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The increased use of persulfate (S2O8
2−) for in situ chemical oxidation to treat groundwater and soils contaminat-

ed by chlorinated hydrocarbon compounds (CHCs) requires unbiasedmethods to assess treatment performance.
Stable carbon isotope analysis offers a potential tool for assessing the in situ treatment performance of persulfate
at sites contaminatedwith CHCs. This study investigated the extent of C isotope fractionation during oxidation of
tetrachloroethene (PCE), trichloroethene (TCE) and cis-dichloroethene (cis-DCE) by persulfate activated by fer-
rous ion (Fe2+). An average carbon isotope enrichment factor εbulk of−4.9‰ for PCE,−3.6‰ for TCE and−7.6‰
for cis-DCE were obtained in batch experiments. Variations in the initial S2O8

2−/Fe2+/CHC molar ratios did not
result in any significant differences in carbon isotope fractionation. The occurrence of carbon isotope fraction-
ation during oxidation and the lack of dependence of enrichment factors upon the S2O8

2−/Fe2+/CHC molar
ratio demonstrate that carbon isotope analysis can potentially be used at contaminated sites as an additional
technique to estimate treatment efficacy during oxidation of CHCs by Fe2+ activated persulfate.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In situ chemical oxidation (ISCO) has emerged as an effective and
efficient technology for the remediation of soil and groundwater con-
taminated with chlorinated hydrocarbon compounds (CHCs). Applica-
tion of ISCO technology involves the injection or release of a chemical
oxidant along with activators or other co-amendments, if required, di-
rectly into the treatment zone. The injected reagent solution has the ca-
pability to oxidize groundwater or soil contaminants into less harmful
chemical compounds with the potential for complete mineralization in
the case of CHCs, and other by-products depending on the reagent used
(U.S. EPA, 2006).

Persulfate (S2O8
2−) has gained popularity as an ISCO oxidant due

to its high stability in the subsurface and extensive reactivity with en-
vironmentally relevant contaminants particularly when an activation
strategy is used to generate sulfate free-radicals. While its persistence
appears to be orders of magnitude higher than that of peroxide (Sra et
al., 2010), it has been shown that activated persulfate can treat con-
taminants that are known to be recalcitrant to permanganate oxida-
tion (e.g., chlorinated alkanes, MTBE) (Block et al., 2004). Numerous
persulfate activation strategies are available to catalyze the formation
ent, University of Waterloo,
567x35372.
esi).
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of sulfate free radicals (SO4
−•) such as transition metals, hydrogen per-

oxide, heat, or alkaline conditions. Among those, the addition of Fe2+

appears to be an inexpensive and practical way of achieving persulfate
activation (Liang et al., 2004a, 2004b, 2008a and 2004a,b, 2008a,
2009), and has been employed at numerous contaminated sites (U.S.
EPA, 2006).

Assessing ISCO treatment performance is prone to numerous uncer-
tainties if only thedecrease in the concentration of the target compound
or the increase in chloride (Cl−) concentration is considered (Thomson
et al., 2007). Changes in the target compound concentration can also
occur through non-chemical oxidation processes such as displacement
or dilution of contaminated groundwater by the injected reagent solu-
tion, or by sorption, dispersion, or rebound processes (Thomson et al.,
2008). Interpretation of Cl− data may be ambiguous in the presence
of high background Cl− concentration levels, and is further complicated
because Cl− may be involved as a free radical scavenger (Liang et al.,
2006). Thus, interpretation of concentration data alone may be insuf-
ficient to evaluate the effectiveness of a persulfate ISCO treatment
(Hunkeler et al., 2003). Stable carbon isotope analysis has been increas-
ingly applied as a technique to monitor the efficacy of abiotic remedia-
tion as well as microbial degradation processes (Poulson and Naraoka,
2002; Hunkeler et al., 2003; Poulson et al., 2003; Meckenstock et al.,
2004). Due to mass-dependent differences in activation energies for
the transformation of compounds with different isotopes (e.g., 13C
and 12C), compoundswith lighter isotopes (12C) react on average faster
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than those with heavy isotopes (13C), leading to isotope fractionation.
The result is an enrichment of heavy isotopes in the residual contami-
nant as the reaction proceeds (Clark and Fritz, 1997).

