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ges of trichloroethylene
degradation efficiency and carbon isotope
fractionation during oxygenation of different Fe(II)
species

Rong Chen, *a Jiayu Liu*b and Hao Yuc

Hydroxyl radicals (cOH) generated from Fe(II) oxidation by O2 play a key role in chlorinated hydrocarbon

(CHC) degradation, yet the effects of different Fe(II) species on degradation kinetics and carbon isotope

fractionation remain unclear. Using trichloroethylene (TCE) as a model CHC, this study demonstrates

that Fe(II) species influence TCE degradation via variations in cOH production rates, efficiencies, and

quenching capacities. After 24 h, TCE degradation efficiencies followed the order: Fe(II) in rNAu-2 (72.4%)

> Fe(II)-citrate (52.6%) > FeCO3 (46.1%) > Fe(II)–Al2O3 (27.6%) > dissolved Fe(II) (7.9%). This outcome can

be attributed to two aspects: (1) the rate and efficiency of cOH production were highest for Fe(II)-citrate,

moderate for Fe(II) adsorbed on Al2O3 and mineral structural Fe(II), and lowest for inorganic Fe(II)dis. (2)

Fe(II)-citrate had the highest quenching efficiency, followed by inorganic Fe(II)dis and adsorbed Fe(II), with

mineral structural Fe(II) being lowest. Despite these differences, carbon isotope enrichment factors (313C)

were relatively consistent across systems (average 313C = −1.6& ± 0.6&), distinct from most other

reported degradation mechanisms. These results advance our understanding of cOH-mediated TCE

degradation and aid in differentiating cOH pathways from other natural attenuation processes.
1. Introduction

Chlorinated hydrocarbons (CHCs), extensively used in industry,
have become widespread soil and groundwater contaminants
due to improper disposal.1 Their subsurface fate and transport
have garnered signicant attention,2,3 with natural attenuation
shown to depend heavily on redox conditions.4 Under anoxic
conditions, reductive dechlorination by specic microbes and
reductants predominates,5 whereas aerobic biological oxidation
dominates under oxic conditions.3 Recent ndings reveal that
hydroxyl radical (cOH)-mediated abiotic oxidation also plays
a major role under uctuating redox conditions, proceeding at
rates several orders of magnitude higher than reductive path-
ways systems.4,6 Given the critical role of cOH oxidation in CHC
attenuation, it is essential to investigate various aspects of CHC
degradation and cOH production in subsurface environments.
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Abiotic reduction of O2 by Fe(II) is the primary source of cOH
in organic carbon-poor subsurface environments.7–9 This
process, described by the Haber–Weiss mechanism.10 According
to eqn (1)–(4), the oxidation of Fe(II) by O2 is the rate-limited step
and the decomposition of H2O2 by Fe(II) governs cOH produc-
tion. Both the rate constant of Fe(II) and cOH yield are strongly
dependent on Fe(II) reactivity,11,12 leading to signicant vari-
ability among Fe(II) species. In CHC degradation, Fe(II)
contributes to cOH generation but may also act as a sink by
competitively quenching cOH (eqn (4)). In general, the
quenching effect of Fe(II) is related to both Fe(II) species and
concentrations.12 Thus, Fe(II) species can play dual or multiple
roles in CHC transformation during oxygenation.

Fe(II) + O2 / Fe(III) + cO2
− (1)

Fe(II) + cO2
− + 2H+ / Fe(III) + H2O2 (2)

Fe(II) + H2O2 / Fe(III) + cOH + OH− (3)

Fe(II) + cOH / Fe(III) + OH− (4)

Oxidation of trichloroethene (TCE), a representative CHC,
has been reported in sediment system.4,12 However, notable
differences in cOH production and TCE degradation have been
observed across different sediment systems, presumably due to
differences in Fe(II) species.11,12 Xie et al. demonstrated that
RSC Adv., 2025, 15, 28137–28144 | 28137
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ligand-mediated regulation of Fe(II) speciation enhances TCE
degradation in sediments.13 However, due to sediment hetero-
geneity, the specic roles of different Fe(II) species remain
unclear. While prior studies have examined Fe-bearing clay
minerals and pyrite,6,14 the effects of other Fe(II) species
including inorganic dissolved Fe(II), complexed Fe(II), mineral
adsorbed Fe(II) and ferrous carbonate on TCE degradation,
remain unexplored.

