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Abstract—Standard partial molal thermodynamic parameters for the aqueous chlorinated-ethylene species,
perchloroethylene (PCE), trichloroethylene (TCE), 1,1-dichloroethylene (1,1-D@&F),2-dichloroethylene
(cis-1,2-DCE),trans-1,2-dichloroethylenetfans-1,2,-DCE), and vinyl chloride (VC) have been estimated by

using experimental gas-solubility data and correlation algorithms. The provided thermodynamic values may
be used to calculate properties of reactions involving the aqueous chloroethylene species at a wide range of
temperatures and pressures. Estimated values for the chloroethylenes were used, along with published values
for minerals, gases, aqueous ions, and agueous neutral organic species, to calculate the stability of chloro-
ethylene species in equilibrium with the minerals magnetite, hematite, pyrite, and pyrrhotite in the subsurface.
Estimated values for the aqueous chloroethylenes were also used to calculate reduction potentials for
microbially-mediated reductive dechlorination half-reactions at elevated temperatures. Calculations indicate
that all aqueous chloroethylene species are energetically favored to decompose to ethylene(aqg) under a wide
range of conditions in the subsurface, by both abiotic and biotic pathways. Anaerobic microbially mediated
degradation is especially favored under conditions at least sufficiently reducing to promote sulfate-reduction,
but not under conditions sufficient for microbial denitrification, pyrolusite reduction, or ferric-iron
reduction. Copyright © 1999 Elsevier Science Ltd

1. INTRODUCTION some fungi (e.g., Gribble, 1994). Harper (1985) reports that
global fungal production of chloromethane (gH) gas may
exceed 5x 1P tons per year, compared with an estimated
anthropogenic flux of 2.6<x 10* tons per year. Biotic and
volcanogenic sources have been identified for natural produc-
tion of PCE and TCE, although fluxes are unclear (Stoiber et
al., 1971, Isidorov, 1990). Modern natural production of or-
ganochlorines, including chloroethenes but also a wide range of
longer-chain chlorinated alkanes and other chlorinated aliphatic
and aromatic species, demonstrates that these compounds are
likely to have been produced by microbial and geochemical
processes throughout geologic time. However, the absence of
organochlorine deposits in the geologic record suggests that
natural destruction of these compounds by microbial and geo-
chemical processes is probably a highly efficient process.

Metabolic pathways and abiotic chemical processes that act
to degrade organochlorine compounds under laboratory and
natural conditions have been investigated extensively, but in
general the link connecting these processes to the underlying
thermodynamic principles that control them has not been sub-
stantively explored. Nonetheless, chemical reactions are fun-
damentally governed by their thermodynamic properties. Ki-
netic factors govern the alacrity with which energetically
favored reactions proceed, but the energetic gradient itself is
é)est described using an equilibrium thermodynamics frame-
work. Investigations that address the problem of pollutant sta-
bility from a thermodynamic basis could greatly facilitate the
search for more effective remediation technologies, advance
understanding of the metabolic and biochemical diversity of
microbial life, and promote a better grasp of the geologic fate
of halocarbons in the deep subsurface.

* Author to whom Correspondence should be addressed (jrhaas@ In thIS al’tIC|e, we report eStImateS Of Standard pal’tla| m0|a|
email.uncc.edu). thermodynamic properties of the aqueous chlorinated ethene
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As illustrated recently by Harr (1996), the anthropogenic pro-
duction, release, and dispersal of organochlorine compounds
into natural settings at the earth’s surface is a matter of wide-
spread environmental and epidemiological concern. Chlori-
nated ethenes such as perchloroethylene, (PCES=CICL,),
trichloroethylene, (TCE; CIHECCL,), 1,1-dichloroethylene,
(1,1-DCE; CLC=CH,), cis-1,2-dichloroethylene,cis-1,2-DCE),
trans-1,2-dichloroethylene, tians1,2-DCE; CIHG-CHCI), and
vinyl chloride, (VC; CIHG=CH,) are produced by substitution of
one or more Cl atoms for an equal number of H atoms in the
ethene (ethylene) structure. They collectively represent one of the
most abundant forms of organochlorine contamination of surface
and ground waters in the industrialized world. In 1995, industrial
production of waste TCE and VC within the USA totaled at least
9.04% 10" kg and 8.2x 10" kg (Toxics Release Inventqri995),
respectively. The maximum contaminant loads (MCLs) for TCE
and VC in drinking water within the US, as mandated currently by
the United States Environmental Protection Agency (USA EPA
1993), are 0.005 mg/L and 0.002 mg/L. If dispersed evenly
throughout the entire volume of annually renewable fresh water in
the USA World Resources Institutd 996), waste TCE and VC
produced in 1995 would have been sufficient to contaminate 720%
and 1640% of freshwater supplies, respectively. Organochlorine
contamination is also problematic because these compounds ten
to persist in the environment, where they remain available for
bioaccumulation in organisms and their toxification.

A wide range of organochlorine compounds including chlo-
roethylenes are produced naturally by microbial organisms and
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species, including PCE, TCE, 1,1-DCEis-1,2-DCE, trans f. P
1,2-DCE, and VC. These values may be used to calculate Ksol = a= Yam,
thermodynamic properties for reactions involving the aqueous '
chloroethene species under a wide range of temperature andwhereK,, represents the equilibrium constant at temperature,
pressure conditions. Thermodynamic values for aqueous chlo-f, represents the fugacity of the gaseous specias denotes
roethene species were calculated by regression of publishedactivity of aqueous species B; represents the equilibrium
experimental gas-solubility data, together with estimated pa- partial pressure of gas in; stands for the concentration of
rameters for the revised Helgeson—Kirkham—-Flowers (HKF) aqueous in molal units, and the termg, andvy, stand for the
equations of state (Shock et al., 1992) along with data and fugacity and activity coefficients of K, is dimensionless
parameters for neutral organic species (Shock and Helgeson,because the fugacity and activity coefficients have units of
1990). We also present the results of calculations using our inverse concentration, cancelling with partial pressure and mo-
estimated thermodynamic properties and those of gases, min-lality to yield dimensionless values for fugacity and activity.
erals, and agqueous species from the literature to evaluate theFor our calculations, fugacity and activity coefficients of all
energetic favorability of reductive dehalogenation reactions chloroethene species were assumed to be unity.

that eliminate aqueous chloroethene species under a wide range The standard partial molal Gibbs free energy of reaction
of temperature and pressure conditions and fluid compositions. (AG)) for a gas-solubility reaction is related t,,, by the
These latter calculations are intended to demonstrate the ver-expression:

satility of this approach for evaluating potential reaction path- _

ways that may serve to degrade chloroethenes under engineered AG’ = —2.30RTlog Ky, (3)
conditions, abiotically in the deep geologic subsurface, and
biotically by microbial life in surface and subsurface ecosys-
tems.