If a significant isotope fractionation can be associated with the ox-
idation reaction, then carbon isotope composition in the field can po-
tentially indicate areas where in situ treatment is not working as
expected, or zones where the oxidant or the activator are not present.
In these situations, changes in CHCs concentration and Cl− would not
be accompanied by any variation in the carbon isotope composition,
indicating that the changes in the CHCs content are due to processes
such as displacement or dilution of contaminated groundwater. This
isotopic tool can potentially be used to monitor the effect of CHCs re-
bound from aquifer sediments after the oxidant has been depleted,
and to evaluate the dynamics between oxidation and dissolution of
residual non-aqueous phase liquids (NAPLs), thereby providing infor-
mation about locations where NAPL is still present. In such a case, the
carbon isotope composition will show a shift towards enriched δ13C
values due to the oxidation process, and thereafter the δ13C will ap-
proach initial δ13C values. This pattern will clearly indicate a rebound
process reflecting that NAPL is still present and a source of dissolved
CHCs.

The isotopic ratio is expressed in the unit of per mil (‰) deviation
from the international standard Vienna Pee Dee Belemnite (VPDB) in
the usual δ13C notation:

δ13C ¼ R−Rstð Þ=Rst½ � � 1000 ‰ð Þ ð1Þ

where R and Rst are the isotope ratio (13C/12C) of the sample and the
standard respectively.

Quantification of the extent of contaminant transformation based
on carbon isotopes requires experimental determination of the 13C
fractionation factor associated with the reaction under consideration.
Fractionation of stable carbon isotopes has been determined for trans-
formation of organic carbon compounds by different processes such as
biodegradation (Meckenstock et al., 2004), reductive dechlorination
by zero valent iron (Schüth et al., 2003; VanStone et al., 2005) or palla-
dium catalysts with hydrogen (Bill et al., 2001), and, more recently, ox-
idation by permanganate (Poulson and Naraoka, 2002; Hunkeler et al.,
2003) and peroxide (Poulson et al., 2003). To date, the isotopic fraction-
ation factors associated with oxidation by persulfate have not been de-
termined for any environmentally relevant organic contaminants. As for
other chemical oxidation experiments (Poulson and Naraoka, 2002;
Hunkeler et al., 2003; Poulson et al., 2003), the isotope fractionation
can be evaluated assuming a Rayleigh fractionation trend. By using the
δ13C notation for the isotopic composition, F for fraction of compound
remaining at time t (concentration at time t/initial concentration),
δ13Cco for the initial isotope signature, and α for the fractionation factor,
the Rayleigh equation can be expressed as:

ln δ13Cco þ Δδ13C þ 1000
� �

= δ13Cco þ 1000
� �h i

� 1000 ¼ α ln f ð2Þ

whereΔδ13C represents the difference between the isotope signatures at
time t and time zero. When the fractionation factor α is very small, a
more practical way to describe the isotope fractionation is the enrich-
ment factor ε, expressed by ε=(α−1)×1000. In this study, the results
are presented as an enrichment factor ε determined from the slope of
the best linear least-squares fit to Eq. (2). As suggested by Scott et al.
(2004), εwas determined by not forcing the linear least-squares through
the origin. To compare the isotope fractionation in different oxidation
systems from literature, the bulk isotope fractionation data (εbulk) have
been transformed into a position-specific enrichment factor (ε reactive
position) using the approach described in Elsner et al. (2005). Additional
details are provided in the Supplemental Information (SI).

