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Abiotic reductive dechlorination of chlorinated ethylenes
(tetrachloroethylene (PCE), trichloroethylene (TCE), cis-
dichloroethylene (cis-DCE), and vinyl chloride (VC)) by pyrite
and magnetite was characterized in a batch reactor
system. Dechlorination kinetics was adequately described
by a modified Langmuir-Hinshelwood model that includes
the effect of a decreasing reductive capacity of soil mineral.
The kinetic rate constant for the reductive dechlorination
of target organics at reactive sites of soil minerals was
in the range of 0.185 ((0.023) to 1.71 ((0.06) day-1. The
calculated specific reductive capacity of soil minerals for
target organics was in the range of 0.33 ((0.02) to 2.26
((0.06) µM/g and sorption coefficient was in the range of
0.187 ((0.006) to 0.7 ((0.022) mM-1. Surface area-
normalized pseudo-first-order initial rate constants for
target organics by pyrite were found to be 23.5 to 40.3 times
greater than those by magnetite. Target organics were
mainly transformed to acetylene and small amount of
chlorinated intermediates, which suggests that â-elimination
was the main dechlorination pathway. The dechlorination
of VC followed a hydrogenolysis pathway to produce
ethylene and ethane. The addition of Fe(II) increased the
dechlorination rate of cis-DCE and VC in magnetite suspension
by nearly a factor of 10. The results obtained in this
research provide basic knowledge to better predict the
fate of chlorinated ethylenes and to understand the potential
of abiotic processes in natural attenuation.

Introduction
Chlorinated ethylenes are widespread groundwater and soil
contaminants in the United States (1-5). Their persistence
in natural environments and toxicity to humans and animals
have been well-known throughout the literature (6-8). Due
to the prevalent occurrence of these contaminants in water
and soil systems and the efforts to treat them, substantial
research has been conducted to identify the mechanisms
that describe their degradation and formation of products
under various environmental conditions. Early research was
mainly focused on the biotic reductive transformation of
chlorinated organics, which generally includes dechlorination
mechanisms such as halorespiration (9-14) and cometabo-

lism (15, 16). It has been shown that high contaminant
concentrations and low temperatures limit the reactivity of
microorganisms (17). Sequential transformation products
(e.g., dichloroethylenes (DCEs) and VC (vinyl chloride))
accumulated by the microbial reductive dechlorination have
been reported to be more toxic and persistent than mother
compounds (3). Abiotic reductive dechlorination has at-
tracted considerable attention in the past decade, due in
part to the limitations of biotic processes.

Research has been conducted to characterize reductants
that exist in natural environments that can dechlorinate.
Sulfide compounds found in landfill leachate and estuary
sediments have been reported to act as an electron donor
in reductive dechlorination (18-23). NOM (23-25), macro-
cycles (26-29), and mineral surfaces (17, 30-33) have been
shown to significantly increase abiotic transformation rates
of chlorinated organics by acting as electron mediators/
carriers. The reactivity of iron-bearing soil minerals abundant
in natural environments has been investigated as reductants.
Abiotic transformation of carbon tetrachloride (CT), tri-
chloroethane (TCA), trichloroethylene (TCE), and tetra-
chloroethylene (PCE) by iron sulfides has been investigated
using pyrite (32, 34), troilite (35), and mackinawite (36, 37).
The reactivity of sulfide minerals could be caused by Fe(II)
or sulfide on surfaces of the minerals, depending on the
experimental conditions employed (34, 35). It has been shown
that mixed iron oxides such as magnetite can reduce
chlorinated organics. The reaction rate by magnetite has been
reported to be much slower than that by other reactive iron-
bearing soil minerals (35, 38, 39).

Extensive knowledge of the reductive dechlorination
kinetics of target organics and distribution of transformation
products under various environmental conditions is neces-
sary for the successful application and operation of eco-
nomical and effective remedial technologies as well as for
the exact prediction of the fate of chlorinated organics in
natural and engineered systems. The objective of this research
was to systemically characterize the reductive dechlorination
of chlorinated organics by iron-bearing sulfide and oxide
minerals. A series of chlorinated ethylenes (PCE, TCE, cis-
dichloroethylene (cis-DCE), and VC) was chosen as common
environmental contaminants and iron-bearing polysulfide
(pyrite) and oxide (magnetite) were used as representative
soil minerals for the research.

Experimental Section
Anaerobic environments required for this research were
maintained by following the procedures previously described
(40) (see page S1, Supporting Information). Reagents and
samples were prepared in an anaerobic chamber (Coy
Laboratory Products Inc.), and aqueous solutions and
chemicals sensitive to atmospheric oxidation were deoxy-
genated and kept in the anaerobic chamber.

