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Abstract 
it 

Intrinsic cometobolic transformation of chlorinated solvents commonly occurs ot sites where 
co-contaminants ore present os primary substrates to support the energy needs end metabolic 
activities of transforming bocterio. The extent of transformation thot occurs depends upon the 
relative concentration of primary substrates end the microorganisms end environmental 
cor1difibns present. Reduction of tetrcchloroethene (PCE) and trichloroethene (TCE} to ethene hos 
occurred ot many sites,_ although trcnsformotions ore often not complete. Evidence for intrinsic 
biotro~formation of chlorinated oliphotic hydrocarbons (CAHs} is provided by the presence of 
CAH transformation products end indicators of anaerobic biogical activity, $!-JCh os the 
disappearance of dissolved oxygen, nitrates, end sulfates, and the production-of methane end 
soluble iron (II). 

Introduction .. 
Chlorinated ·solvents one! their ndturol trcnsformotion produds ·represent the most prevalent 
organic ground-woter conicmincnts in the country. These solvenis, consisting primarily of CAHs, 
hove been used widely for degreosing of oircrcft engines~" automobile paris, electronic 
componenis, end clothir:"~g. Only during the post 1 5 _years has it become recognized that CAHs 
con be transformed biologically ·{1 ). Such transformations sometimes occur under the 
environmental conditions present in on aquifer in the absence of planned human intervention, 
o process coiled intrinsic biotransformation (2). Conditions under which this is likely to occur with 
CAHs and the end products thot con be expected ore discussed in thi~ paper. 

The major chlorinated solvents . ore carbon tetrcchloride (CT), PCE, TCE, end 
1, 1,1'-trichloroethone (TCA). These compounds con be transformed by chemical ond.biologicol 
processes in soils to form o variety of other CAHs, including chloroform (CF), methylene chloride 
(MQ, cis- end trons-1 ,2-dichlcroethene (c-DCE, t-DCE), 1,1-dichloroethene (1,1-DCE), vinyl 
chloride (VQ~ 1,1-dichloroethcne (DCA), and chloroethone (CA). In CAH transformation, the 
microorganisms responsible corinot obtain energy for growth from the transformations. The 
tronsformotiorfs ore brought about through co-metabolism or through interactions of the CAHs 
with enzymes or cofodors 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 tAHs con also 
occur wi!hin the timefrcme of interest in ground water. Transformations that ore likely, end the 
environmental conditions required, ore discussed below. 
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Chemical Transformation 

TCA is the only mcjor chlorinated solvent that con be tronsfonned chemicclly in ground water 
under oil conditions likely to be found end within the one- to two-decode time spon of general 
interest, although chemical transformation of CT through redudive processes is o possibility. 
TCA chemical transformation occurs by 1wo different pathways, leading to the formation of 
1, 1-DCE end acetic odd {HAc): 

(e!Unination) (1) 
• 

Oi3COOH + 3Ir + 30" (hydrolysis) (2) 

HAc 

The rote of eoch chemical trcnsformction is given by the first-order recdion: 

C = C e-kf 
0 {3} 

where C is the concentration of TCA ct cny time t, C0 represents the initio! concentration at 
t = 0, end k is o transformation rete constant. The overall rate constant for TCA transformation 
(kTCA) is equol to the sum of the individual rete constants fkoa + W. The transformation rete 
constants ore functions of..t~JnP.~rcture: 

k = Ae-!7'0.0083141: • • (4) 

where A end E ore constants end K is the temperature in degrees Kelvin. Tobie 1 provides o 
listing of values reported for A end E for TCA obi otic tronsformction by various investigators, end 

·calculated values for the TCA transformation rote constant for 10°C, 15°C, end 20°C using 
equation 4. Also given is the overage colculcted TCA hoff-life based upon tl/2 = 0.69/k. The 
temperature effect on TCA hclf-life is q·uite significant. 