A prerequisite for applying this isotopic technique at appropriate
field sites is proof that the isotope fractionation pattern is not affected
by changes in the ratio of persulfate to the target compound and
activator. These changes can occur due to mixing of persulfate and
the activator solution with groundwater during injection. This is an
important consideration because different persulfate doses are used
at different sites and during various stages of treatment at the same
site. The main objective of this study was to quantify the carbon iso-
tope fractionation factor associated with ferrous (Fe2+) activated
persulfate treatment of tetrachloroethene (PCE), trichloroethene (TCE)
and cis-dichloroethene (cis-DCE). Recent studies have focused on TCE
reaction kinetics and persulfate treatment efficiency under various envi-
ronmental conditions (Liang et al., 2004a, 2004b, 2006 and 2004a,b,
2006, 2007). For example, Liang et al. (2004b) studied TCE degradation
using Fe2+ as a persulfate activator, and how different S2O8

2−/Fe2+

conditions affect CHC mineralization, S2O8
2-/Fe2+ consumption, and

treatment efficiency. In contrast, in the present effortwewere not inter-
ested in quantifying kinetics but rather we designed a study specifically
to assess whether differences in ferrous ion, persulfate, and CHC molar
ratios yield differences in the carbon isotopic fractionation factors.
The data generated were used to assess the potential for stable carbon
isotope analysis to be employed as a tool to estimate ISCO treatment
performance.

2. Methods

2.1. Experimental set-up

A series of batch experiments were conducted at room tempera-
ture (20°C) to evaluate the fractionation factor associated with the
oxidation of PCE, TCE and cis-DCE (CHCs) by Fe2+ activated persulfate.
Stabilizers (e.g., chelating reagents) are normally used to suppress the
catalytic activity of transition metals and thus increase the longevity of
dissolved ferrous iron in situ. To avoid using a chelating agent, we se-
quentially spiked the batch systems to maintain a supply of Fe2+. The
experiments were designed to simulate possible variations of S2O8

2−/
Fe2+/CHC molar ratios expected to occur during persulfate ISCO field
applications, from a high excess S2O8

2−/Fe2+/CHC molar ratios (100/5/1)
to limited activator molar ratio (20/0.02/1). All the molar ratios in-
vestigated in this study are similar to those normally used in ISCO field
applications.

Due to our experimental design, temporal variations were not
considered and hence reaction rate coefficients were not estimated;
however, changes in the initial S2O8

2−/Fe2+/CHC molar ratios will re-
sult in different reaction rates as demonstrated in other studies (for
MTBE (Chen et al., 2009) and BTEX (Liang et al., 2008b)). Since our in-
terest was to investigate the isotope fractionation factor associated
with the Fe2+ activated persulfate system, the influence of tempera-
ture was also not considered and we focused only on the potential ef-
fect of using different S2O8

2−/Fe2+/CHC molar ratios. The potential for
thermal activation at temperatures ranging from 5 to 25°C can nor-
mally be excluded (Liang and Bruell, 2008c). Dahmani and Huang
(2006) demonstrated that in a S2O8

2−/TCE system with a molar ratio
of 10/1 almost no degradation of TCE was observed at a temperature
of 20°C over a 6h reaction period, while Johnson et al. (2008) showed
no significant activation of persulfate during the first 10h at 30°C. It
was deemed important to exclude the presence of other activation sys-
tems since they likely induce different reactionmechanisms, and conse-
quently potentially different isotopic fractionationswould be produced.

2.2. Materials

All chemicals used were reagent grade: cis-DCE (95.5% purity),
TCE (99.5% purity) and PCE (99.9% purity) were purchased from Fish-
er Scientific; sodium persulfate (Na2S2O8, 98%) was purchased from
Alfa Aesar; and ferrous sulfate (FeSO4-7H2O, 99.5%) was purchased
from J.T. Barker, EM Science. Water was produced using a Barnstead
RO-pure LP water purifier with NANO-pure II (Reverse Osmosis water,
RO water).



Table 1
Enrichment factors,Δ δ13C (‰), and % of degradation for CHCs at different S2O8

2−/Fe2+/CHC
molar ratios.