Chemicals. The following chlorinated organics used to
characterize dechlorination kinetics were ACS or higher
grades: PCE (99.9%, Sigma), TCE (99.6%, Sigma), cis-DCE,
(97.0%, Sigma), trans-dichloroethylene (trans-DCE, 98%,
Sigma), 1,1-dichloroethylene (1,1-DCE, 99.0%, Sigma), and
VC (20,000 mg/L, Sigma). C2 hydrocarbons (ethane (99.0%),
ethylene (1.0%), and acetylene (1,000 mg/L), Scott Specialty
Gases) were used as standard gases for the measurement of
non-chlorinated transformation products. Target organic
stock solutions were prepared by diluting them in methanol
(99.8%, HPLC grade, EM).

Deaerated deionized water (ddw) was prepared by
deoxygenating deionized water with 99.99% nitrogen and
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then by purging with mixed gases (5% hydrogen + 95%
nitrogen) in the anaerobic chamber. Fe(II) stock solution
was prepared by adding an exact amount of FeSO4‚7H2SO4

(102.8%, Sigma) into ddw and kept in the anaerobic chamber
for a maximum of 2 days. A 10 mM buffer solution was
prepared by adding an exact amount of NaHCO3 (100.3%,
Sigma) to ddw. Acid and base solutions were prepared by
diluting H2SO4 (95.7%, Sigma) and NaOH (97.0%, EM) with
ddw.

Preparation of Iron-Bearing Soil Minerals. Pyrite (Zacate-
cas, Mexico) was purchased from Ward’s (Rochester, NY)
and ground with ceramic mortar and pestle in the anaerobic
chamber. It was then sieved and pretreated to remove
oxidized soil mineral surfaces. Pyrite was washed with 1 M
acid solution twice and rinsed with ddw several times until
pH of the supernatant was greater than 6.7. It was then freeze-
dried, dry-sieved, and stored in the anaerobic chamber. The
63 to 250 µm size fraction was used for this research.
Magnetite was synthesized by modifying the method de-
veloped by Taylor et al. (41). The synthesized magnetite was
freeze-dried, sieved, and stored under an anaerobic atmo-
sphere. All soil minerals were used for experiments no later
than 7 days after pretreatment and synthesis to preclude an
aging effect (42). The characteristics of pyrite and magnetite
used for this research were reported previously (see pages
S1-S3, Supporting Information).

Experimental Procedures. Batch kinetic experiments
were conducted to characterize dechlorination kinetics and
to identify transformation products. These experiments were
conducted in 20-mL (nominal volume) glass vials with three-
layer seals (PTFE tape, lead foil, PTFE-lined rubber septum)
(43). After equilibration with the anaerobic atmosphere for
2 days, exact amounts of soil minerals were transferred to
the vials followed by a 10 mM NaHCO3 solution (23.6 mL).
Sodium azide (20 mg) was added to one set of soil mineral
suspension to investigate potential microbial activity. A stock
Fe(II) solution (0.5 M FeSO4) was spiked to the magnetite
suspension resulting in Fe(II) concentration of 42.6 mM in
order to investigate the effect of Fe(II) addition on the
dechlorination kinetics of cis-DCE and VC. The magnetite
suspension was exposed to Fe(II) for 1 day in anaerobic
chamber. pH values of soil mineral suspensions were adjusted
to 8 (pyrite) and 7 (magnetite) by adding 1 M acid or base
solutions before the start of experiments and kept constant
during the experiments. The mass ratios of solid to water
were 0.084 (pyrite) and 0.063 (magnetite) resulting in different
surface area concentrations of pyrite (2340 m2/L) and
magnetite (3600 m2/L). The average headspace volume of
the vial was 0.6 mL, which would allow less than 1.5% of TCE
partitioning to the headspace assuming a dimensionless
Henry’s law constant of 0.359 at 22 °C (44) and no sorption.
Soil mineral suspensions were spiked with methanolic stock
solutions (10-50 µL) to obtain initial concentrations of 0.19
mM PCE, 0.25 mM TCE, 0.41 mM cis-DCE, and 0.40 mM VC.
The vials were rapidly and tightly capped, taken out of the
anaerobic chamber, mounted on the tumbler, and then
completely mixed at 7 rpm at room temperature (22 ( 0.5
°C). All soil mineral samples and controls (bicarbonate buffer
+ target organics) were prepared in duplicate. Target organics
and their transformation products in aqueous solutions and
on soil minerals were measured at each sampling time.