T ohle l- Reported First-Order TCA Abiotic T rcnsformafion Rates (ktc:J 

kro. (yr"1
) 

A ~E 10 15 20 
yr-1 - lc.J oc oc oc References 

3.47 (l 0)20 118.0 0.058 .0.137 0.32 Hccg end Mill (3) 

6.31 (1 0)20 119.3 0.060 0.145 0.3;4 Cline end Delfino (4) 

1.56 (l 0)20 116.1 0.058 0.137 0.31 Jeffers et ol. (5) 

Average holf-life (yr) 12 4.9 0.95 
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Cline and Delfino (4) found that koa equaled about 21 pen:ent of KTCA, end Hccg end Mill (3) 
found it to be 22 percent. This means that almost 80 pen:ent of the TCA is transformed into 
acetic acid. The 20-plus percent that is converted to 1, 1-DCE, "however, is of greet significance 
because 1, 1-DCE is considered more toxic then TCA, wffh c mcximum contaminant level of 
7 pg/l compared with 200 pg/l for TCA. Whenever TCA is present cs c contaminant, 1 .r1-DCE 
con also be expected. In genercl, TCA is probcbly the me in source of 1, 1-DCE contamination 
found in oquifel'3. · · · 

Chloroethcne, formed through biol6giccl trcnsformcrlion of TCA, con c:ilso be chemically 
transformed with c half-life on the order of months by hydrolysis to ethanol, which con then be 
biologically converted to acetic acid end _nonhcrmful products (6). 

BioJogJcol Transformations 
. . 

CAHs con be oxidized.or. reduced, generally through co-metabolism, cs noted in Table 2. In 
. ground wotef3, intrinsic reductive transformations ere most often noted, perhaps because the 

presence of intermediate products that ere formed provide strong evidence that reductive 
trcnsfom1ations are taking place. Intrinsic aerobic trcnsfomiction of TCE is also possible, 
although if it did occur, the intermedi~e products ere unstable end more difficult, cnalyticclly, 
to measure. Thus, convincing evidence for the Iotter is difficult to obtain. Also, aerobic co­
metabolism ofTCE would only occur if sufficient dissolved oxygen end c suitable electron donor, 
such cs methene, ammonia, or phenol, were present. Since circumstances under·which the 
proper environmental conditions for significant aerobic co-metabolism ere unlikely to occur 
often, intrinsic aerobic co-metabolism ofTCE is probably of little significance. Evidence is ample; 
however, that anaerobic reductived transformations of CAHs occur frequently; end this process-. · ...•. 
is important to the trcnsformotion of all chlorinated solvents end their trcnsformotion produds. 
The major environnienrol requirement is the presence of sufficient concentrations of other 
organics that con serve cs electron donof3 for energy metabolism, which often is the case in 
cquifef3. Indeed, the extent to which reductive dehclogenation occul'3 may be limited by the 
amount of such co-contcminonis present. Theoretically, only c 0.4-g chemical oxygen demand 
(COD) equivalent of primary substrote would be required to convert 1 g of PCE to ethene (7), 

· but much more is cctuclly required because of the co-metabolic nature of the trcnsformction. 

Figure 1 illustrates the potential chemical end biological transformation pathways for the four 
major chlorinated solvents undercnoerobicenvironmentcl conditions (6). Freedmen end Gossett 
(8) provided the fir:st evidence for conver:sion of PCE end TCE to ethene, end de Bruin et ol. (9} 
reported completed reduction to ethane. Table 3 indicates that while some transformations, such 
cs CT to chlor"form end carbon dio,Ode, mcytcke place under mild reducing conditions such 
cs those associated with denitrification, complete reductive transformation to inorganic end 
products end of PCE and TCE.to et~ene generally requires conditi9~ ~uitoble for methene 
fermentation. Extensive reduction, although_ perhaps not complete, con else occur under sulfate­
reducing conditions. For methene ferrrientotion to occur in cin aquifer, tne p~esence of sufficient 
organic co-contominont is_- required to reduce the oxygen, nitrate; nitrite, end sulfate present. 
Some organics will be required to reduce the CAHs, end perhaps Fe(ll) as well, if present in 
significant amounts. If the potential for intrinsic tronsfonnotion of CAHs is to be evolucted, then 
the concentrations of nitrcte, nitrite, sulfate, Fe(ll}.; end methene;· end of organics (as indicated 
by COD or total organic carbon [TOq) should be determined. Unfo"rtunotely, such one lyses ere 
tot considered essential in remedial investigations, but It is. evident that they should be. 
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Table 2. Biodegradability of Chlorinated Solvents Under Aerobic or Anaerobic Conditions and 
Through Use as a Primary Subsfrate for Energy end Growth or Tfu:ough Co-metabolism .. 

