products and of PCE and TCE to ethene generally requires conditions suitable for methane
fermentction. Extensive reduchon, although perhaps not complete, can also occur under sulfate-
reducing conditions. For methane fermentation to occur in an aquifer, the presence of sufficient
organic co-contaminant is' required to reduce the oxygen, nitrate, nitrite, and sulfate present.

Some organics will be required to reduce the CAHs, and perhaps Fe(ll) as well, if present in
significant amounts. If the potential for intrinsic fransformation of CAHs is to be evaluated, then
the concentrations of nitrate, nitrite, sulfate, Fe(ll), and methane; and éf organics (as indicated
by COD ortotal organic carbon [TOC]) should be determined. Unfortunately, such analyses are
1ot considered essential in remedial investigations, but it is evident that they should be.
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Table 2. Biodegradability of Chiorinated Solvents Under Aerobic or Anaerobic Conditions and
Through Use as a Primary Substrate for Energy and Growth or Through Co-metabolism

Carbon
Tetrachloride

€n

Aerobic Biotransformation

u Primary substrote “No - 1 No No No
" Co-metobolism No No Yes Perhaps —u
Anaerobuc Bictronsformation . N
y' anary substrate No- Perhaps Perhaps | No. ]’
‘Co-metabolism Yes Yes Yes Yes Jl
I[ Hozardous intermedictes | Yes - - Yes Yes Yes "
" Chemical Transformation | Perhaps No ‘1 No Yes _ ll

Ccz =CC12 PCE=: - ‘ . cT CClg4
JeHer=cc1, | Tce BN R R CHCl,
CHCI=CHCI CHy =CCl,, CHy fl-ldz CH, Cl2
. CH3 CH, O CH3 CI
+ H,O0 + O

ANAEROBIC -~ TRANSFORMATIONS OF CHLORINATED SOLVENTS

Figure 1. Ancerobic chemical and biéloéicc!trcnsfonncﬁcn pathways for chlorinated solvents.
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Taoble 3. Environmental Conditions Generclly Assodicted With Reductive Transformations of

Chlorinated Solvents
R;de Environment "
Y | Denitrifi- | Sulfate | Methano- ]
Chlorinated Solvent & cotion Reduction - | genesis
Corbon tetrachloride | ’ CT-CF cr-:co,-sd- ]
H 1,1,1-Trichloro- TCA-1,1-DCE TCA~1,1-DCA | TCA-CO,+CF
ethane + CH,COOH
H Tetrachloroethylene - PCE-1,2-DCE | PCE—>ethene h
| Trichloroethylene. o TCE>1,2-DCE | TCEethene |
Case Studies

Maijor et al. (10) reported field evidence for intrinsic bicremediation of PCE to ethene and
ethane at a chemical trensfer facility in North Toronto. PCE was stored ot the site 10 years prior
to the study and contamincted the ground water below with both free and dissolved PCE. In
addition to high concentrations of PCE (4.4 mg/1), high concentrations of methanol (810 mg/L)
and aceiate {430 mg/L) were found in the contominated ground water; methanol and acetate
are co-contaminanis that served os the primary substrates for the fransforming organisms. Where
high PCE wes found, TCE (1.7 mg/l), cis-DCE (5.8 mg/l), and VC (0.22 mg/L). were also
found, but little ethene (0.01 mg/L) was found. At one downgradient well, however, no PCE or
TCE waos found, but cis-DCE (76 mg/L), VC (9.7 mg/L), ond ethene {0.42 mg/t) were present,
suggesting thatsignificant deHalogenation had occurred. Other dichloroethylenes {1,1-DCE and
trans-DCE) were not significant in concentration, indicating that cis-DCE was the major
transformation intermediate. Microcosm studies also supported that biotransformation was
occurring at the site, with complete disappearance of PCE, TCE, and cis-DCE and production
of both VC ond ethene. The conversions were accompanied by significant methane production,
indicdting that suitoble redox conditions were present for the transformation.