Analytical Procedures. Target organics and their chlo-
rinated transformation products were analyzed by a Hewlett-
Packard (HP) G1800A gas chromatography detector (GCD)
system with a DB-VRX column (60 m × 0.25 mm i.d. × 1.8
µm film thickness, J&W Scientific) and a mass spectrometer
detector (MS/EID). The oven temperature was isothermal at
80 °C for 8 min, increased to 160 °C at the rate of 20 °C/min,
and then held for 2 min. To analyze target organics and
chlorinated transformation products in aqueous solution,

an aliquot of supernatant was rapidly withdrawn with a
gastight syringe and transferred to an extraction vial with 2
mL of extractant (pentane with toluene as an internal
standard). The target organics and chlorinated transformation
products sorbed on soil minerals was extracted by adding 10
mL of the extractant to the solids that remained after removal
of the supernatant. Extraction was conducted by shaking the
extraction vials on an orbital shaker for 30 min at 250 rpm.
A volume of extractant (1 µL) was injected into split/splitless
injector at a split ratio of 30:1.

Non-chlorinated transformation products were analyzed
by a HP 6890 gas chromatograph with a GS-Alumina column
(30 m × 0.53 mm i.d., J&W Scientific) and a flame ionization
detector. The temperature of oven was isothermal at 100 °C.
Supernatant (10 mL) was rapidly transferred with 10-mL
gastight syringe to a 20-mL amber vial. The vial was shaken
for 1 h at 250 rpm and stood for 2 h at room temperature to
equilibrate the aqueous and gas phases. The gas-phase
sample (50 to 100 µL) was withdrawn from the headspace
with a 100 µL gastight syringe (Hamilton) and introduced
into the injector at a split ratio of 5:1. The concentrations of
C2 hydrocarbons in aqueous solution were calculated using
dimensionless Henry’s law constants at room temperature
(20.4, ethane; 8.7, ethylene; 1.1, acetylene) (45, 46).

Chloride was measured by an ion chromatograph (Dionex
500) equipped with AS9-HC column (250 mm × 4 mm i.d.,
Dionex) and conductivity detector. A 10 mM Na2CO3 solution
was used as an eluent and flow rate was 1 mL/min. A sample
(2.5 mL) of suspension or supernatant was filtered with 0.2
µm membrane filter, diluted if necessary, and injected into
the column through a 10 µL sample loop.

Results and Discussion
Treatment of Kinetic Data (see pages S4-S5, Supporting
Information). Chlorinated ethylenes in the soil mineral
suspensions showed a rapid disappearance initially, followed
by slower rates of removal or constant concentrations,
depending on the reductive capacity of the soil minerals.
This is different from the behavior of chlorinated organics
in most other abiotic reductive transformations, where the
kinetics are usually described by a pseudo-first-order or zero-
order rate law (22, 32, 34-37, 45, 47). To describe dechlo-
rination kinetics of target organics in the soil mineral
suspensions, it is assumed that 1) target organics adsorb
onto a finite number of reactive sites on the surfaces of soil
minerals, 2) reductive dechlorination of the target organics
occurs at these sites by a first-order reaction resulting in loss
of activity of the sites, and 3) the reactive sites are the source
of reductive capacity of soil minerals for target organic.
Therefore, the decay rate of target organic (rdecay) would be
proportional to the concentration of target organic adsorbed
onto the reactive sites, which could be described by the
Langmuir-Hinshelwood rate law

where k is the rate constant for the decay of target organic
at the reactive sites (day-1); CtSCE is the concentration of
target organic adsorbed on the reactive sites (mM); CCE is the
aqueous concentration of target organic (mM); K is the
sorption coefficient of target organic on reactive sites (mM-1);
and CRC is the concentration of reductive capacity of soil
minerals for target organics (mM). The concentration of
reductive capacity represents the total amount of target
organic that the mineral can possibly reduce per unit volume
of water and is proportional to the concentration of reactive
sites. The reductive capacity of the soil minerals is expressed
in terms of the target organic, because it is assumed that the

rdecay ) kCtSCE )
kCRCCCE

1/K + CCE
(1)
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reactive sites do not react with any transformation products.
Therefore, the concentration of reductive capacity at any
time can be calculated as the difference in the initial reductive
capacity and the change in total concentration of target
organic. The total concentration is obtained by multiplying
the aqueous concentration by partitioning factor

where CRC
0 is the initial concentration of reductive capacity

of soil mineral for the target organic (mM); CCE,Total
0 is total

concentration of target organic at time equal to zero (mM);
CCE,Total is the total concentration of target organic in all phases
(mM); CCE

0 is the initial aqueous concentration of target
organic (mM); pCE is the dimensionless equilibrium parti-
tioning factor that equals the ratio of the amount of target
organic in all phases to that in the aqueous phase (43); HCE

is the dimensionless Henry’s law constant for target com-
pounds; Vg and Vaq are the volumes of gas and aqueous
phases; and ks is the dimensionless partition coefficient of
chlorinated ethylenes to the solid phase of reactor system
that are assumed to be nonreactive (see page S6, Supporting
Information). The batch reactor used for this study had
slightly different gas and aqueous phase volumes under
various experimental conditions. The volumes of gas and
aqueous phases were typically 0.6 ( 0.2 mL and 23.7 ( 0.2
mL. CRC in eq 1 can be substituted by the right side of eq 2.
The rate equation can then be described in terms of measured
target organic concentrations as follows.