While TCE degradation during Fe(II) oxygenation has been
studied, carbon isotope fractionation of TCE remains unex-
plored. Compound-specic isotope analysis (CSIA) is a powerful
tool for assessing contaminant degradation and elucidating
mechanisms at eld scale.15–17 Given that isotope fractionation
is governed by reaction mechanisms,4,18,19 CSIA may help iden-
tify cOH oxidation and quantify TCE removal. However, the
carbon isotope fractionation of TCE by cOH oxidation during
the oxygenation of Fe(II) species and the inuence of Fe(II)
species remains unclear. If Fe(II) species exert limited inuence
on this fractionation, CSIA could serve as a key indicator of cOH
involvement and its contribution to TCE degradation in natural
systems.

This study aimed to assess the effects of various Fe(II) species
on TCE degradation and quantify the carbon isotope enrich-
ment factor (3) during Fe(II) oxygenation. Representative species
included dissolved, complexed, and surface-adsorbed Fe(II), as
well as FeCO3 and nontronite (NAu-2). cOH production was
evaluated via benzoate oxidation to p-hydroxybenzoic acid.20

Batch experiments examined TCE degradation, cOH generation,
and associated carbon isotope fractionation, contributing to
a better understanding of TCE transformation at anoxic–oxic
interfaces.

2. Materials and methods
2.1. Chemicals and materials

Ferrous sulfate heptahydrate (FeSO4$7H2O, 99%), sodium
benzoate (99.5%), p-hydroxybenzoic acid (p-HBA, 99%), sodium
carbonate (Na2CO3, 99.9%), mercuric chloride (HgCl2, 99.5%),
and Al2O3 (>98%) were purchased from Sinopharm Chemical
Reagent Co., Ltd, China. TCE was acquired from J&K Scientic.
All other chemicals were of analytical grade or higher. Deion-
ized (DI) water, with a resistance of 18.2 MU cm obtained from
a Heal Force NW ultrapure water system, was utilized for all
experiments. A saturated solution of TCE (1075 mg L−1) was
prepared by adding excess TCE to DI water.

Inorganic dissolved Fe(II), complexed Fe(II), surface adsorbed
Fe(II), FeCO3 and reduced NAu-2 (rNAu-2) were prepared by the
following procedures. It is noted that to prepare the O2-free
water, DI water was purged with high purity N2 (99.999%) for 2 h
to remove residual O2. Inorganic dissolved Fe(II) (Fe(II)dis) was
prepared by dissolving FeSO4 in O2-free solution within a pH of
2–3. Complexed Fe(II) was obtained by complexing Fe(II)dis and
citrate in a 1 : 1 molar ratio at pH 6 (Fe(II)-citrate). Surface
adsorbed Fe(II) was produced by adsorbing of Fe(II)dis onto Al2O3

(Fe(II) adsorbed on Al2O3). Specically, 10 mM Fe(II)dis was
mixed with 100 g per L Al2O3 for 4 h under anoxic conditions.11

Approximately 98% Fe(II)dis was adsorbed on Al2O3, as the
28138 | RSC Adv., 2025, 15, 28137–28144
residual dissolved Fe(II) (Fe(II)dis) concentration was less than
0.2 mM. FeCO3 was synthesized via the precipitation of Fe(II)dis
and Na2CO3.21 In detail, equal volumes of 0.5 M FeSO4 and
0.5 M Na2CO3 was mixed and reacted in an anaerobic glovebox
(COY, USA) for 12 h. The resulting solid suspension was FeCO3.
NAu-2 (23% Fe content by weight) was sourced from the Clay
Minerals Society's Source Clays Repository (West Lafayette,
Indiana). Since the purchased NAu-2 was in an oxidized state, it
was reduced using a modied dithionite-citrate-bicarbonate
(DCB) method.22 The fraction of Fe(II) in total Fe in the
reduced NAu-2 (rNAu-2) was measured to be 48.2% based on
a modied chemical extraction method.23 The specic surface
areas of Al2O3, FeCO3, and rNAu-2 were measured as 164.2, 32.9,
and 13.2 m2 g−1, respectively.