Compound S2O8
2−/Fe2+/CHC % degradation εc bulk ‰ r2 Δ δ13C (‰)

PCE 100/5/1 0–99 −4.9±0.2 0.997 25.2
PCE 20/5/1 0–98 −5.0±0.3 0.992 18.8
PCE 20/1/1 0–93 −4.6±0.4 0.987 10.9
TCE 100/5/1 0–99 −3.6±0.2 0.996 15.5
TCE 20/5/1 0–96 −3.5±0.3 0.992 11.2
TCE 20/1/1 0–94 −3.5±0.2 0.994 9.4
TCE 20/0.2/1 0–77 −3.9±0.4 0.987 7.0
cis-DCE 100/5/1 0–89 −7.4±0.3 0.995 16.6
cis-DCE 20/5/1 0–76 −7.7±0.4 0.986 11.2
cis-DCE 20/1/1 0–74a −7.9±0.3 0.994 10.6

a Value after 8mL of the Fe2+ solution added, all other values are after 6mL of
Fe2+added.
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2.3. Batch experiments design

Batch experiments were prepared following the method described
by Liang et al. (2004b). The first experimental series explored the in-
fluence of persulfate content on the fractionation factor by increasing
the S2O8

2− content from a S2O8
2−/CHC molar ratio of 20/1 to 100/1 at a

constant Fe2+/CHCmolar ratio of 5/1. The second experimental series
was conducted by increasing the Fe2+ content from an initial Fe2+/CHC
molar ratio of 1/1 to 5/1 for PCE and cis-DCE, and from 0.2/1 to 5/1 for
TCE at a constant S2O8

2−/CHC molar ratio of 20/1 to observe the influ-
ence of ferrous ion content on the fractionation factor.

The PCE, TCE and cis-DCE stock solutions were prepared at an ini-
tial concentration of 45–60mg/l (approximately 0.35–0.45mM) from
saturated solutions prepared by stirring an excess of these com-
pounds in RO water for ~24h. All batch experiments were performed
in triplicate using nominal 40ml vials capped with Teflon septa with
no headspace to prevent loss of CHCs due to volatilization. Each CHC
solution was mixed with a predetermined amount of S2O8

2− to obtain
the required S2O8

2−/CHC molar ratio.
The addition of Fe+2 was performed sequentially in 6 to 8 equally

spaced episodes by removing 1ml from a reactor using a high preci-
sion syringe and replacing this volume with 1ml of Fe2+ solution.
The stock Fe2+ solution was prepared using FeSO4·7H2O and the con-
centrationswere selected so that the required initial molar ratioswere
obtained in each experimental series. As demonstrated by Liang et al.
(2004b), after the first addition of Fe2+ the pH decreased to ~2.5, and
Fe2+ remained available in the dissolved phase for activation. Liang et al.
(2004b) demonstrated that using the same S2O8

2−/Fe2+/CHCmolar ratio
range that targets contaminant (only TCE in their experiments) degrada-
tion appeared to occur almost instantaneously and then stall, hence little
or no further degradation was observed after 5min, with no variation in
concentration was observed for the next 3h. Consequently, after a reac-
tion time of 5min the reactorswere quenched in an ice bath, and aliquots
were extracted for chemical analyses as soon as possible (b1h).

All reactors were shaken continuously on an OVAN shaker between
injections and the entire period for one experimental run did not ex-
ceed 6–8h. Experimental controls were prepared with the CHC and
persulfate only and were handled in an identical manner as the activat-
ed persulfate reactors with sequential addition of RO water instead of
the Fe2+ solution.