The material balance equation in the batch reactor can
be combined with the rate equation to give the following
relationship expressed in terms of aqueous concentrations.

The kinetic parameters (k, CRC
0 , and K) were obtained by

an optimization procedure using MATLAB (MathWorks Inc.).
This procedure solves eq 5 numerically by a fourth-order
Runge-Kutta method, calculates the sum of squares for the
parameters, and then minimizes it by adjusting values of the
parameters with the Marquardt-Levenberg algorithm.

To compare the dechlorination kinetics reported here to
those reported by others, corrected pseudo-first-order initial
rate constants (k1, day-1) were calculated using eq 6, which
was derived from equations 1 and 5.

k1 was then normalized by the surface area of the soil minerals
(27.8 m2/g (pyrite) and 57.2 m2/g (magnetite)) (40) to give a
surface area-normalized pseudo-first-order initial rate con-
stant (k1,sa, Lm-2 day-1).

Reductive Dechlorination of Chlorinated Ethylenes by
Pyrite. Figure 1 shows the decay of target organics in controls
and pyrite suspensions. TCE concentration in controls
abruptly decreased at the start of the experiment due to
sorption on the solid phases of the reactor system (Teflon
septum liner + reactor wall). It reached approximately 97%

of initial TCE concentration at 1.5 day and then gradually
decreased over time reaching 94% of the initial value (65.3
days). The half-lives of TCE partitioning to the solid phases
in controls (Teflon septum liner + reactor wall) and that to
solid phases in pyrite suspensions (Teflon septum liner +
reactor wall + pyrite) were less than 0.65 day. The rates of
partitioning of TCE to the solid phases were much faster
than rates of reductive dechlorination of TCE in pyrite
suspension. Therefore, the assumption of instantaneous
equilibrium for target organic partitioning to the solid phase
is reasonable. The concentration of PCE in the control (not
shown) also rapidly dropped and reached equilibrium at 1.5
day (approximately 94% of initial PCE). In cases of cis-DCE
and VC controls (not shown), the concentrations of target
organics were relatively constant (average > 98%), which
indicates that partitioning of cis-DCE and VC to the solid
phases of the reactor system was negligible.

Table 1 shows the kinetic parameters, transformation
products and their recoveries, and target organic remaining
at the last sampling time. Recovery of transformation product
and target organic remaining were calculated by dividing
total concentrations of transformation product and target
organic at the last sampling time by the initial concentration
of target organic. This assumes that the initial target organic
concentration is the maximum possible concentration of
transformation products. The incompleteness of total re-
covery of target organics and transformation products may
be caused by the formation of nondetectable products,
inaccuracy in Henry’s law constants, and volatilization loss
during the sampling procedure.

Pyrite suspensions removed 29.8-50% of initial target
organics, and the carbon mass balance stayed between 88.6
and 99% at the last sampling times. Target organics showed
a pseudo-first-order decay during early reaction time, which
is similar to that observed in the reductive dechlorination of
chlorinated ethylenes by meta-stable iron sulfides and Zn(0)
(35, 37). However, the degradation rate by pyrite decreased
as the reaction proceeded and the reductive capacity of pyrite
was consumed. A similar trend on the degradation rate of
TCE by pyrite was observed in Weerasooriya and Dhar-
masena’s experiment (32). The rate constant for the reductive
dechlorination of VC at the reactive surfaces of pyrite has the
greatest value followed by those for TCE, PCE, and cis-DCE,
although the constants are similar to each other differing by
a factor of only 1.7. Over the 70-day sampling period, there
were no significant differences observed for the kinetics of
TCE removal between the samples with and without biocide
(NaN3), which shows that the reductive dechlorination
process in these experiments was abiotic. Specific reductive
capacities of pyrite for target organics were calculated by

CRC ) CRC
0 - (CCE,Total

0 - CCE,Total) ) CRC
0 - pCE(CCE

0 - CCE)
(2)

pCE ) (1 + HCE

Vg

Vaq
+ ks) (3)

rdecay )
k{CRC

0 - pCE(CCE
0 - CCE)}CCE

1/K + CCE
(4)

dCCE

dt
) -

(k/pCE){CRC
0 - pCE(CCE

0 - CCE)}CCE

1/K + CCE
(5)

k1 )
(k/pCE)CRC

0

1/K + CCE
0

(6)