2.2. Oxygenation experiments

All experiments were conducted in 121 mL bottles at 25 °C. To
prevent photochemical interference, each bottle was wrapped
with tin foil. In a typical experiment, a certain volume of Fe(II)
suspension was rstly mixed with 80 mL of O2-free water, and
then 0.075 mL of TCE-saturated solution was added to achieve
an initial concentration of 7.6 mM (i.e., ∼1 mg L−1). The bottle
was immediately sealed with a thick butyl rubber stopper and
an aluminum foil cap. The concentration of Fe(II) is a critical
parameter for c;OH production and TCE degradation, with
previously reported ranges spanning from several mM to
hundreds of mM.13,24,25 Preliminary experiments showed that
Fe(II) concentration at 10 mM achieve the effective degradation
of TCE. Hence, the initial Fe(II) concentrations in the systems of
inorganic Fe(II)dis, Fe(II)-citrate, Fe(II) adsorbed on Al2O3, FeCO3,
and rNAu-2 systems were set to 10 mM. To initiate the experi-
ment, 15 mL of O2 (80%) was injected into the reactor to ensure
sufficient O2 levels (see Section S1). The solution pH was
manually adjusted to 6 by adding H2SO4 and NaOH during the
reaction course, and the pH variation was less than 0.2 units
throughout the experiment. The reactor was placed on
a vibrating cultivation box set at a constant speed of 220 rpm.
Control experiments with the addition of 1 M 2-propanol and
0.1% HgCl2 were conducted to quench c;OH oxidation and
inhibit microbial activity, respectively.

To investigate c;OH production during oxygenation, 20 mM
benzoate was added instead of 7.6 mM TCE to the Fe(II)
suspension, with all other experimental conditions unchanged.
At predetermined time intervals (0–24 h), approximately 3 mL
samples were collected to analyze TCE concentration and its
carbon isotope composition (d13C), p-HBA, and Fe(II). All
experiments were performed in at least duplicate. In all gures,
points, and error bars represent the averaged values and stan-
dard deviations for the duplicate experiments.

2.3. Chemical analysis

For the analysis of TCE concentration, 1 mL solution sample
mixed with 2 mL of hexane and shaken for at least for 0.5 h to
ensure complete extraction of TCE from aqueous phase into
hexane phase. Subsequently, the concentration of TCE in
hexane was measured using a gas chromatograph (GC,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) cOH production and (b) Fe(II) oxidation during the oxygen-
ation of Fe(II) species. Initial reaction conditions: 10 mM Fe(II), pH 6.0
and oxic conditions, unless otherwise specified.
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Shimadzu 2014C, Japan) equipped with an electron capture
detector (ECD) and a capillary column. The column tempera-
ture was maintained at 55 °C, while the injector and detector
temperatures were set at 230 and 280 °C, respectively. The
concentration of p-HBA was measured using a high-
performance liquid chromatograph (HPLC, Shimadzu LC-15C,
Japan) equipped with a UV detector and an Inter Sustain C18
column.20 Fe(II) concentration was assessed by the 1, 10-o-phe-
nanthrolin method at 510 nm using a UV-vis
spectrophotometer.23