Fiorenza et al. (11) reported on PCE, TCE, TCA, ond dichloromethane (DCM) contamination
of ground water ot two separate locations ot a carpet-backing manufacturing plant in
Hawkesbury, Ontario. The waste logoon was the major contaminated area, with ground water
containing 492 mg/L of volctile fotty acids and 4.2 mg/L of methanol, organics that appeared
1o provide the co-contaminants that served as primary sources of energy for the dehalogenation
reactions. Here, the sulfate concentration was nondetected, but the concentration in native
ground water was about 15 to 18 mg/L. Total dissclved iron wes quite high {19.5 mg/l) ond
well above the upgradient concentration of 2.1 mg/L. Methane was present, although quite low
in concentrdtion (0.06 mg/l). These parameters are all supportive of conditions svitable for
intrinsic biodegradation of the chlorinated solvents. While some chemical transformation of TCA
was indicated {0.4 mg/l}), bictransformation was quite extensive, as. indicated by a 1,1-DCA
concentration of 7.2 mg/L compared with the TCA concentration of 5.5 mg/L Some CA was
" olso present (0.19 mg/L). Transformation was also indicated for PCE and TCE, which remained
at concentrations of only 0.016 mg/L and 1.5 mg/L, respectively, while the cis-DCE, VC, and
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ethene concentrations were 56, 4.2, and 0.076 mg/L, respectively. Only traces of ethane were
found. Trans-DCE concentration was only 0.57 mg/L, ogain providing evidence that cis-DCE
is the most common transformation intermediate from TCE and PCE. Downgradient from the
logoon, the dominant products were cis-DCE (4.5 mg/l), VC (5.2 mg/l), end 1,1-DCA (2.1

- mg/L). While good evidence for intrinsic biotransformation is provided for this site, the ethene
ond ethane concentrations appear very low compared with VC concentration, suggesting that
bictransformation was not eliminating the chlorinated solvent hazord ot the site, although it was
producing compounds.that:may-be more suscepﬁble to aerobic co-‘metcbolism'.

Evidence for intrinsic biotronsformation of chlonnc‘ted solvents has clso been provided from

 analyses of gos from municipal refuse londfills where active methane fermendtion exists. A
* summary by McCarty and Reinhard (12) of dota from Chomley et al. (13} indicated average
goseous concentrations in parts per million by volume from eight refuse landfills-to be: PCE,
7.15; TCE, 5.09; cis-DCE, not mecsured; trons-DCE, 0.02; and VC, 5.6. While these averages
indicate that, in general, transformation was not complete, the presence of high . VC indicates
the transformation was significent. For TCA, gaseous concentrations were: TCA, 0.17; 1,1-DCE,
0.10; 1,1-DCA, 2.5; and CA, 0.37. These data indicate that TCA biotrensformation was quite
extensive, with the transformation intermediate, 1,1-DCA, presenf at quite significant levels, as
is frequently found in ground water.
Perhaps the most extensively studied and reported intrinsic chlorinated solvent biodegradation

" is that ot the St. Joseph, Michigan, Superfund site (7, 14-17). Ground-water concenirations of

~ TCEeos high es 100 mg/L were found present, with extensive transformation to cis-DCE, VC,

ond ethene. A high but undefined COD (400 mg/L} in ground water, resulting from waste
leaching from o disposal lagoon, provided the energy source for the co-metabolic reduction of
TCE. Nearly complete conversion of the COD fo methane provided evidence of the ideal
conditions for intrinsic bioremediation (7). Extensive analysis near the source of contamination
indicated that 8 percent 10.25 percent of the TCE had-been converted to ethene, and that up
to 15 percent of the reduction in COD in this zone was associoted with reductive
dehclogendtion {15). Through more exensive anclysis of ground water farther downgradient
from the conteminating source, Wilson et al. (17) found o 24-fold reduction in CAHs across the
site. A review of the data at individual scmpling points indicated that conversion of TCE to
ethene was most complete where methone production was highest and removal of nitrate and
sulfate by reduction was most complete.
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