FIGURE 1. Reductive dechlorination of chlorinated ethylenes in
0.084 g/g pyrite suspensions. The error bars are 95% confidence
intervals. Curves represent kinetic model fits. Control is the control
sample for TCE.
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dividing the initial concentration of reductive capacity by
the concentration of pyrite. Except for the specific reductive
capacity for VC, they were similar to those measured
previously, differing at most by a factor of 1.5 (40). The 95%
confidence intervals for the kinetic parameters are less than
4%, and the R2 values for the nonlinear regressions are greater
than 0.97. These results indicate that the model reasonably
describes the dechlorination kinetics in pyrite suspensions.

The surface area-normalized pseudo-first-order initial rate
constants are shown in Table 2. Rate constants for TCE were
the highest, followed by those for VC, PCE, and cis-DCE. This
result is interesting because the calculated reduction po-
tentials for one (or two) electron reduction of PCE and cis-
DCE are greater than those of TCE and VC, respectively (45,
47), which indicates that PCE and cis-DCE should be more
susceptible to reductive dechlorination. Similar results for

TABLE 1. Kinetic Parameters, Transformation Products and Their Recoveries, and Target Organica Remaining in Pyrite and
Magnetite Suspensionsb at the Last Sampling Time

soil
minerals

target
organics

specific reductive
capacity (µM/g)c K (mM-1) k (day-1) R 2 d

product recovery and
target organic remaining (%)

pyrite PCE 1.01 ((0.01)g 0.642 ((0.010) 1.01 ((0.02) 0.974 TCE: 6.7
C2H2: 32.0
C2H4: 6.0
PCE: 55
totale: 99.7

TCE 1.48 ((0.03) 0.345 ((0.011) 1.59 ((0.02) 0.988 cis-DCE: 3.3
1.47 ((0.04)h 0.346 ((0.010)h 1.60 ((0.02)h 0.989h C2H2: 43.0

C2H4: 2.2
TCE: 50
totale: 98.5

cis-DCE 1.49 ((0.04) 0.300 ((0.005) 0.984 ((0.021) 0.983 C2H2: 13.2
C2H4: 5.2
cis-DCE: 70.2
totale: 88.6

VC 2.26 ((0.06) 0.187 ((0.006) 1.71 ((0.06) 0.970 C2H4: 34
C2H6: 5.0
VC: 56
totale: 95

magnetite PCE 0.33 ((0.02) 0.700 ((0.022) 0.202((0.017) 0.910 chloride: 5.5
PCE: 90.1
totalf: 95.6

TCE 0.37 ((0.02) 0.503 ((0.014) 0.254 ((0.010) 0.961 chloride: 10.7
TCE: 86.3
totalf: 97

cis-DCE 0.54 ((0.06) 0.501 ((0.056) 0.185 ((0.023) 0.817 chloride: 1.95/28.7i

2.06 ((0.16)i 0.344 ((0.018)i 0.28 ((0.023)i 0.872i cis-DCE: 96.1/61.3i

totalf: 98.1/90i

VC 0.73 ((0.07) 0.3 ((0.028) 0.193 ((0.021) 0.823 chloride: 4.2/43.9i

2.86 ((0.09)i 0.2 ((0.010)i 0.35 ((0.019)i 0.943i VC: 93.7/48.3i

totalf: 97.9/92.2i

a Initial concentrations of target organics were 0.19 (PCE), 0.25 (TCE), 0.41 (cis-DCE), and 0.40 mM (VC). pH of soil mineral suspension was
constant at 8 (pyrite) and 7 (magnetite). b Mass ratios of solid to water were 0.084 (pyrite) and 0.063 (magnetite). c Specific reductive capacity was
obtained by dividing C0

RC by the solid concentration. d R2 values of nonlinear regression for kinetic parameters. e Total is total carbon mass balance
for pyrite. f Total is total chlorine mass balance for magnetite. g Uncertainties represent 95% confidence limits. h 20 mg NaN3 was added. i Fe(II)
was added. [Fe(II)] ) 42.6 mM.