2.4. Analytical methods

TCE and PCE concentrations were analyzed on a Hewlett Packard
5890 Series II gas chromatograph (GC) equippedwith a DB-624 column
(30m×0.32mm, 1.8μm film thickness)) and a micro Ni63-ECD detector
(method detection limit of 3μg/L). 2ml sample was extracted using a
2ml pentane solution containing an internal standard 500μg/L of
1,2-dibromoethane. The extraction was done on an orbital shaker for
15min at 300 revolutions per minute (RPM). The supernatant was
then removed, placed in a 2ml glass crimp-top GC vial and injected
into the capillary column (1μL) using a HP-7673 liquid auto sampler.
The injector was in split mode (split ratio of 10:1), Hewas used as a car-
rier gas at a flow rate of 2.4ml/min, and the inlet was kept at a temper-
ature of 220°C. The oven temperature programwas at 30°C for the first
2min, heated to 220°C at a rate of 8°C/min and finally held at 220°C for
2min. Cis-DCE concentration was analyzed by headspace technique.
The headspace was created in the aqueous samples using a ratio of
6.0ml headspace to 4.0ml aqueous sample. The samples were placed
on a rotary shaker for 15min to allow equilibration between the water
and the gas phase, and then 1ml sample was injected into a GC (same
model as described above) using a Hewlett Packard 7694 headspace
sampler 1ml sample. Same column, carrier gas, and column condition
as described above have been used, with the inlet kept at a temperature
of 100°C. The detector was a Hnu Photo ionization detector (PID), the
lamp potential was 10.2eV and the detector was set at a temperature
of 150°C (method detection limit of 2μg/L). The accuracy of themethods
was verified daily using external standards prepared and extracted
analogous to the samples. Concentrations were adjusted considering
the dilution resulting from the Fe2+ solution (or RO water for the con-
trol experiment) injected during the experimental period.

For carbon isotope analysis, CHCs were extracted from the aqueous
sample using the headspace solid-phase micro-extraction (HS-SPME)
method with a 75μm CAR-PDMS fiber (Supelco, Bellefonte, PA, USA)
during a 15min extraction time. The analysis was performed using the
same GC model as described above coupled, by a combustion interface
(kept at 850°C), to an isotope ratio mass spectrometer (IRMS, Micro-
mass Isochrom;Micromass,Manchester, UK). Amanual injectionmeth-
odwas implemented, and same capillary column, GC conditions, carrier
gas and inlet condition as for TCE and PCE concentration analyses have
been used.

3. Results and discussion

3.1. Oxidation results

During PCE, TCE and cis-DCE treatment, no transient chlorinated
degradation products appearing as other volatile organic compounds
were observed. After the sequential additions of the Fe2+ solution the
concentration of PCE and TCE decreased in a range from 93 to 99%
depending on S2O8

2/Fe2+/CHC molar ratios, while concentration for
cis-DCE decreased in a range only from 74 to 89% (considering only
S2O8

2/Fe2+/CHC molar ratios of 20/1/1, 20/5/1 and 100/5/1 (see Table 1).
For the TCE experiments with a persulfate/CHCmolar ratio of 20/1, con-
centration decreased (after 6 sequential additions of Fe2+) by 77%, 94%,
and 96% for an initial Fe2+/TCE molar ratio of 0.2/1, 1/1 and 5/1. Each
run in the TCE experiments used an initial Fe2+/TCE molar ratio that
was 5 times higher with respect to the prior experimental run (for ex-
ample experiment with Fe2+/TCE molar ratio 1/1 and 5/1), resulting
in TCE oxidation that only increased by 17% and 2% between successive
runs. This suggests that at higher Fe2+/TCE molar ratios, the oxidation
efficiency is reduced as the abundance of ferrous ions leads to an in-
creased competition for the sulfate free radicals as suggested by Liang
et al. (2004b).

3.2. Extent of carbon isotope fractionation

Based on the control experiments (n=21), the initial δ13C of PCE,
TCE and cis-DCE was −30.5‰, −31.1‰ and −25.5‰, respectively.
Standard deviations for all compounds based on the replicate carbon
isotope measurements for the control experiments were between
0.3‰ and 0.4‰. These results (Fig. 1, and Fig. A1 and Fig. A2 in SI) in-
dicate that the control reactors showed no variations in δ13C values of
CHCs throughout the duration of these experiments, considering the
range of analytical uncertainty of ±0.5‰ reported elsewhere for car-
bon isotope analysis of CHCs.
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Fig. 1. Variation of concentration of PCE (white symbols) and δ13C values (black symbols)
for different S2O8