For d13C analysis of TCE, 1 mL of sample was mixed with
1mL of 2MNaCl solution and stored at−20 °C. Before analysis,
the samples were thawed. Preliminary experiments indicated
that these treatments minimized the volatilization of TCE and
had a negligible inuence on d13C values. The d13C of TCE was
determined using a gas chromatography-combustion-isotope
ratio mass spectrometer (GC-C-IRMS, MAT253), as previously
described.26 Briey, TCE in solution was extracted using a solid-
phase microextraction ber (SPME) coated with 100 mm poly-
dimethylsiloxane (Supelco, Bellefonte, PA, USA) in the head-
space. The SPME ber was then inserted into the GC injector
(230 °C) to thermally desorb the TCE. The d13C values were re-
ported relative to a CO2 reference gas, with an accuracy of
0.5&.19

2.4. Kinetic analysis

Previous studies have shown that the oxidation of inorganic
dissolved Fe(II) by O2 can be described using a pseudo-rst-
order kinetic model.27 In this study, the Fe(II) oxidation by O2

reached steady state within 24 h, so the pseudo-rst-order
kinetic equation was modied as follow:

[Fe(II)]t = ([Fe(II)]0 − [Fe(II)]unreacted) exp (−kappt)

+ [Fe(II)]unreacted (5)

where [Fe(II)]t represents the concentration of residual total
Fe(II) at time t during the reaction; [Fe(II)]0 represent the initial
concentrations of total Fe(II); [Fe(II)]unreacted represents the
concentration of unoxidized Fe(II); kapp represents the apparent
rate constant.

3. Results and discussion
3.1. Effect of Fe(II) species on cOH production during
oxygenation

Prior to exploring TCE degradation, the inuence of Fe(II)
species on cOH production was examined. The results showed
that cOH was produced during the oxygenation of Fe(II) species
(Fig. 1), aligning with previous ndings that Fe(II) oxidation can
couple with the generation of cOH from O2 reduction.6,7,28,29 For
oxygenation of 10 mM Fe(II), the cOH accumulations over 24 h
for inorganic Fe(II)dis, Fe(II)-citrate, Fe(II) adsorbed on Al2O3,
FeCO3, and Fe(II) in rNAu-2 systems were 16.3, 487.5, 100.4, 31.6
and 218.2 mM, respectively (Fig. 1a). The oxidation of Fe(II) fol-
lowed a pseudo-rst-order kinetic model in most cases, with
rate constants of 0.02, 0.14, 0.58, 0.13 and 0.37 h−1 for inorganic
Fe(II)dis, Fe(II)-citrate, Fe(II) adsorbed on Al2O3, FeCO3, and Fe(II)
© 2025 The Author(s). Published by the Royal Society of Chemistry
in rNAu-2, respectively (Fig. 1b and Table S1). These results
suggest that the reactivity of different Fe(II) species toward O2

followed the order: Fe(II) adsorbed on Al2O3 > Fe(II) in rNAu-2 >
Fe(II)-citrate > FeCO3 > inorganic Fe(II)dis.

To explore the relationship between Fe(II) species and cOH
production, the electron utilization efficiency (EUE) of Fe(II)
oxidation was calculated based on eqn (5). Correction analysis
showed that the EUE values for inorganic Fe(II)dis, Fe(II)-citrate,
Fe(II) adsorbed on Al2O3, FeCO3, and Fe(II) in rNAu-2 were 1.7%,
22%, 3.9%, 1.4%, and 9.9%, respectively (Fig. S1 and Table 1).
These results indicate that the EUE for cOH production followed
the orders: Fe(II)-citrate > Fe(II) in rNAu-2 > Fe(II) adsorbed on
Al2O3 > inorganic Fe(II)dis > FeCO3, which is roughly opposite of
the reactivity of Fe(II) toward O2. That is, the higher reactivity of
Fe(II) correlated with the lower efficiency in the catalytic
decomposition of H2O2 to produce cOH. This trend can be
explained by the fact that the decomposition of H2O2 is a crucial
step in cOH production during the oxygenation of Fe(II) (eqn
(6)), while the yield of cOH from H2O2 decomposition decreased
with increasing Fe(II) reactivity.11,30