TABLE 2. Surface Area-Normalized Pseudo-First-Order Initial Rate Constants (k1,sa)a for the Reductive Dechlorination of
Chlorinated Ethylenes by a Variety of Reductants

reductants (surface
area concn: m2/L) PCE TCE cis-DCE VC reference

pyriteb 1.97 × 10-5 2.53 × 10-5 1.32 × 10-5 2.27 × 10-5 this study
(2340)
magnetiteb 8.38 × 10-7 7.21 × 10-7 5.60 × 10-7 5.64 × 10-7 this study
(3600) 5.74 × 10-6 h 5.78 × 10-6 h

magnetitec 4.56 × 10-4 (35)
(81)
Zn(0)d 8.28 0.075 × 10-2 8.45 × 10-5 2.40 × 10-3 (45)
(5.47)
mackinawitee 2.74 × 10-2 7.15 × 10-2 (37)
(0.5)
troilitef 5.52 × 10-2 g (35)
(0.5)

a Unit of surface area-normalized pseudo-first-order initial rate constant (Lm-2 day-1). b Initial target organic concentration: 0.19 (PCE), 0.25
(TCE), 0.41 (cis-DCE), and 0.40 mM (VC), pH of soil mineral suspension: 7 (magnetite) and 8 (pyrite). c Experimental condition is not available.
d Initial target organic concentration: 0.015 to 0.35 mM (PCE, TCE, and cis-DCE), 0.003 to 0.03 mM (VC), pH of Zn(0) suspension (50 mM Tris buffer):
7.2. e Initial target organic concentration: 0.013 (PCE) and 0.015µM (TCE), pH of mackinawite suspension (50 mM Tris buffer): 8.3. f Initial concentration
is not available, pH: 7.5 (influent) and 7.3 (effluent). g The surface area-normalized initial rate constant by troilite was calculated assuming surface
area concentration of troilite is 0.5 m2/L. h Fe(II) was added. [Fe(II)] ) 42.6 mM.
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relative rates have been reported for the reductive de-
chlorination of chlorinated ethylenes by mackinawite (37)
and zerovalent metals (45, 48). cis-DCE has the smallest value,
which agrees with previous research (45). The rate constants
for pyrite are smaller than those reported for other reductants.
They are approximately 2-5 orders of magnitude smaller
than those reported for the reductive transformation of target
organics by Zn(0) (45) and was 1390-2900 times smaller
than those reported for mackinawite and troilite (35, 37).
These results indicate that pyrite is less reactive than meta-
stable iron sulfides and Zn(0) for the reductive dechlorination
of chlorinated ethylenes in natural and engineered systems.
A study in a model iron-reducing culture showed that abiotic
reductive dechlorination of chlorinated organic at magnetite
surfaces was 60-260 times faster than biotic reductive
dechlorination using the produced total protein and mineral
surface area during the growth in the system as a basis for
comparison (49). This suggests that pyrite could be more
important than microorganisms under some conditions (e.g.,
sulfate reducing condition) in affecting the fate of chlorinated
ethylenes. The experimental efforts to further investigate the
contribution of abiotic dechlorination process by iron sulfide
minerals in natural reducing environments are needed to
support the hypothesis.

The principal transformation product of VC in pyrite
suspension was ethylene, which accounted for 77.3% of VC
that was removed. Ethylene was further reduced to ethane
in the suspension, accounting for 11.4% of the target organic
removed. Acetylene was not observed throughout the
experiment. A similar result was found in abiotic reductive
transformation of VC by Zn(0), but no reduction to ethane
was reported for Zn(0) (45). Based on these results, a
sequential hydrogenolysis pathway can be hypothesized to
explain the reductive transformation of VC in pyrite suspen-
sion (VC f ethylene f ethane).

The reductive dechlorination of cis-DCE in pyrite sus-
pension produced acetylene and ethylene, which accounted
for 44.3% and 17.5% of removed cis-DCE, respectively. Neither
VC nor ethane was observed above the method detection
limit (VC: 16 µM and ethane: 33.2 µM), while a trace amount
of VC was detected as a transformation product of cis-DCE
and trans-DCE by zerovalent Fe(0) and Zn(0) (45, 47). Based
on the distribution of transformation products, the reductive
elimination pathway is suggested to be a main pathway for
the reductive dechlorination of cis-DCE by pyrite. Proposed
pathways for reductive dechlorination of chlorinated eth-
ylenes are shown in Figure 2.

The main transformation product for TCE dechlorination
was acetylene, accounting for 86% of TCE that was removed.
Minor products were cis-DCE (6.6% of removed TCE) and
ethylene (4.4% of removed TCE). No 1,1-DCE was observed
in these experiments, in contrast to those of Weerasooriya
and Dharmasena’s (32). Similar product distributions have
been found during reductive dechlorination of TCE by
mackinawite and troilite, where approximately 70 to 80% of
removed TCE was transformed to acetylene, 7% was trans-
formed to cis-DCE, and 15 to 20% was transformed to
ethylene, ethane, and other C2 to C6 hydrocarbon (35, 37).
Because acetylene was the main transformation product, a
reductive elimination pathway would appear to be the
primary one. Acetylene could also be produced by first
converting TCE to cis-DCE. If this were an important pathway,
the yield of acetylene relative to cis-DCE would increase over
time. However, this yield was observed to be almost constant,
so this pathway is probably not important. Removal of TCE
without observing stoichiometric production of a chlorinated
intermediate suggests that the acetylene formed during the
TCE dechlorination is produced via an unstable intermediate
(chloroacetylene) that quickly decays. One possible reaction
pathway, TCE f chloroacetylene f VC f ethylene, has been

proposed for dechlorination of TCE by Zn(0) (45). However,
this reaction does not seem to apply to the transformation
of TCE in pyrite suspension because of the absence of VC.
Therefore, TCE f chloroacetylene f acetylene f ethylene
would be a reasonable main transformation pathway (see
Figure S-2, Supporting Information).