2−/Fe2+/PCEmolar ratios of 20/1/1 (square), 20/5/1 (triangle) and100/5/1
(circle) at sequential addition of Fe2+ and control experiments (rhombus). Dashed lines
represent the best fit first-order expression.
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All the oxidation experiments showed an increase of δ13C values dur-
ing the course of oxidation, with ranges of−30.4‰ to−5.2‰,−31.4‰
to −15.9‰ and −25.8‰ to −9.2‰, for PCE, TCE and cis-DCE, respec-
tively. These results confirm a normal isotope effect with molecules
containing heavier isotopes (13C) being more stable than those con-
taining light isotopes which can be readily oxidized (Clark and Fritz,
1997; Elsner at al., 2005). Fig. 1 shows the δ13C values and the concen-
trations of PCE following each sequential addition of Fe2+ (these trends
are the same for TCE and cis-DCE, see Fig. A1 and A2 respectively in SI
for different S2O8

2−/Fe2+/PCE molar ratios (all experiments). PCE, TCE
and cis-DCE concentrations decreased exponentially with increased ad-
dition of Fe2+, whereas the δ13C values increased following an almost
linear trend. This suggests that the relationship of δ13C to the fraction
of remaining CHCs can be described using the Rayleigh model.
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Fig. 2. Remaining fraction of PCE versus measured δ13C values (left) and linearized 13C enric
of 20/5/1 (triangle), 100/5/1 (circle), 20/1/1 (square) at sequential addition of Fe2+.
Enrichment factors calculated for TCE ranged from−3.5±0.3‰ to
−3.9.0±0. 4‰ (Table 1, using a 95% confidence interval), showing a
good consistency for all four experimental runs (Fig. A3 in SI). An av-
erage enrichment factor for all TCE experiments of −3.6±0.2‰ was
calculated. The similarity of the ε obtained in the experiments offers
further confirmation that the enrichment fractionation factor does
not change during the oxidation process. It is important to note that
enrichment factors obtained for TCE experiments with very different
S2O8

2−/Fe2+/TCE molar ratios were nearly identical. These results illus-
trate that the enrichment factor is independent of the S2O8

2−/Fe2+/TCE
molar ratios. For example, a variation in the S2O8

2−/Fe2+/TCE molar ra-
tios from 20/0.2/1 to 100/5/1 resulted in a very slight difference in the
enrichment factor (0.4‰) which is statistically insignificant. This result
is essential for the utility of using isotopic composition for monitoring
ISCO treatment when an activator is required since following injection
the oxidant and activator will interact with the target contaminant over
a range of S2O8

2−/Fe2+/CHC molar ratios.
Experimental results for cis-DCE show a narrow range of enrich-

ment factor values, varying from −7.4‰±0.3‰ to −7.9‰±0.3‰.
Similar to TCE, the enrichment factor appears to be independent of
the S2O8

2−/Fe2+/cis-DCE molar ratio, and the average enrichment fac-
tor for all cis-DCE experiments was−7.6‰±0.3‰ (Fig. A4 in SI). The
enrichment factor for PCE oxidation also shows a narrow range of
values for all the experimental runs which is in agreement with the re-
sults for TCE and cis-DCE. The ε values varied between−4.6±0.4‰ and
−5.0±0.3‰. As with the other investigated compounds, the fraction-
ation does not appear to be influenced by the S2O8

2−/Fe2+/PCE molar
ratio (Fig. 2). The average enrichment factor for all PCE experiments
was−4.9‰±0.2‰.

The magnitude of the enrichment factors obtained here allows the
Rayleigh equation to be used to potentially quantify the oxidation
process in situ. For example, in the case of PCE (εbulk of −4.9‰±
0.2‰), a 40% oxidationwill result in a δ13C enrichment of 2.2‰, where-
as a 90% oxidation will result in a δ13C variation of 19.9‰. Both of these
δ13C enrichment values are significantly larger than the typical uncer-
tainty of ±0.5‰. For oxidation of cis-DCE (εbulk of −7.6‰), the change
in carbon isotope composition will be even much larger than the
changes expected for PCE or TCE.