EUE ¼ 3� ccOH

c0;FeðIIÞ � ct;FeðIIÞ
� 100% (6)

where EUE represents the electron utilization efficiency for cOH
production from Fe(II) oxidation; ccOH represents the cOH
accumulation during oxygenation; c0, Fe(II) and ct, F(II) represent
RSC Adv., 2025, 15, 28137–28144 | 28139
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Table 1 A summary of cOH yield, residual Fe(II), electron utilization efficiency of Fe(II), cOH utilization efficiency and carbon isotope enrichment
coefficient in different Fe(II) system

Fe(II) species cOH yield (mM) Residual Fe(II) (mM) EUE (%) cOH utilization efficiency (%) 313C (&)

Inorganic Fe(II)dis 16.3 � 0.5 6.9 � 0.1 1.7 � 0.1 3.4 � 0.2 —
Fe(II)-citrate 487.5 � 0.7 1.5 � 0.01 22 � 1.8 0.8 � 0.03 −1.5 � 0.3
Fe(II) adsorbed on Al2O3 100.4 � 2.8 1.8 � 0.01 3.9 � 0.2 1.3 � 0.2 −0.9 � 0.2
FeCO3 31.6 � 2.3 3.2 � 0.02 1.4 � 0.1 13 � 0.9 −2.1 � 0.2
Fe(II) in rNAu-2 218.2 � 2.6 3.6 � 0.5 9.9 � 0.3 3.2 � 0.2 −2 � 0.4

Fig. 2 (a) Variation of TCE concentration during oxygenation of
different Fe(II) species and (b) linear relationship between cOH accu-
mulation and TCE degradation. Initial reaction conditions: 10mM Fe(II),
pH 6.0 and under oxic condition.
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the initial and instantaneous concentrations of Fe(II),
respectively.

3.2. Effect of Fe(II) species on TCE degradation during
oxygenation

Control experiments showed that the variation of TCE in
aqueous solution was less than 2% and the addition of 0.1%
HgCl2 had had minimal impact on TCE degradation (Fig. S2),
suggesting that volatilization and microbial oxidation played
a negligible role in TCE degradation. However, when 1 M 2-
propanol was added, the degradation of TCE became negligible
(Fig. S2). As 2-propanol is an cOH scavenger,20 this notable
quenching effect indicates that cOH primarily contributed to
TCE degradation.

Aer 24 hours of oxygenation, TCE concentration decreased
from 7.6 to 7, 3.6, 5.5, 4.1, and 2.1 mM in the inorganic Fe(II)dis,
Fe(II)-citrate, Fe(II) adsorbed on Al2O3, FeCO3, and Fe(II) in rNAu-
2 systems, respectively (Fig. 2a). Thus, the degradation effi-
ciencies of TCE were estimated to be 7.9%, 52.6%, 27.6%,
46.1%, and 72.4% in these above Fe(II) systems, respectively
(Fig. 2a). Consequently, the dependence of TCE degradation on
different Fe(II) species followed the sequence: Fe(II) in rNAu-2 >
Fe(II)-citrate > FeCO3 > Fe(II) adsorbed on Al2O3 > inorganic
Fe(II)dis. Notably, this sequence did not correspond to cOH yield
produced by different Fe(II) species. The removal efficiency of
TCE (RET) was calculated based on eqn (7).

RET ¼ c0;TCE � ct;TCE

c0;TCE
� 100% (7)

where c0, TCE and ct, TCE represent the initial and instantaneous
concentrations of TCE, respectively.

To further understand the inuence of Fe(II) species on TCE
degradation via cOH oxidation, the cOH utilization efficiency in
different Fe(II) system was estimated. Linear correlation analysis
between TCE reduction and cOH accumulation showed that the
cOH utilization efficiencies were 3.4%, 0.8%, 1.3%, 13%, and
3.2% for inorganic Fe(II)dis, Fe(II)-citrate, Fe(II) adsorbed on
Al2O3, FeCO3, and Fe(II) in rNAu-2 systems, respectively (Fig. 2b
and Table 1). The variation in cOH utilization efficiency among
Fe(II) systemsmay be attributed to the quenching effects of Fe(II)
and other reduced species. The quenching efficiency (QE) of co-
existing compounds on TCE (kTCE, cOH = 4.2 × 109 M−1 s−1)13

degradation was calculated using eqn (8).