Carbon T efrachloro- Tric:hloro- 1,1,1-Tri-
Tetrachloride ethylene ethylene chloroethane 
(Cl} (PCE) (TCE) {TCA) 

Aerobic BiotronsfonnatiOn .. 

Primary subshcle ··No· ... ,; No No ~0 

Co-metabolism No No Yes Perhaps 

Anaerobic Biotrcnsformafion -
·-· -

·Prima;y substrate No· Perhaps Perhaps No 
·co-metabolism Yes Yes Yes Yes 

Hazardous intermediates Yes Yes Yes Yes 

Chemical Trcnsfonnotion Perhaps No No Yes 

ANAEROBIC TRANSFORMATIONS OF CHLORINA TEO SOL VENTS 

Figure 1. Anaerobic chemical end bi~logicol transformation pathways for chlorinated solvents. 
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Tobie 3. Environmentcl Conditions GeneroJiy Associated Wrth Reductive Transformations of 
Chlorinated Solvents 

Redox Environment 

Denitrifi- Sulfate Methcno-
Chlorinated Solvent AJI cation Redudion - genesis 

Carbon tefrcchloride CT-+CF CT-.C02~a· 

1 , 1 , 1-T richloro- TCA-1 I 1-DCE TCA-+1 I 1.;DCA TCA-.C02+C_I· 
ethane + CH3COOH 

T etrochloroethylene · PCE-+1 ,2-DCE PCE-+ethene 

Trichloroethylene. TCE-+1 ,2-DCE TCE-+ethene 

Case Studies 

Major et of. (1 0) reported field evidence for intrinsic bioremediotion of PCE to ethene end 
ethane at o chemical transfer facility in North Toronto. PCE was stored at the site_1 0. years prior 
to the study end contaminated the ground water below with both free end dissolved PCE. In 
~ddition to high concentrations of PCE (4.4 mg/l), high concentration$ of methanol (81 0 mg/L) 
end acetate (430 mg/L) were found in the contaminated ground water; niethonol end acetate 
ore co-contaminants that served as the primary substrates forthetronsforming organisms. Where 
high PCE wos found, TCE (1.7 mg/l), cis-DCE (5.8 mg/L), end. VC .(0.22· mg/l). were olso 
found, but little ethene {Q.01 mg/L) wqs found. M qne downgrodientwell, however, no PCE or 
TCE was found, but cis-:DCE (76 mg/L), VC (9.7 mg/L), end ethene (0.42 mg/t) were present, 
sugges'ling thotsignificont dehologenotion hod occurred. Otherdichloroethylenes (1, 1-DCE end 
trcns-DCE) were not significant in concentration, indicating that cis-DCE was the major 
transformation intermediate. Microcosm studies also supported thot biotronsformction wos 
occurring at the srte, with complete disappearance of PCE, TCE, end cis.;DCE end production 
of both VC end ethene. The conversions were accompanied by significant methene pr6c:luction, 
indiceting thot surtoble redox conditions were present for the transformation. 

Fiorenza et of. (11) reported OI'J PCE, TCE, TCA, end dichloromethone (DCM) contamination 
of ground water at two seporote locations ot o corpet-bocking manufacturing plont in 
Hawkesbury, Ontario. The woste lagoon wos the major contominoted oreo, with ground water 
containing 4 92 mg/L of volatile fotty odds end 4.2 mg/l of methanol, organics that appeared 
to provide the co-contaminants that served os primary sources of energy for the dehologenation 
reactions. Here, the sulfate concentration was nondeteded, but the concentration in native 
ground water wos about 15 to 18 mg/L. T otol dissolved iron was qurte high (19 .5 mg/L) end 
well obove the upgrodient concentration of 2.1. mg/L. Methene wos present, although qurte low 
in concentrci'tion (0.06 mg/l). These parameters ore ell supportive of conditions suitable for 
intrinsic biodegradation of the chlorinated solvents. While some chemical transformation ofTCA 
was indicated (0.4 mg/l), biofrcnsfonnotion wos quite extensive, as. indicated by a 1, 1-DCA 
concentration of 7.2 mg/L com pored with the TCA concentration of 5.5 mg/L Some CA we~ 