: @)

whereR stands for the gas constant afidepresents temper-
ature in K. The value of the standard partial molal Gibbs free
energy of formation of the aqueous specie<3{ ) can be
calculated using the standard partial molal Gibbs free energies
of formation of the gasﬁ(é?‘g) and of the gas-solubility reac
tion (AG),) according to the relationship:

2. ESTIMATION OF THERMODYNAMIC PROPERTIES
FOR AQUEOUS CHLOROETHENE SPECIES

2.1. Summary of Available Experimental Data for
Chloroethene Species and Methods used to Calculate
Standard Partial Molal Free Energies of Formation
from Experimental Values

AG = AG + AGy,. (4)

Values oféé?,aq may therefore be calculated, provided that
AG;, andAG; are defined. Standard partial molal thermody

Experimental measurements of the aqueous solubilities of N@Mic properties of chloroethene gases used in this study were
chloroethylene gases as a function of temperature are availabletn0se tabulated in the compilation of Stull et al. (1969). Values
in the literature for PCE, TCE, all DCE isomers, and VC, and for AG, were calculated from published experimentally-deter
these values may be used to derive standard partial molal Mined values off for each chloroethylene compound, or from
thermodynamic properties for the aqueous species, providedPublished data that may be used to calculate
that corresponding properties of the gaseous species are also
available. 2.2. Vinyl chloride

Chloroethylene gas-solubility data are generally reported in

the literature either as raw values describing concentrations of ~Gas-solubility data for VC are provided by Haytiuk and
aqueous species in equilibrium with known partial pressures of -audie (1973) at temperatures ranging from 0 to 80°C. They

the corresponding gas phase, or as Henry's law equilibrium Vere reported in terms of mole fraction aqueous VC in equi-

constants derived from these experimental measurements. HenliPrium with gaseous VC at one atmosphere partial pressure.
ry's law relates the equilibrium concentration of an aqueous 'N€S€ values were redefined in this study in termsiay

species C,,.) to that of its corresponding gas pha&) at any using Eqgn. 1 and by converting mole fraction VC into molality,
temperatur?e according to the equation: yielding values oK, as a function of temperature. Resulting

H values were used to calculatéG, by using Egn. 3 and, in
Caq conjunction withAG; ; and Eqn. 4, yield values afG, , for
H=+~ @ VCiag:
Cq (aq)

where H represents the Henry's law equilibrium constant
(Stumm and Morgan, 1996) in units that vary depending on the
treatment , i.eC,, symbolises agueous concentration in terms ~ Tse et al. (1992) and Gossett (1987) report experimental
of mole fraction, molality, molarity, or mol/fand Cy means Henry's law constants in units of fratm/mol for 1,1-DCE,

gas concentration. Values éf may be redefined in terms of  cis-1,2-DCE, andrans-1,2-DCE at temperatures ranging from
equilibrium constants that are consistent with the standard state20 to 40°C, along with appropriate values for equilibrium DCE
convention of a hypothetical aqueous solution of unit molality vapor pressure during the experiments. The compilation of
referenced to infinite dilution (Shock et al., 1989), consistent Horvath (1982) reports values that may be used to calctiate
with conventions of the HKF equations of state (Helgeson et for 1,1-DCE at temperatures ranging from 0 to 80°C. Values of
al., 1981; Tanger and Helgeson, 1988; Shock and Helgeson,saturated 1,1-DCE vapor pressure as a function of temperature
1988; 1990; Shock et al., 1989), by using the relation: were not reported in Horvath (1982) but were calculated in this

2.3. Dichloroethylene Isomers
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study by using Antionne coefficients for 1,1-DCE gas (Ste-
phenson and Malanowski, 1987). The Antoinne equation:

IogP:A—c+T (5)

may be used to calculate the saturated vapor-pressure of a gas

over the corresponding pure liquid phase at a given tempera-
ture, whereP represents the saturated vapor pressure of the gas
in kilopascals (100 kP& 1 bar), T represents temperature in
K, andA, B, andC are empirical coefficients specific to each
gas. Expression [5] yields values Bfwhich may be used in
conjunction with Egn. [2] to determinK,, as a function of
temperature. Values df.,, may then be redefined in terms of
AG; by using Eqgn. 3 and, in conjunction withG; , and Eqn.
4, yield values ofAG; .,

The temperature dependence of data reported in Horvath
(1982) is not consistent with that displayed by the data of Tse
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intervals of T near the reference temperature of 298 A€/
may be assumed to be constant as a function of temperature
according to the Van't Hoff equation:

("),

which relates the equilibrium constant of a reaction at temper-
ature in K to the standard partial molal enthalpy of that reac-
tion. The implicit assumption in the Van't Hoff equation of
constant enthalpy and thus zero heat capacity is not valid at
temperatures that are significantly different from the reference
temperature of 298 K. This tendency is demonstrated in Fig. 1,
which illustrates experimental values af5; for chloroethene
gas-solubility reactions as a function of temperature (gray
circles), determined by using the methods described in the
previous section. Figure 1 shows that the trendaAGf as a
function of temperature display apparently linear behavior over

o
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dInK
aT

@)

et al. (1992) and Gossett (1987), whose results are themselvesa fairly narrow range of temperature. However, within the

in general agreement. Thus, despite the more narrow temper-
ature range of the data provided by Tse et al. (1992) and
Gossett (1987), these values were adopted for this study. Val-
ues are reported in Horvath (1982) fds-1,2-DCE andrans
1,2-DCE, but only at 10 to 25°C and 25°C, respectively.

2.4. Trichloroethylene

Heron et al. (1998) provide experimental valuesiah units
of L-atm/mol for TCE in the temperature range 0—80°C. These
values are generally in agreement with analogous data reporte
by Tse et al. (1992) and Gossett (1987) in the genature
range 20-40°C, but are inconsistent at temperatures below
~40°C with the values reported in Horvath (1982) under
TCE-saturated vapor pressures. At temperatures above
~40°C the values of Horvath (1982) and those of Heron et
al. (1998) converge. This study adopts the values of Heron
et al. (1998).

2.5. Perchloroethylene

Stephenson (1992) reports gas-solubility data for PCE in the

temperature range 0—92°C under PCE-saturated vapor pressure

conditions. Analogous values are reported by Horvath (1982)
for PCE gas-solubility in the temperature range 0—80°C, and
by Imhoff et al. (1997) in terms of PCE solubility in mg/L at

temperatures of 5—40°C. The values of Imhoff et al. (1997) and

Stephenson (1992) are in general agreement, but both are

inconsistent with the values of Horvath (1982). In this study,
we adopt the values of Stephenson (1992).

2.6. Regression of Experimental Gas-Solubility Data and
Estimation of Standard Partial Molal Enthalpies and
Entropies of Formation for Aqueous Chloroethylene
Species

The standard partial molal Gibbs free energy, enthalpy, and
entropy of a reaction may be related by the expression:

(6)

where AH; and AS represent the standard partial molal en-
thalpy and entropy of the reaction, respectively. For small

AG = AH — TAS,

interval whereT and AG, are related by an approximately
linear function,AH, may be approximated as a constant, and
Eqn. 6 reduces to a linear equationAG, and T, where AH;
andAS are represented by the intercept and negative of the
slope of the regressed line.

Figure 1 shows least-squares linear regressions@fas a
function of temperature (solid lines), calculated for each spe-
cies using those subsets of the experimental data that could be
approximated as linear in temperature. For 1,1-DGE]1,2-

dDCE, andtrans-1,2-DCE, this range includes all the available

experimental data up to the maximum reported temperature of
313 K. For PCE and TCE, this range extended-800 K, and

for VC this range extended to370 K. Values oAG;, AH; and

AS calculated by using Eqn. 6 and the methods discussed in
Section 2.1 are reported in Table 1.