QE ¼
P

ciki;cOHP
ciki;cOH þ cTCEkTCE;cOH

� 100% (8)
28140 | RSC Adv., 2025, 15, 28137–28144
where ci and cTCE denote the concentrations of co-existing
components and TCE, respectively; ki, cOH and kTCE, cOH repre-
sent the rate constants for the reaction of cOH with co-existing
components and TCE, respectively.

Aer 24 h of oxygenation, the residual Fe(II) concentrations
were 5.5, 1.5, 1.8, 3.2, and 3.6 mM in the inorganic Fe(II)dis,
Fe(II)-citrate, Fe(II) adsorbed on Al2O3, FeCO3, and Fe(II) in rNAu-
2 systems, respectively (Fig. 1b). As the rate constant of Fe(II)
oxidation by cOH was 1 × 108–3.5 × 108 M−1 s−1,12,25 the
quenching efficiencies of the residual Fe(II) on TCE degradation
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variaiton in d13C value of residual TCE during oxygenation of
different Fe(II) species. Initial reaction conditions: 10 mM Fe(II), pH 6.0
and under oxic condition.
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were estimated to be ∼98.3%, ∼94.3%, 84.9–95.2%, 90.9–
97.2%, and 91.9–97.5%, respectively (Section S2). Therefore, the
cOH utilization efficiencies by TCE in inorganic Fe(II)dis, Fe(II)-
citrate, Fe(II) adsorbed on Al2O3, FeCO3, and Fe(II) in rNAu-2
systems were ∼1.7%, ∼5.7%, 4.8–15.1%, 2.8–9.1%, and 2.5–
8.1%, respectively. The calculated cOH utilization efficiencies
for the inorganic Fe(II)dis, FeCO3, and Fe(II) in rNAu-2 systems
were consistent with the measured values (Table 1). However, in
the Fe(II)-citrate and Fe(II) adsorbed on Al2O3 systems, the
calculated cOH utilization efficiencies were overestimated
(Table 1). This suggests that in these systems, other reduced
species may compete with TCE for cOH consumption. In the
Fe(II)-citrate system, when Fe(II)-citrate was oxidized to Fe(III)-
citrate, the Fe(III)-citrate can also react with cOH, with the rate
constant of 1.2 × 108 M−1 s−1.31 In the Fe(II)–Al2O3 system, the
surface –OH groups of Al2O3 may quench cOH.32 Therefore, in
both Fe(III)-citrate and Fe(II)–Al2O3 systems, in addition to Fe(II),
competition for cOH from the ligand and the adsorbent notably
decreased cOH utilization efficiency.

In summary, the inuence of Fe(II) species on TCE degra-
dation can be attributed to the following aspects: the rate and
efficiency of cOH production, as well as the quenching effect.
For cOH production, ligand-complexed Fe(II) exhibited the
highest rate and efficiency, followed by adsorbed Fe(II) and
mineral structural Fe(II), with inorganic Fe(II)dis being lowest. In
terms of the quenching effect, ligand-complexed Fe(II) had the
highest quenching efficiency, followed by inorganic Fe(II)dis and
adsorbed Fe(II), while mineral structural Fe(II) showed the
lowest quenching effect.
Fig. 4 Rayleigh plots for carbon isotope fractionation during TCE
degradation in different Fe(II) systems. Initial conditions: 10 mM Fe(II),
pH 6.0 and under oxic condition.
3.3. Effect of Fe(II) species on carbon isotope fractionation of
TCE degradation