3.3. Estimation of AKIEc values

AKIEc values were calculated (see SI) to compare the isotope frac-
tionations estimated in this study with those fractionation estimates
appearing in the literature for other abiotic degradation processes.
Calculated AKIEc values associated with Fe2+ activated persulfate ox-
idation of PCE, TCE and cis-DCE were 1.005, between 1.004 and 1.008,
and between 1.008 and 1.015 respectively (Table 2). The oxidation of
CHCs by permanganate produced higher AKIEc values between 1.018
and 1.019 for PCE, between 1.019 to 1.028 for TCE, and 1.022 for
cis-DCE (Elsner et al., 2005). During oxidation by Fenton's reagent
ln f
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Table 2
Approximate evaluation of εc reactive position and AKIEc.

Compound εc bulk ‰ n - x - z εc reactive position AKIEC Mechanism rate-limiting step Reference

cis-DCE −7.6 2 ‐ 2‐ 2 −15.2 1.015 Hydrogen abstraction This study
cis-DCE −7.6 2 - concerted −7.6 1.008 Electron transfer and addition to the double bond This study
TCE −3.6 2 ‐ 1 - 1 −7.2 1.008 Hydrogen abstraction This study
TCE −3.6 2 - concerted −3.6 1.004 Electron transfer and addition to the double bond This study
PCE −4.9 2 - concerted −4.9 1.005 Electron transfer and addition to the double bond This study
TCE −2.5 2 ‐ 1 ‐ 1 −5.0 1.005 Hydrogen abstraction Poulson et al. (2003)
TCE −2.5 2 - concerted −2.5 1.003 Electron transfer and addition to the double bond Poulson et al. (2003)
PCE −3.7 2 - concerted −3.7 1.004 Electron transfer and addition to the double bond Poulson et al. (2003)
cis-DCE −21.1 2 - concerted −21.1 1.022 Formation of a cyclic hypomanganate estera Elsner et al. (2005)
TCE −18.5 to −26.8 2 - concerted −18.5 to −26.8 1.019 to 1.028 Formation of a cyclic hypomanganate estera Elsner et al. (2005)
PCE −15.7 to −17.7 2 - concerted −15.7 to −17.7 1.016 to 1.018 Formation of a cyclic hypomanganate estera Elsner et al. (2005)

a Yan and Schwartz, 1999.
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in contrast, AKIEc values of 1.004 for PCE, and between 1.003 and 1.005
(Table 2) for TCE were calculated from enrichment factors reported by
Poulson et al. (2003). This similarity with AKIEc values obtained in this
study is likely the result of the free radical oxidation which occurs during
both activated peroxide and activated persulfate treatment. This similari-
tymay indicate that both oxidants act by the same dominant pathway, or
could confirm the relative presence of thehydroxyl radical, formedvia the
activation of persulfate as proposed by Anipsitakis andDyonysiou (2004).
However, this supposition contradicts studies suggesting that sulfate free
radicals are the only radicals formed when persulfate is activated by the
ferrous ion (Furholz andHaim, 1987). Our conclusiondoes not exclude ei-
ther of these possibilities.

4. Conclusions

This study has shown the occurrence of a significant carbon iso-
tope fractionation during the oxidation of PCE, TCE and cis-DCE by
persulfate activated by ferrous ion. The enrichment factor varies
between −4.9‰ for PCE, −3.6‰ for TCE and −7.6‰ for cis-DCE.
This study also shows that the enrichment factors are constant during
the oxidation reaction and their values are independent of the S2O8

2−/
Fe2+/CHC molar ratios. This investigation has shown the potential appli-
cability of the isotope approach to monitor the performance of oxidation
of chlorinated ethenes by persulfate activated by Fe2+. This additional
tool can be used to obtain relevant information to support treatment de-
cisions at contaminated sites.We acknowledge that further researchmay
be required to determine potential limitations for the use of the carbon
isotopes method at the field scale.
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