Values for standard partial molal enthalpies of formation
(AH?Yaq) for the aqueous chloroethylenes were calculated using
values of standard partial molal enthalpies of formatidhif )
for the corresponding gas species, and regressed valugs;of
by using the relationship:

AH{ .= AH? + AH?,, (8)

which is analogous to Eqgn. 4.
Entropies of formation were calculated by using the expres-

AR AGS
AS = ———

T

: ©)
where AS represents the standard partial molal entropy of
formation of a chemical species from the elements. Third law
entropy values may be calculated for a reaction forming a
chemical species of interest from the elementsSf is known,
according to the expression:

_Sloz Aé?—"_ E églements (10)
where S and S omens Stand for the standard partial molal
third-law entropies of the chemical species of interest and the
stoichiometric sum of the third law entropies of elements (in
their standard reference states) forming the species. Values of
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Fig. 1. Experimental Gibbs free energies (gray circles) for gas-solubility reactd@®3 {nvolving PCE, TCE, 1,1-DCE,
cis-1,2-DCE,trans-1,2-DCE, and VC as functions of temperature in Kelvins. Solid lines are linear regressions of values
below 313 K for 1,1-DCE¢is-1,2-DCE, andrans-1,2-DCE, below 300 K for PCE and TCE, and below 370 K for VC.
Dashed lines are regressions of values using optimized values for heat capacity.

S for the elements Blgy: Claggy, @nd Ggrapnite IN their stan- 2.7. Estimation of Standard Partial Molal Volumes of

dard reference states were taken from Wagman et al. (1982). Aqueous Chloroethylene Species

Values ofAH? ,, andS,, for PCE,), TCE,). 1,1-DCE,,),

Cis-1,2-DCE,), trans1,2-DCE,, and VG, calculated Values of standard partial molal volume\_sg(l) for the aque-
with Eqns 8 to 10 by using regressed valued b andAS, are ous chloroethylene species are unavailable in the literature, but

given in Table 2. values 01\7;q are required for estimation of the thermodynamic
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Table 1. Values of standard partial molal Gibbs free enety@j, the three DCE isomers are unavailable in the literature, there-

enthalpy @H? and entropy A_S(:) of gaS—SOIubiIity reactions inVOIVing fore we have |nterp0|a’[ed these values us|ng a systematlc

chlorinated-ethylene species. Tabulated values are based on linear . .
regressions of experimental gas-solubility value$.r8presents the correlation betweelV.;; and the number of chlorine atoms

best-fit linear regression coefficient. present in each compound, shown in Fig. 3. This correlation
(R*> = 0.999) yields aV,,, value for all DCE isomers of
Species AG;? AH?? AP R 211 cn/mol, which is similar to the value of 224 d&fmol
s e am o ISR e ssmalon pocehre o Fedor (1979
TCE 1311 —10452 39.52 0.996 - .
1,1-DCE 1946 ~7039 30.15 0.996 of consistency the values of Reid et al. (1987) for PCE, TCE,
cis-1,2-DCE 795 —8161 30.05 0.999 and VC were used in Fig. 3 to calcula¥e,;; values for DCE
trans1,2-DCE 1342 —7951 31.18 0.996  isomers, and these values were used in conjunction with Eqn. 11
ve 4rs ~12951 4511 0.999 to estimate\_/f,;q for all chloroethylene species.
aCal/mol.
® Cal/mol/K. 2.8. Estimation of Standard Partial Molal Heat

Capacities and Revised HKF Equation-of-State

] . i Parameters at Elevated Temperatures and Pressures
properties of formation for any aqueous species at elevated

pressures. We have estimated these values by making use of a The apparent standard partial molal Gibbs free energy of
linear correlation between values of the critical volurig, (), formation of an aqueous speciesG°) at a given pressure and
representing the molar volume of a gas at its critical point and temperature is related to the conventional standard partial molal
\7‘;q for 45 neutrally charged aqueous species, as shown in Fig. Gibbs free energy of formatiom\G;) at the reference temper-

2. Values ofV,,;,, were taken from Reid et al. (1987), and ature (T,) and pressureR) of 298.15 K and 1 bar according to
values forV;, were taken from compilations of experimental the definition:

values reported in Shock et al. (1989), Shock and Helgeson

(1990), Cabani et al. (1981) and Heiland (1986). This correla- AG® = AG + (AGpr — AGen). (12)
tion may be expressed through the linear equation The value of the parenthetical free energy te@,(r _G;r,n)
V2, = 6.275+ 0.293V,, (11) expresses the difference between the conventional standard
aq . . cri

partial molal Gibbs free energy of formation of an aqueous
whereR? = 0.9960. It can beapplied to a wide variety of species at the reference temperature and pressure and at the
neutral inorganic and organic species, including noble gases conditions of interest. This value may be calculated by using
(Ne, Ar, Kr, Xe), diatomic nonpolar species {OH,, N,), the standard partial molal entropy at the reference conditions
polyatomic inorganic species (NHCO,, H,S, SQ,), alcohols (Shr+0) and integrating the standard partial molal volurvg,J
(methanol, ethanol), aliphatic, alicyclic, aromatic organic spe- and heat capacityQpy,) as functions of pressure and standard
cies (e.g., CH, ethylene, propane, acetone, methyl formate, temperature according to the relationship:
diethyl sulfide, benzene, aniline, toluene), and halocarbon spe-
cies (e.g., CHF, CHCI, C,H:Br). Values for each species . . _ S
used to construct this correlation are individually labeled in AGpr = AGpy = —Sin(T = T) + f Cppr dT
Fig. 2. The correlation appears to be generally applicable to a i
wide variety of neutral aqueous species, and may therefore be . b
used to estimate values ®f,, for aqueous species for which -7 f CpdinT+ f V2, dP. (13)
V. values are available in the literature.

In this study we have applied Egn. 11 to estirrféigvalues

for PCEaq), TCEaq, and VG, for which V., values are The estimation procedure described in Section 2.6 provides
supplied in Reid et al. (1987). Experimental valued/gf,; for values forAG;, AH;, andS® of aqueous chloroethene species at

T

Tr Pr

Table 2. Standard partial molal thermodynamic and HKF equation of state parameters for aqueous chloroethylenes at 25°C and 1 bar.

Species  AG[p, 1, AHip, @ SP  C° V°° a; (X10)! a, (X102  az?  a, (X107%)"  ¢,” ¢, (X107%)" wp, g, (X107%)2

PCE 7483 —12995 40.70 160.0 91.1 14.1804 26.8436—4.8012 —3.8886 98.5546  29.5574 —0.1500
TCE 6061 —11852 38.26 135.0 81.3 12.8394 23.5678—3.5109 —3.7532 83.9031 24.4649 —0.1500
1,1-DCE 7726 —6739 38.78 95.0 68.2 11.0468 19.1914-1.7922 —-3.5723 60.4606 16.3169 —0.1500
cis-1,2-DCE 6620 —7712 39.23 95.0 68.2 11.0468 19.1914-1.7922 —-3.5723 60.4606 16.3169 —0.1500
trans-1,2-DCE 7700 —6950 38.16 95.0 68.2 11.0468 19.1914-1.7922 —-3.5723 60.4606 16.3169 —0.1500
VvC 12785 —4551 18.11 45.0 55.8 9.3500 15.0507-0.1702 —3.4011 31.1575 6.1319 —0.1500

acal/mol.

b cal/mole K.