The main transformation product of PCE dechlorination
by pyrite was acetylene, which accounted for 71.1% of
removed PCE. Minor products were ethylene (13.3% of
removed PCE) and TCE (14.9% of removed PCE). Neither
cis-DCE nor VC was observed above the method detection
limit (cis-DCE: 2.06 µM and VC: 16 µM). PCE could be
transformed to TCE, followed by the parallel transformation
to acetylene and cis-DCE. Because cis-DCE was not detected
during the transformation of PCE, the reaction pathways,
PCE f TCE f cis-DCE f acetylene and PCE f TCE f cis-
DCE f VC, are not supported by observations. If TCE were
a main intermediate for the transformation of PCE to
acetylene, the yield of acetylene relative to TCE would increase
over time. However the yield was almost constant, suggesting
that other parallel transformation pathways with highly
reactive intermediates (dichloroacetylene and chloroacety-
lene) exist for the transformation of PCE to acetylene. Because
no DCEs were observed during the reaction, the reductive
transformation of PCE to acetylene seems to follow the
pathway of PCE f dichloroacetylene f chloroacetylene f
acetylene rather than the pathway of PCE f dichloroacetylene
f cis-DCE or trans-DCE f acetylene.

Reductive Dechlorination of Chlorinated Ethylenes by
Magnetite. Figure 3 shows the decay of target organics in
controls and magnetite suspension with and without addition
of 42.6 mM Fe(II). Concentrations are shown as total chlorine
concentration (organic chlorine and chloride) relative to the

FIGURE 2. Possible pathways for the reductive dechlorination of
chlorinated ethylenes by pyrite. Chemical compounds in bold
characters were detected in the experiments (see Figure S-2,
Supporting Information).
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initial total chlorine concentration. The concentration of PCE
in controls rapidly dropped due to the partitioning to the
solid phases of the reactor system and reached equilibrium
concentration (approximately 96% of initial PCE concentra-
tion) in 3 days. The concentrations of controls for TCE, cis-
DCE, and VC (not shown) also decreased rapidly and reached
equilibrium (96.5, 97.7, and 98%, respectively) in 3 days. The
rates of target organics partitioning to solid phases in controls
and magnetite suspensions were also much faster than the
dechlorination rates of target organics by magnetite. The
amount of sorption of each target compound in magnetite
suspension was greater than that in pyrite suspension. The
surface area of magnetite is 2.1 times greater than that of
pyrite, which may cause higher sorption capacity of magnetite
for target organics.

The trends in decay of target organics observed in
magnetite suspension with and without Fe(II) were similar
to those observed in pyrite suspensions. Approximately, 3.9
to 13.7% of the initial target organics were removed in
magnetite suspension and 1.95 to 10.7% were dechlorinated
in 100 days. The relative total chlorine concentration of target
organics (chlorine balance) in magnetite suspension was 95.6
to 98.1% at the last sampling time. The rate constant for the
reductive dechlorination of TCE at the reactive magnetite
surfaces is the greatest, followed by those for PCE, VC, and
cis-DCE (Table 1). The specific reductive capacity of magnetite
for target organics shown in Table 1 was 2.8 to 4 times smaller
than that of pyrite, which is very similar to the measured
results previously reported by Lee (40). The sorption coef-
ficients of target organics in magnetite suspension were
slightly greater than those in pyrite suspension by a factor
of 1.1 to 1.7. The k1,sa for the reductive dechlorination of PCE
by magnetite (Table 2) has the greatest value followed by
those for TCE, VC, and cis-DCE, in contrast to the results for
pyrite suspensions in which TCE dechlorination was most
rapid. The surface area-normalized rate constants for the
dechlorination of different target organics by pyrite and
magnetite are similar for each soil mineral, differing by a
factor of less than 2. This result provides evidence that an
electron transfer may not be the rate-limiting step in these
reactions. However, no efforts were made to identify another
type of controlling reaction mechanisms in this research.
The reductive dechlorination of target organics by magnetite
is much slower than dechlorination by other reductants. For
example, values of k1,sa for magnetite were approximately
23.5 to 40.3 times smaller than those for pyrite and 2-7 orders
of magnitude smaller than those for Zn(0) (45). The k1,sa for
reductive dechlorination of TCE by magnetite observed in
this study was 630 times smaller than that reported by Sivavec

et al. (35, 50). The greater rate constant reported by Sivavec
et al. could be caused by the lower initial concentration of
TCE used in their experiments if saturation kinetics apply
rather than first-order kinetics.