( olso present (0.19 mg/l). Tronsfonnotion wos olso indicated for PCE end TCE, which remained 
' ot concentrations of only 0.016 mg/L and 1.5 mg/L, respectively, while the cis-DCE, VC, end 
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ethene concentrations were 56, 4.2, end 0.076 mg/l, respectively. Onlytrcces of ethane were 
found. Trons-DCE concentration wcs only 0.57 mg/L, cgcin providing evidence that cis-DCE 
is the most common transformation intermediate from TCE end· PCE. Downgrodient from the 
lagoon, the dominant produCts were cis-DCE (4.5 mgll), VC (5.2 mg/l), end 1, 1-DCA (2.1 
mg/l). While good evidence for intrinsic biotrcnsformation is provided for this site, the ethene 
end ethane concentrations appear very low compared with VC concentration, suggesting that 
biotronsformotion wcs not eJimin.cting the chlorinated solvent h02.0rd otthe site, although it was 
producing compounds.thotmcy.be mQre susceptible to a~robic cO.:metcbolisrri. 

EVidence for intrinsic bioircnsf~rmotion ·of chlorinated solvents hcs also been. provided from 
analyses of gcs from municipal refuse landfills where active methane fermenotion exists. A 
summery by McCarty end Reinhard (12) of dote from Chcmley et ol. (13) indicated overcge 
goseousconcentrcrtions in ports per million by volume from eight r~fuse londfills~to be: PCE, 
7.15; TC~, 5.09; cis-DCE, not measured;trcns-OCE, 0.02; end VC, 5.6. While·tflese overcges 
indicate thot, in general, ircnsformction wos not complete, the presence of high ;YC indicates 
the transformation wos significant. For TCA, gaseous concentrations were: TCA, 0~·17; 1, 1-DCE, 
0.1 0; 1, 1-DCA, 2.5; and CA, 0.37. These dote indicote that TCA biotransformation was quite 
extensive, with the transformation intermediate, 1, 1-DCA, present at qurte significant revels, OS 

is frequently found in ground water. 

Perhaps the most extensively studied and reported intrinsic chlorinated solvent.~iodegrcdotion 
is that of the St. Joseph, Michigan, Superfund srte {7,.14-17). Ground-water concentrations of 
TCE os high as 1 00 mg/l were found present, with extensive tronsformction to cis-DCE, VC, 
and ethene. A high but undefined COD (400 mg/l} in ground water, resulting from waste 
leeching from o disposal lagoon, provided the energy source for the Fo-metcbolic reduction of 
TCE. Nearly complete conversion of the COO to methene proyided evidence of the idee! 
conditions for intrinsic bioremediotion (7). Extensive one lysis near the source of contamination 
indicated that 8 percent to.25 percent of the TCE hod.been converted to ethene,.cnd that up 
to 15 p..ercent of the reduction in COD in this zone wcs associated with reductive 
dehologenotion (15). Through more extensive cnolysis of ground wcter forthE!r downgrcdient 
from the contaminating source, Wilson et of. (17) found o 24-fold r~duction in CAHs across the 
site. A review of the dote ct individual sampling points indicated that conversion of TCE to 
ethene was most complete where methene production wcs highest end remove! of nrtrote and 
sulfate Qy reduction was most complete. 

ReferfU)ces 

1. McCarty, P.L., and l. Semprini. 1994. Ground-water treatment for chlorinated 
solvents. In: Norris, R.E., ed. Handbook of bioremediction. Bocc Roten, FL: Lewis 
Publishers, Inc. ~p. 87-116. 

2. Council, N.R. 1993. /n .situ bioremediation: WhE:n does it work~. Washington, DC: 
Notional Academy Press. 

3. Hoog, W.R., end T. Mill. 1988. Effect of subsurface sediment on hydrolysis of 
holoclkones and epoxides. Envir~n. Sci. Techno!. 22:658-663. 

140 

... 

. l 
~ 

'''lf ,I 

.. 
t 

I 
I. 

I 
( 

I 
I 
1 
I 
I 
I 
·I 
·a 
I 
'~ 

I 
I 



. . ~ 

4. 

5. 

6. 

7. 

8. 

Cline, P.V., end JJ. Delfino. 1989. Transformation kinetics of 1, 1,1-trichloroethone 
to the s1oble product 1, 1-dichloroethene. In: R.A l~rson, ed. Biohazards of drinking 
wafer treatment. Chelsea, Ml: lewis Publishers, InC. pp. 47-56. 