¢ cm®/mol.

d cal/mole bar.
€ cal K/mole bar.
fcal K/mol.
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Fig. 2. Linear correlation between critical volumes and

standard partial molal volumes of the aqueous species for 45

compounds. Values for each species are labelled numerically and by source on the diagram. Identification key: [1] Ne,
[2] Ho, [3] NHg, [4] O,, [5] Ar, [6] N, [7] Kr, [8] CO,, [9] H,S, [10] CH,, [11] CH4F, [12] methanol, [13] SQ [14] Xe,

[15] ethylene, [16] CHCI, [17] ethane, [18] ethanol, [19] ethanamine, [20] propane, [21] acetone, [2HLBC,

[23] 1-propanol, [24] 2-propanol, [25] methyl acetate, [26] ethyl formate, [27] 1-propanamine, [28] trimethylamine,
[29] benzene, [30] 2-butanone, [31] 2-butanol, [32] 1-butanol, [33] 2-methyl-1-propanol, [34] aniline, [35] 2-methyl-2-

propanol, [36] ethyl acetate, [37] piperidine, [38] diethyl

amine, [39] 2-pentanone, [40] toluene, [41] diethyl sulfide,

[42] 1-pentanol, [43] 1-hexanol, [44] triethylamine, [45] 1-heptanol.

the reference conditions but does not yield information regard-
ing standard partial molal heat capaci@g) for individual
aqueous species or other parameters which are required t

used to constrain parameters suchCas and other identities
that are necessary for calculation of properties at elevated
Oopressures and temperatures. Following the procedures devel-

rigorously assess thermodynamic behavior at nonstandard con-oped by Shock et al. (1989) for the regression of Gibbs free

ditions. Nonetheless, values &f5;, AH;, andS® derived using

energy data, we iteratively constrain€p° by regression of

experimental data from conditions near 25°C and 1 bar may be AG, | values for chloroethylene gas-solubility reactions as a

300 T T T CE
L Verip = 130.2 + 4054 Cl# (aa)
I R2=0.999
2o TCE(aq)
a .
£
T 200 DCE(aq) isomers 7]
S
‘é i VC(aq)
> 1
150 ]
Ethylene(aq) ]
100 1 1 1 1 L ]
0 1 2 3 4

Number of Chlorines in Species

Fig. 3. Linear correlation among critical volumes of chloroethylene
gases and the number of chlorines present in each compound. Value
for PCER.q), TCE4q): VCag, and ethyleng, are depicted with gray
circles; the interpolated value for all three DGE isomers is shown as
a black circle.

function of temperature using correlations provided by Helge-
son et al. (1981), Tanger and Helgeson (1988), Shock and
Helgeson (1988; 1990) and Shock et al. (1989) for the revised
HKF equations of state. Values @fp° for individual chloro-
ethylene species were constrained to provide values for heat
capacities of gas—solubility reactions that in turn yield values
for AG; that provide an optimal fit to the experimental data.
Resulting values fo€p° at 298 K and 1 bar provide a much
closer fit to experimental values &fG,, ; at moderately low
temperatures~60—-100°C) than does an assumption of zero
heat capacity. Values @&p° derived in this way are tabulated

in Table 2. In addition, Figure 1 depicts estimatesi@3; for
chloroethylene gas-solubility reactions as a function of tem-
perature (dashed lines) generated by using optimized values
for Cp°.

Constraints on th€p° term alone could not account satis-

factorily for the observed variation inG for VC gas-solubil-

ity as a function of temperature. At increasing temperatures
Sabove~100°C estimated values &fG; for VC gas-solubility
depart significantly from the experimental values as a result of
the increasing influence of reduced solvation shielding at ele-
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vated temperatures. In order to take account of this effect, Temperature (°C)
values of the effective Born solvation coefficient for neutral 25 125 225 325 425
species (Helgeson et al., 1981; Shock et al., 1989) were itera- S I A B i

tively adjusted for VC until a best fit to the experimental data

at all reported temperature conditions could be achieved. Be-

cause experimental values for chloroethylene species other than

VC are unavailable at temperatures abov80°C, it is not

possible to evaluate whether the Born term for VC is anoma-

lous with respect to the other chloroethylene species. However,

for the sake of consistency we have adopted the same value for

the Born term for all chloroethylene species1(5 x 10

cal/mol). This value remains provisional, however, and could

be more closely constrained if additional experimental data for -80

other chloroethylenes at elevated temperatures were available.
Values of estimated thermodynamic properties and revised I

HKF equations-of-state parameters for aqueous chloroethene oo

species are tabulated in Table 2. Values listed include HKF o0 2 4 5 s 10 12 14 1

parameters,, a,, as, a4, C4, C,, Which represent empirical fit Depth (km)

parameters specific to the HKF treatment, and the Born solva-

tion function,w (e.g., Helgeson et al., 1981; Shock et al., 1989; Fig. 4. Calculated logarithms of the equilibrium ratio of activities of

Shock and Helgeson, 1988; 1989: 1990). These parameters,PCE' 'I_'CE,cis-l,Z-DCE, and VC, relative to e_thylene, as afunctio_n of

together with values for gases, minerals, and aqueous species of-jepth in the Earth's crust (geothermal gradien@5°C/km), at equi-

. ! ’ > “librium with magnetite and hematite according to reaction [14] de-

interest, may be used to calculate apparent standard partialscriped in the text. See text for details of model calculation.

molal thermodynamic properties of reactions involving the

aqueous chloroethylenes under a wide range of temperature and

/a ethylene(aq)

log a
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pressure conditions. conditions of interest may be evaluated using predicted values
for the equilibrium constari of a given reaction and the law
3. STABILITIES OF AQUEOUS CHLOROETHENE of mass action, which for Egn. 14, for example, and pure
SPECIES UNDER ENVIRONMENTAL CONDITIONS AND minerals for which activities equal unity, can be written as:

ELEVATED TEMPERATURES AND PRESSURES

3 3
- . L AC, BB
3.1. Abiotic Reductive Dechlorination of Aqueous = “CHaegTCI THT

.
Chloroethene Species in the Earth’s Crust ACoHClsagAH20

We may estimate the stability of aqueous chloroethene spe- Expressed_in logarithmic terms and rearranged, this expression
cies as a function of temperature, pressure, and oxidation stateMa&y be written as:
in the presence of mineral phases and aqueous species that are
I [

(16)

. . . AcHClya
likely to be encountered in the subsurface, using our calculated e

standard partial molal thermodynamic properties of the aque-
ous chloroethenes and published values for appropriate miner-
als and dissolved species. The following expressions illustrate which depicts the relative abundances of aqueous TCE and
possible reactions that may occur in the subsurface, and whichethylene as a function of Idg, pH, and the activities of Cl- and
can result in degradation of TGE, to ethyleng,: water. If we assign a value 6f0.3 to the logarithmic activity

of the chloride ion in crustal solutions, in accordance with the
recommendation of Helgeson (1992), and assume that the ac-