Ferrous iron was added to investigate the effect of
additional Fe(II) on the dechlorination kinetics of cis-DCE
and VC. Such additional Fe(II) could be produced by the
microbial reduction of Fe(III) to Fe(II), which would provide
a continuous source of reducing power in natural environ-
ments. No significant difference was observed on the decay
of cis-DCE and VC between the controls with and without
Fe(II) addition (see Figure S-3, Supporting Information)
indicating that the reductive dechlorination of target organics
by dissolved Fe(II) is not important. No obvious precipitates
were observed in the controls with Fe(II), although a very
thin layer of precipitate was occasionally observed in the
controls (after 60 days) after centrifugation. No analytical
effort was made to identify the precipitates, and no significant
difference was observed on the dechlorination kinetics
between the controls with and without the precipitate. This
indicates that the precipitate (presumably, siderite (FeCO3))
did not play a significant role in the dechlorination of target
organics. The addition of Fe(II) to magnetite suspensions
increased the dechlorination rates of cis-DCE and VC by a
factor of 10 and increased the specific reductive capacity of
magnetite for cis-DCE and VC by a factor of approximately
4. The increased reactivity of magnetite caused by Fe(II)
addition may be due mainly to the formation of reactive
surface-bound Fe(II) species. The reactive surface-bound Fe-
(II) species responsible for the increased decay rate would
be surface precipitates or surface clusters rather than isolated
surface complexes of Fe(II) such as tFeOFe+ or tFeOFeOH0

because the high Fe(II) concentration and sufficient Fe(II)
contact time employed in this experiment could allow for
the rearrangement of the surface complexes to more reactive
surface precipitate or cluster forms (51). The enhanced
reactivity of magnetite due to Fe(II) addition indirectly shows
the potential link between biotic and abiotic processes in
the reductive dechlorination of cis-DCE and VC in contami-
nated plumes. Microorganisms (e.g., Geobacter metallire-
ducens) can reduce hydrous ferric oxide to magnetite (39,
49) and/or to Fe(II) surface species bound to the magnetite
under Fe(III) reducing conditions. These biogenic magnetite
and Fe(II) surface species could be regenerated by Fe(II)
produced by microorganisms after their oxidation by chlo-
rinated organics. The effect of Fe(II) addition to the magnetite
suspension, therefore, may be due to the reductive regen-
eration of magnetite by Fe(II) or by the activity of Fe(II) surface
species bound to magnetite or its oxidation products (38,
52).

The results obtained in these laboratory studies can be
extrapolated to estimate behavior in saturated soils and
aquifers using eq 6. These calculations are presented to
demonstrate the potential for abiotic processes to impact
the fate of chlorinated organics, not to predict actual behavior.
The initial reductive capacity concentration (CRC

0 ) in the field
can be calculated by assuming that it is proportional to the
concentration of iron. The concentration of iron (mass Fe/
volume water) in the field is calculated as 91 g/L by assuming
an iron content of 2.6%, bulk density of 1.4 kg/L, and porosity
of 0.40. The concentration in the laboratory experiments was
calculated as 18.1 and 45.5 g/L for pyrite and magnetite
suspensions, respectively, using their solid/liquid mass ratios
(0.084 and 0.063, respectively) and their measured iron
contents (0.215 g/g and 0.722 g/g, respectively). A partitioning
factor (pCE) for PCE in the field of 4.6 can be calculated by
further assuming a soil organic fraction of 0.005 and an
organic carbon partition coefficient of 206 L/kg. Kinetic
coefficients for assumed field conditions were calculated by
applying results from Table 1 and are shown in Table 3. The

FIGURE 3. Reductive dechlorination of chlorinated ethylenes in
magnetite suspension (0.063 g/g) with and without 42.6 mM Fe(II)
addition. Curves represent kinetic model fits. Control is the control
sample for PCE.
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half-life for PCE degradation by pyrite under field conditions
is smaller than often observed in the field, which indicates
that abiotic degradation by pyrite could be an important
factor. The half-life for PCE degradation by magnetite is much
larger but could be reduced if Fe(II) were formed biologically.
These results indicate that abiotic reductive dechlorination
may be an important factor in determining fate of chlorinated
organics during natural attenuation.
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