Jeffers, P., L Word, L Woytowitch, end L Wolfe. 1989. Homogeneous hydrolysis 
rote constants for selected chlorinated methones, ethones, ethenes, end propones. 
Environ. Sci. TechnoL 23(8): 965-969 •.. ' · ·• · 

. ' .: .. 
Vogei, T.M., C.S. Criddle,.ond P.L McCarty. 1987. Transformations of halogenated 
aliphatic. compounds. Enviro':l. Sci. Technol..21 :722-736. 

• 
McCarty, P.L, end J.T. Wilson. 1992. Noturcl onoerobic treatment of c TCE plume, 
St. Joseph, Michigan, NPl site. In: U.S. EPA Bioremediotion of hazardous wastes. 
EPN600/R-92/126 • .Cincinnati,.OH. pp. 47-50. 

Freedmen, O.L, end J.M; Gossett. 1989. Biologicol reductive dechlorination of 
tetrachloroethylene end trichloroethylene to ethylene under methcnogenic conditions. 
Appl. Environ. Microbiol. 55(9):2, 144-2,151. 

9. de Bruin, W.P., et cl. 1992. Complete biologic:ol reductive transformation of 
tetrochloroethene to ethane. Appl. Environ. Microbiol. 58(6): 1 .~?6-2,000. 

10. Mojor, D.W., W.W. Hodgins, end BJ. Butler. 1991. Field .Qnd laboratory evidence 
of in situ biotronsformotion of tetrochloroethene to ethene end ethane' ot c chemical 
tronsferfccility in North.Toronto.ln: Hinchee, R.E., cnq R.F. Olfenbuttel, eds. Onsfte 
bioreclomction. Boston, 1-M; Butterworth-Heinemann.· pp. 14 7-171. 

11. Fiorenza; S.; -et ol. 1994. Nature! anaerobic degradation -of chlo.riry?ted solvents at 
o Co nod ion manufacturing plant. In: Hinchee, R.E., A Leeson? L. Semprini, end S.K. 
Ong, eds. Bioremediction of chlorinated end polycyclic aromatic hydrocarbon 
compounds . .Boca Raton, Fl: lewis Publishers, Inc. pp. 277-286. 

12. 

13:-

McCarty, P.L, end M. Reinhard. 1993. Biological end chemical transformations of 
hologencted aliphatic compounds in aquatic end terrestrial environments. In: 
Oremlond, R.S., ed. The· biogeochemis1ry of global change: Radiative troce gases. 
New York, NY: Chapmen & Hell, Inc. 

Charnley, G., EAC. Cro~ch, LC. Green,· end T.L losh. 1988. Municipal solid 
wcs1e londfilling: A review of environmental effects. No. 'Mete Sys1ems, Inc. · 

14. ·. ·· Hos1on, Z.Q, P.K. Shorm'c,J.N. Block, end P.L McCarty. f994. Enhanced reductive 
dechlorination of chlorinated ethenes. In: U.S. EPA .Bioremediation of hazardous 
wastes. Sari Francisco, CA. 

15. Kitonidis, P .K., L. Semprini, D.H. Kcmpbeti",: end J.T; Wilson. 1993. Noturol 
anaerobic bioremediction ofTCE cHhe 'St. Joseph, Michigan; Superfund site. In: U.S. 
EPA Symposium on bioremediotion of hazardous wos1es: Research, develop.ment, 
end field evaluations· (cbstrocts). EPN600/R-93/054. Washington, DC (Moy). 
Cincinnati, OH. pp. 47-50. · 

141 

i 
t • 

· .. · 
. ~~~~:~. 

.· .. ·· 



,··,·, 

16. 

17. 

, 

142 

McCorly, P.L, et cl. 1991./n situ methcnotrophic bioremediation for contaminated 
. ground water at St. Joseph, Michigan. In: Hinchee, JtE., and R.G. Olfenbuttel, eds. 

Onsite bioredamation processes for xenobiotic and hydrocarbon treatment. Boston, 
MA: Butterworth-Heinemann. pp. 16-40. 

Wilson, J.T., J.W. Weaver, end D.H. Kcmpbell. 1994. Intrinsic bioremediation of 
TCE in ground water at an NPL site in St. Joseph, Michigan. Presented at the U.S. 

. EPA Symposium on Intrinsic. Bioremediation of Ground Water, Denver, CO (August 
30 to September 1 ). t 

. . 

·-· ... -·-

il 
I 

I 
a 
l 
I 

' I 