]:3 logac-—3pH—log K—3 log a0,
17)

2H4(aqg)

CHClyag + 6FQ0, + 3H,0 =

(magnetite) tivity of water is approximately unity, this expression reduces
CHyaq + 9F80; + 3CI™ + 3H* to a function of pH and lod¢k. We have calculated the value of
(hematite) (14) the ratio of the logarithms of activities for aqueous chloroeth-
ylenes and aqueous ethylene at neutral pH for reactions anal-
C;HClyg + 3FeS+ 3H,Sy = ogous to Eqgn. 14 and 15 as a function of depth in the Earth’s
(pyrrhotite) crust, by using an average continental geotherm of 25°C per
CoHyag + 3FS + 3CI + 3H" kilometer as s_howr_l in Fig. 4. Our calculat._efj chlorgethylene/
(pyrite) (15) ethylene activity ratios are not strongly sensitive to either pH or
log ac,_, in comparison to the effects of the temperature
Egns. 14 and 15 depict TGE, degradation to ethepg, dependence of lol, thus geologically reasonable variations in

concomitant with the reaction of magnetite to form hematite, pH or logac,_ will not tend to alter dramatically the resulting
and pyrrhotite to form pyrite. We depict Eqns 14 and 15 in activity ratios. LogK values at elevated temperatures and

terms of TCE,, degrading to form ethepg,, although sim pressures were calculated using the program SUPCRT92
ilar reactions could also be written for PGE, any of the (Johnson et al., 1992). Values of l&gfor reactions involving
DCE, isomers, or VG,q). Cis-1,2-DCE,), trans1,2-DCE,, and 1,1-DCE, are sim

The relative abundances of aqueous TCE and ethylene underilar; therefore, only values for one DCE isomer are shown in
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Fig. 5. Calculated logarithms of the equilibrium ratio of activities of
PCE, TCEcis-1,2-DCE, and VC, relative to ethylene, as a function of
depth in the Earth’s crust (geothermal gradien25°C/km), at equi-
librium with pyrrhotite and pyrite according to Eqn. 15 described in the
text. See text for details of model calculation.

Figures 4 and 5. Field and experimental studies have demon-

J. R. Haas and E. L. Shock

and pressure conditions-g kbars, 475°C). Based on these
estimates it appears that the presence of magnetite in sedimen-
tary environments will promote the conversion of chloroethyl-
ene contaminants to ethylggg under nearly all geologically
reasonable conditions. Barring kinetic inhibitions, reactions
such as Eqn. 14 should proceed even in the shallow subsurface,
where magnetite is abundant, although increasing temperatures
in the deeper subsurface may accelerate reaction rates. The
coupling of magnetite oxidation to reductive dehalogenation of
chloroethylenes would thus appear to be an effective mecha-
nism for abiotic (or microbially mediated) degradation of these
contaminants, but rigorous experimental validation of this pos-
sibility is currently lacking.

In addition to magnetite and hematite, assemblages including
pyrite and pyrrhotite serve as important buffers of oxygen
fugacity in the subsurface. The reaction of pyrite with magne-
tite to form pyrrhotite and oxygen is one suth, buffering
reaction. The oxidation state of sulfur in pyrrhotite is reduced
relative to sulfur in pyrite; therefore, oxidation of the former
mineral to the latter must involve coupled electron transfer with
another reductive reaction. Schoonen and Barnes (1991) have
shown experimentally that conversion of FeS minerals, includ-
ing pyrrhotite but also the intermediate phases mackinawite and
greigite, to pyrite, involves coupled electron transfer to aqueous
reduced-sulfur species such as thiosulfate or tetrathionate. Al-
ternately, oxidation of FeS precursor minerals to pyrite could

strated that stepwise reductive dehalogenation of PCE or TCE occur by coupled reductive dehalogenation of chloroethylenes,

to ethylene proceeds overwhelmingly througis-1,2-DCE,
rather than througtrans-1,2- or 1,1-DCE (e.g., de Bruin et al.,
1992). For this reason and for the sake of clarity we depict only
the cis-isomer in Figs. 4 and 5.

where these species are present in solution in the presence of
FeS minerals. Pyrite is the most abundant iron—sulfide mineral
in the Earth’s crust; therefore, examination of possible chloro-
ethylene dehalogenation reactions involving this mineral and

The mineral assemblage hematite-magnetite acts as an im-its formation-precursors is geologically reasonable.

portant buffer of oxygen fugacity in sedimentary basins (Helge-
son, 1992), and may influence the speciation of dissolved

Reactions such as Eqn. 15 involve reductive dehalogenation
of chloroethylene species coupled with oxidation of pyrrhotite

chloroethylene species by coupled reductive dehalogenationto pyrite. We have calculated equilibrium activities of RGE
reactions similar to Eqn. 14, if such reactions are energetically TCE,, Cis-1,2-DCE,), and VG, relative to ethyleng,,

favorable in subsurface environments. Energetic favorability

as a function of depth and temperature, using the same geo-

does not itself guarantee that a reaction will proceed, as kinetic therm used in the previous example. Activities of chloride and

limitations may prevent or retard a favored reaction. Nonethe-
less, energetic favorability is a necessary condition without
which a reaction will not proceed regardless of kinetic alacrity.
Figure 4 illustrates calculated logarithms of equilibrium chlo-
roethylene/ethylene activity ratios for reactions analogous to
Egn. 14 but also involving PCE,, cis-1,2-DCE,,, and

VC .4 as a function of depth, at neutral pH and log chloride
ion activity equal to—0.3. Our calculations illustrate that the
equilibrium activity of all chloroethylene species in crustal
fluids at equilibrium with magnetite and hematite will be very
low in comparison to the activity of ethylepg, under all

H* also remain the same as in the previous example. The
activity of H,S,, is a univariant function of the fugacity of
H,g in the presence of pyrrhotite and pyrite, and an invariant
value in the presence of pyrrhotite, pyrite, and magnetite
(Shock et al., 1995) under given conditions of pressure and
temperature. The invariant log activity of,§, in the pres
ence of pyrite, pyrrhotite and magnetite at 25°C and 1 bar is
—8.05, whereas at 475°C anéd5 kbars, corresponding to the
highest values of pressure and temperature along our adopted
continental geotherm, for which thermodynamic properties of
aqueous reactions may be calculated by using SUPCRT92

depicted conditions of temperature and pressure. At 25°C and (Johnson et al., 1992), this value+i9.90. We adopt a value for

1 bar pressure, the activities of Y and PCE,, which

the log activity of HS ), for our calculations of chloroethyl

bracket the range for chloroethylene species, are 20 and 91ene stability as constrained by reactions such as Eqgn. 15, equal

orders of magnitude, respectively, lower than the activity of
ethyleng,,. Under surface conditions the reactions of
PCEaq) TCEaq), Cis-1,2-DCE,,, and VG, forming ethyt

eng,, by oxidation of magnetite to hematite are strongly

to the pyrite-pyrrhotite-magnetite invariant activity ot 8,
plus one log unit, reflecting an assemblage of pyrite-pyrrhotite
in which magnetite is not required. However, activity ratios are
not strongly sensitive to the value of I@g,,5 used in the

favored, but decreasingly so, as depth and temperature increasecalculation, in comparison with the sensitivity of values to

Even so, equilibrium activities of all chloroethylene species
remain lower by a factor of 9, for VG, to 26, for PCE,,

changes in reaction lol with temperature and pressure.
As shown in Fig. 5, estimated equilibrium logarithmic ratios

orders of magnitude at the maximum illustrated temperature of aqueous chloroethylene activity to ethylene activity deter-
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mined by reactions analogous to Eqgn. 15 are strongly negative other than Q. The chief oxidants employed in oxygen-poor
throughout the range of conditions depicted. At 25°C and 1 bar, aquatic and sedimentary environments include nitrate, oxidized
the log of the ratios of PCE,, to ethyleng,, and VG, to transition or heavy metal ions such as Mrand Fé*, miner
ethyleng,, are approximately-106 and—24, respectively. als such as Mn®and Fe(OH), sulfate, elemental sulfur, and
Clearly, oxidation of pyrrhotite coupled to reduction of aqueous carbon dioxide. In a typical sediment column, these oxidants
chloroethylenes is strongly favored energetically under these are sequentially consumed and exhausted in general order of
conditions. At greater depth in the crust, this energetic favor- decreasing reduction potential, as is demonstrated by chemical

ability diminishes, but remains significant at 475°C ané profiles in sedimentary pore waters (e.g., Nealson and Stahl,
kbars, where log-activity ratios for PGE, and VG, rela 1997). Potentially any reducible chemical species or mineral
tive to ethyleng,,, are estimated to be 35 and—11, respec phase may also be used by some microbial lifeforms, or may
tively. substitute facultatively for any of the listed oxidants, as long as

A wide variety of other abiotic equilibria involving the  the overall metabolic reaction is energetically productive.
aqueous chloroethylene species may be depicted using the Experimental evidence demonstrates that some microbes are
values listed in Table 2, including reductive dehalogenation capable of facultatively, and in some cases obligately, using
equilibria involving other mineral phases or agqueous species, or halogenated hydrocarbons as respirative oxidants under anaer-
for example oxidation equilibria describing chloroethylene obic conditions in the laboratory (e.g., de Bruin et al., 1992;
degradation in the presence of ozone (e.g., Clancy, 1996; Ninomiya et al., 1994; Komatsu et al., 1994; Sonier et al., 1994;
Beltran et al., 1997; Sunder and Hempel, 1997). An exhaustive Gerritse et al., 1995; Krumholz et al., 1996). These anaerobes
depiction of all possible equilibria involving the chloroethyl- can reductively dehalogenate aqueous chloroethylenes, yield-
enes is beyond the scope of this work. However, it is informa- ing dissolved ethylene or ethane and chloride. Other studies
tive to include in this discussion an additional class of reactions have shown that some aerobic microbes can oxidize aqueous
that can degrade chloroethylenes in the subsurface and that arehloroethylenes through a series of co-metabolic pathways
potentially important throughout the biosphere; those mediated yielding CO, and chloride (e.g., Oldenhaus et al., 1989; Tsien

by bacteria. et al., 1989; Duba et al., 1996). By using our estimated ther-
modynamic properties for aqueous chloroethylene species, we

3.2. Microbially Mediated Reductive Dechlorination of have evaluated quantitatively the energetic potential offered by
Aqueous Chloroethene Species these contaminant species to anaerobic microbes in the shallow

and deep subsurface. However, a similar approach could also

Intense interest exists in the capacity of microbial life to be applied to understanding the energetics of aerobic degrada-
affect profound biogeochemical influences over the speciation, tion pathways in oxidizing surface and ground waters.
transport, and cycling of chemical species in the biosphere. One  The potential range of environmental and geochemical pa-
aspect of this interest centers around the ability of some mi- rameters found in natural settings effectively renders impracti-
crobes to degrade aqueous contaminants. Microbial degrada-cal an approach based on specific solute activities to calculate
tion of organic contaminants is generally carried out through the energetic favorability of reactions, as used in the previous
substitution of contaminant species by some microbes for com- section. Instead, we may gain insight into the overall energetic
pounds that are more typically used as part of a metabolic ytility offered by chloroethylene species, relative to more com-
cycle. A typical metabolic cycle for an aquatic aerobic bacte- mon oxidants, by directly comparing energy yields of electro-
rium, for example, involves respirative reduction of 0 H,O, chemical half-reactions on an electron—molar basis. This ap-
according to an overall reaction such as: proach has been used successfully to demonstrate that some
anaerobic microbes can degrade aqueous chlorobenzene spe-
Ozag + 4H" + e = 2H,0 (18) cies by preferentially exploigng reagtions having higher freep

where electrons and protons are produced and subsequentlyeNergy yield's than alternate reactiong (Beurskens et.al., 1994).
consumed in separate metabolic subcycles. An important pro-  Table 3 lists some of the more important reducing half-
ton- and electron-consuming subcycle for heterotrophic organ- féactions used by microbial life to generate electrons used for

isms is the oxidation of organic matter, releasing energy (food), Other metabolic purposes, such as the oxidation of carbohy-
ie. drates. Also listed in Table 3 are per-electron standard reduc-

tion potentials (E° values) in volts for single-chloride-loss
‘CH,O’ + H,O0 = CO, + 4H" + 4€, (29) reductive dehalogenation half-reactions involving the aqueous
chloroethylenes. Each of these reactions may be coupled with
a reaction such as Eqgn. 19 to generate caloric (food) energy,
and differences in reduction potential among these oxidants
may therefore be compared directly in terms of their intrinsic
energy yields. The most energetic overall reaction, for example,
2'CH,0" + Oy = 2CO, + 2H,0, (20) rgdupes oxygen. I'_acking sgfﬁcient quantitigs of oxygen, res-
piration characterized by nitrate consumption would tend to
which represents the overall metabolism of an aerobic hetero- dominate. Upon depletion of nitrate, available Mns consumed,
troph. followed in general succession by availablé Fesulfate, sulfur,
Anaerobic dissimilatory heterotrophy as exhibited by bacte- and CQ (methanogenesis or acetogenesis), respectively.
ria and archaea also makes use of overall reactions similar to Figures 6 and 7 illustrate E° values in volts for the electro-
Eqn. 19, but couples such reactions to the reduction of oxidants chemical half-reactions depicted in Table 3, along with E°

where ‘CH,O’ represents organic matter having a typical-car
bohydrate stoichiometry for C, H, and O of 1:2:1. An overall
metabolic reaction can be written by combining Eqns. 18 and
19 to get:
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Table 3. Examples of reductive half-reactions commonly used by microorganisms as respirative pathways, and reductive half-reactions affecting
single-Cl dechlorination of aqueous chloroethylene species.

Reaction E° at 0°C (volts) E° at 100°C (volts)
Oypaq + 4H' + 46" = 2H,0 1.270 1.277
2NO; + 12H" + 10e” = N, + 6H,0 1.221 1.250
MnO,, + 4H" + 2~ = Mn** + 2H,0 0.956 0.968
Fe* +e = Fet 0.726 0.907
SQ;” + 10H" + 8e™ = HySyq, + 4H,0 0.289 0.346
S T 2H" + 267 = H,Sy 0.133 0.187
COyaq + 12H" + 126" = CHy(pq) + 2H,0 0.104 0.115
PCE,q + H™ + 26 = TCE,q + CI™ 0.704 0.720
TCEpqgy + H™ + 26 = 1,1-DCE,q + CI™ 0.635 0.656
TCEqq + H" + 26" = cis-1,2-DCE,q + CI™ 0.659 0.681
TCEpq + H™ + 2e” = trans-1,2-DCE,,, + CI™ 0.636 0.655
1,1-DCEyq + H + 267 = VC(qy + CI” 0.572 0.546
cis-1,2-DCE,,, + H" + 26 = VCq + CI~ 0.549 0.521
trans-1,2-DCE,q) + H" + 26” = VC,q + CI™ 0.572 0.547
VCiq + H" + 26 = CHypg + CI™ 0.522 0.573

Each reaction shown may be coupled to a reaction oxidizing organic matter to achieve an overall metabolic reaction. Reductive potentials (E®) in
volts are listed for each reaction at 0 and 100°C. Values were calculated by using SUPCRT92 (Johnson et al., 1992).

values of single-chloride-loss reductive dehalogenation half- any chloroethylene species yields appreciably more energy per
reactions for aqueous chloroethylenes. Figure 6 illustrates E° mole of electrons than does sulfate reduction.

values at approximately 0°C, representing cold bottom-water

conditions in aquatic settings, whereas Fig. 7 depicts values at 4. DISCUSSION

100°C, representing deep sedimentary basin or hydrothermal
settings. Analogous values may be calculated at higher temper-
atures, but the highest documented temperature at which a
well-characterized microbial isolate can reproduce is 113°C

(Stetter, 1995).

Our calculated values shown in Figs. 6 and 7 indicate that
per-electron energy yields for respirative implementation of
aqueous chloroethylenes are generally lower than that for ferric
iron reduction, but significantly higher than that for sulfate
reduction. This result is similar under both low temperatures
and the highest temperatures at which known microbes can
grow. At low and high temperatures under which known life
can reproduce, single-chloride-loss reductive dehalogenation of

Our estimates of standard partial molal thermodynamic prop-
erties for the aqueous chloroethylenes at elevated temperatures
and pressures may be used to predict the equilibrium stabilities
of these species under a wide range of environmental and
geologic conditions. As examples of the utility of this ap-
proach, we have provided estimates of the equilibrium stabil-
ities of PCE,q), TCE,q), all DCE,q isomers, and VG,
relative to ethyleng,, as determined by abiotic reductive
dechlorination reactions involving minerals common in the
upper crust. In addition, we have calculated the energetic yields
of electrochemical half-reactions dechlorinating these species
at elevated temperatures under which known microbial life can
survive. These estimates may be used to assess the potential for
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Fig. 6. Calculated reduction potentials at 0°C and 1 bar for half- Fig. 7. Calculated reduction potentials at 100°C and 1 bar for
reactions affecting reductive dechlorination of PCE, TCE, 1,1-DCE, half-reactions affecting reductive dechlorination of PCE, TCE, 1,1-
cis-1,2-DCE, trans-1,2-DCE, and VC each by one chlorine number DCE, cis-1,2-DCE, trans-1,2-DCE, and VC each by one chlorine
(white columns). These values are shown in relation to reduction number (white columns). These values are shown in relation to reduc-
potentials of oxidants commonly used by microbial life as respirative tion potentials of oxidants commonly used by microbial life as respi-
half-reactions (shaded background). rative half-reactions (shaded background).
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microbial degradation of these species under natural conditions denitrification, whereas haloethane degradation occurs primar-
in the subsurface. ily below the onset depth of sulfate reduction.

Abiotic reactions in a homogeneous solution or at mineral ~ Sonier et al. (1994) found that sulfate-reducing cultures of
surfaces are typically slow in comparison to biotically mediated anaerobic bacteria from a deep groundwater aquifer effectively
reactions; however, the potential impact of abiotic halocarbon- degraded aqueous trichlorofluoromethane (CFC-11), although
mineral reactions in the subsurface may be significant at ele- significant TCE,, degradation was not observed. However, de
vated temperatures or where residence times are long (orBruin (1992) found that methanogenic microbial cultures from
groundwater velocities slow). Our calculations indicate that Rhine river sediment and granular sludge could rapidly degrade
chloroethylene reductive-dechlorination reactions involving PCEag to ethyleng, . These results are consistent with- ex
common crustal minerals such as magnetite and pyrrhotite are Perimental observations of Gerritse et al. (1995), Komatsu et al.
favored energetically at Earth’s surface, and remain energeti- (1994), and Ninomiya et al. (1994), who measured chloroeth-
cally favorable at elevated temperatures in the subsurface.Ylene degradation by microbial consortia under anaerobic con-
Additional computations, not shown in this contribution but ditions; however, these authors did not explicitly report exper-
reproducible with the provided thermodynamic values, demon- imental redox conditions. Further work defining more precisely
strate that similar reactions involving oxidation of pyrite to the redox conditions under which microbial dechlorination of
F&* and sulfate or thiosulfate are also energetically favored at chloroethylenes occurs under controlled conditions, and by
earth’s surface conditions and at elevated temperatures in theWhich taxa, would greatly facilitate prediction of the remedia-
subsurface. Pyrite is a highly effective catalyst, and the most fivé capabilities of bacterial populations under natural condi-
common sulfide mineral in the earth’s crust. Dehalogenation tions. Further investigations of halocarbon degradation in re-

reactions involving this mineral may therefore strongly influ- dox-layered microbial communities would be particularly

ence the persistence of halocarbon compounds in the subsurUSeful- - _ _
At higher temperatures where life is possible, such as in

face. Estimates of the energetic favorability of chloroethylene- di basi 4 hvdroth I - b
dechlorination reactions involving pyrrhotite and pyrite are sellmentary asin pore waters and hy .rot ermal settings, bac-
terial degradation of chloroethylenes is also favored under

supported qualitatively by low-temperature experimental data ) o o )
Pp q y by P P strongly anaerobic conditions. Energetic yields of sequential

reported by Lipczynska—Kochany et al. (1994) for ¢Geg dechlorinati i involvi hl thyl
radation in the presence of these minerals. Additional results et(': o:mdatlonbreac |(cj)nst_|nvo \{'Eg equeous Ct oroe 3(/jenes a(;(_a
reported by Kriegman—-King and Reinhard (1994) demonstrate estimalted to be productive at high temperatures under cona
L : 2 - tions that are sufficiently reducing to favor sulfate-reduction.
oxidation of pyrite to F&" and sulfate coupled to abiotic . ; . .
. . Under conditions favoring %reduction, methanogenesis or
degradation of CCl at room temperature. Our calculations . - . .
S . . . acetogenesis by thermophilic or hyperthermophilic bacteria and
indicate that analogous reactions involving the aqueous chlo- o - .
archaea, it is expected that chloroethylene degradation will be

roethylenes are also favored energetically under geologically . o : .
reasonable conditions in the upper crust. Overall reactions that especially favored. Hyperthermophilic cultures in such settings,
PP ) either natural or engineered, could therefore prove highly ef-

are energeiically favored may occur abiotically spontaneously fective in the destruction of aqueous halocarbon contaminants.

'f.lf‘m I;lnetlcl?lly |nh|bltgd|,_ or they n;)ayl_ b_e enzymgtlcall)_/r;‘la- Further investigations exploring this possibility would be both
cilitated to obtain metabolic energy by living organisms. Thus, ¢ o -uoe 204 profitable.

reactions involving magnetite, pyrrhotite, and pyrite may be
facilitated by microbial life in subsurface settings where these
biota are abundant.

Our results indicate that microbially mediated reductive de- ;- estimated values for the standard partial molal thermo-
halogenation of aqueous chloroethylene species will tend to be dynamic properties of the aqueous chloroethylene species may
energetically favored under anaerobic conditions, and espe-q used, together with similar properties for gases, minerals,
cially under conditions that are sufficiently reducing to promote 544 other aqueous species, to evaluate the equilibrium stabili-
sulfate reduction. At low temperatures in reducing estuarine, ties of these species under a wide variety of environmental and
lacustrine, or marine habitats, or in shallow sedimentary-basin geologic conditions, including pressures up to 5000 bars and
pore waters, aqueous chloroethylene reduction is expected totemperatures up to 1000°C. These values provide a means for
proceed by microbial respiration where active sulfate reduction, assessing quantitatively whether the aqueous chloroethylenes
sulfur reduction, methanogenesis, or acetogenesis also occurstend to degrade to other chemical species under conditions of
Under conditions sufficiently reducing to favor ferric iron re-  environmental or biogeochemical interest. In this study we
duction, insufficient energy yields are associated with reductive provide examples of reductive dehalogenation reactions involv-
dechlorination of aqueous chloroethylenes to promote signifi- ing minerals common in the Earth’s crust, by which the aque-
cant microbial degradation, insofar as sufficient nitrate, oxi- ous chloroethylenes are favored energetically to degrade to
dized Mn or ferric iron is available. These interpretations are ethylene under geologically reasonable conditions. We also
supported by field and experimental evidence showing com- jllustrate that chloroethylene reductive-dehalogenation reac-
plete dechlorination of PGE; and TCE,, to ethyleng, by tions are sufficiently productive energetically that these species
microbial anaerobes. For example, Tanhua et al. (1996) dem-could serve competitively as terminal electron acceptors in
onstrated that dissolved halocarbon concentrations in Black Seaplace of natural oxidants such as sulfaté, 8r CQ,, for
waters diminish as conditions grow more reducing with in- microbial respiration under strongly reducing conditions. These
creasing depth. The authors found that depletion of aqueousconclusions are generally supported by field and laboratory
halomethanes occurs predominantly below the onset depth of microbial studies, although at present microbial respiration of

5. CONCLUSIONS
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chlorocarbons remains poorly quantified with respect to system  tion of tetrachloroethene to ethang&ppl. Environ. Microbiol.58,
redox states. The values presented in this work could be used to_ 1996—2000.
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organic matter o.r hydrqcarbon cpmpounds in the deep subsur nating and aerobic methanotrophic enrichment cultutgel. Mi-
face, or synthetic reactive media used for engineered ground . opiol. Biotechnol 43, 920—928.

water remediation. These values could also be used to asses®ribble G. W. (1994) The natural production of chlorinated com-
the favorability of oxidative reactions that degrade these spe- pounds.Environ. Sci. Technol8, 310A-319A.
cies, as can occur during water ozonation (e.g., Clancy, 1996; Harr J. (1996)A Civil Action Vintage Books.

. - " Harper D. B. (1985) Halomethane from halide ion—a highly efficient
Beltran et al., 1997; Sunder and Hempel, 1997) or microbial fungal conversion of environmental significanbkature315,55-57.

oxidative co-metabolism (e.g., Oldenhuis et al., 1989; Tsien et Hayduk W. and Laudie H. (1973) Solubilities of gases in water and
al., 1989; Duba et al., 1996). Furthermore, these values should other associated solven&sICHe J.19, 1233-1238.

prove useful in evaluating the magnitude of natural volcanic or Helgeson H. C. (1992) Calculation of the thermodynamic properties
microbial production of chloroethylenes (Stoiber et al., 1971; and relative stabilities of aqueous acetic and chloroacetic acids,

Isid 1990 d the infl f h lobal acetate and chloroacetates, and acetyl and chloroacetyl chlorides at
sigorov, ) and the influence of such processes on globa high and low temperatures and pressudgspl. Geochem?7, 291—

organochlorine cycling. 308.
Finally, the methods used in this study to estimate the Helgeson H. C., Kirkham D. H., and Flowers G. C. (1981) Theoretical
standard partial molal thermodynamic properties of aqueous prediction of the thermodynamic behavior of aqueous electrolytes at

- high pressures and temperatures: 1V. Calculations of activity coef-
chloroethylene species may also be used to evaluate the prop- ficients, osmotic coefficients, and apparent molal and standard and

erties of other halocarbon species for which gas-solubility data  rejative partial molal properties to 600°C and 5 K&n. J. Sci281,
exist, but for which thermodynamic properties of the aqueous  1249-1516.

species are not available. There are many halocarbon speciegieron G., Christensen T. H., and Enfield C. G. (1998) Henry's law
for which there is ample environmental and geochemical inter- constant for trichloroethylene between 10 and 95E@viron. Sci.

. . . S . . Technol.32, 1433-1437.
est in their properties and stability, including halogenated ali- 1,530 H. (1986) Partial molar volumes of biochemical odel com-

phatic and aromatic species such as ethylene dibromide, dibro- pounds in aqueous solutions. Ihermodynamics Data for Bio-
mochloropropane, pentachlorophenol, hexachlorobenzene, and chemistry and Biotechnologyed. H. J. Hinz) pp. 1-44. Springer-
higher molecular weight halocarbons such as dioxins, polychlo- ~ Verlag. o
rinated biphenyls (PCBs), and major compounds found in the H?{Jﬁ@ﬁ}f@ﬁfﬁ?ﬂi}?@ﬁﬂﬁ;d Fydracarbons: Solubility-Miscibik
pesticides alachlor, chlordane, DDT, dalapon, endrin, hepta- imnoff p. T., Frizzell A., and Miller C. T. (1997) Evaluation of thermal
chlor, lindane, methoxychlor, picloram, simazine, and toxa- effects on the dissolution of a nonaqueous phase liquid in porous
phene. The methods depicted in this work could also be used to  media.Environ. Sci. TechnoB1, 1615-1622.

estimate the properties of these and other halocarbon species o+s'g°r9v V. C' (|1990)Organ|c Chemistry of the Earth’s Atmosphere

interest, thereby providing a means to rigorously calculate their Johnson 3, vver Olkers E. H., and Helgeson H. C. (1992) SUPCRT92:

equilibrium stabilities over a wide range of conditions outside A software package for calculating the standard molal thermody-

those in the laboratory. namic properties of minerals, gases, aqueous species, and reactions
from 1 to 5000 bar and 0 to 1000°Computers and GeosciencES,
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