To explore the inuence of Fe(II) species on carbon isotope
fractionation of TCE during oxygenation, the changes in d13C
values of TCE were measured. During oxygenation, the d13C
values of TCE gradually increased from −23.8& to −22.5&,
−23.3&, −22.4& and −20.6& in Fe(II)-citrate, Fe(II) adsorbed
on Al2O3, FeCO3, and Fe(II) in rNAu-2 systems (Fig. 3). It should
be noted that the variation in d13C of TCE in the inorganic
Fe(II)dis system was negligible (data not shown). Previous studies
have demonstrated that chemical bonds with lighter isotopes
are weaker than those with heavier isotopes,15,33,34 so molecules
containing heavier isotopes become enriched as degradation
progresses. Thus, the increase in d13C of residual TCE
conrmed that TCE was degraded rather than volatilized during
the oxygenation of Fe(II) species. To gain further insight into the
carbon isotope fractionation of TCE degradation by cOH, the
carbon isotope enrichment factor (3) was calculated according
to the Rayleigh equation (eqn (9)).35

3 ln

�
c

c0

�
¼ ln

�
d13Cþ 1

d13C0 þ 1

�
(9)

where c and c0 represent the residual and initial concentrations
of TCE, respectively; d13C and d13C0 represent the

13C isotope of
the residual and initial TCE.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The results showed that the carbon isotope enrichment
factors (313C) for TCE degradation in the Fe(II)-citrate, Fe(II)
adsorbed on Al2O3, FeCO3, and rNAu-2 systems were −1.5&,
−0.9&, −2.1&, and −2&, respectively (Fig. 4 and Table 1). The
similar 313C values in different Fe(II) systems suggest that the
inuence of Fe(II) species on carbon isotope fractionation
during TCE degradation was negligible, giving an averaged
carbon isotope enrichment factor of −1.6& ± 0.6& for TCE
degradation by cOH. To further verify the independence
between carbon isotope enrichment factors and Fe(II) species,
carbon isotope fractionation for TCE degradation in sediment
system was tested. It is noted that TCE degradation in the
sediment system was mainly attributed to cOH oxidation
(Fig. S2). As shown in Fig. S3, 313C for TCE degradation in the
sediment system was −1.5&, which closely matched the
RSC Adv., 2025, 15, 28137–28144 | 28141
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Table 2 Summary of 13C enrichment factors of TCE degradation across different processes

Degradation mechanism Reaction system 3 (&) Source

cOH oxidation Fe(II)/O2 −1.6 � 0.6 This study
Microbial oxidation Burkholderiacepacia G4 −18.2–20.7 38
Microbial oxidation Pseudomonas putida F1 −11.5 � 2.4 33
Microbial oxidation Methylosinus trichosporium OB3b −1.1–4.2 33 and 39
Microbial reduction Multiple D. mccartyi strains/D. mccartyi 195 −9.6–13.5 40
Abiotic reduction FeS −27.9–33.4 41
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averaged 313C value (−1.6 ± 0.6&) observed in individual Fe(II)
systems. These ndings reinforce the conclusion that Fe(II)
species have a negligible inuence on the carbon isotope
enrichment factor for TCE degradation. This independencemay
be attributed to the dominant role of cOH oxidation in TCE
degradation during the oxygenation of Fe(II) and sediments.
3.4. Comparison with previously reported 13C enrichment
factor during TCE degradation

An important goal of carbon isotope analysis of TCE is to
identify the degradation pathway of TCE in natural environ-
ment. Therefore, we compared the difference in the carbon
isotope enrichment factor for TCE degradation via cOH oxida-
tion and other previously reported mechanisms. As shown in
Table 2, the carbon isotope enrichment factors for TCE degra-
dation through cOH oxidation, microbial oxidation, microbial
reduction, and abiotic reduction were −1.6 ± 0.6&, −1.1–
20.7&, −9.6–13.5&, and −27.9–33.4&, respectively. These
results suggest that the carbon isotope fractionation effect of
cOH oxidation partially overlapped with microbial oxidation
pathway, but was signicantly different from the microbial and
abiotic reduction pathways. However, it is important to note
that cOH oxidation and microbial oxidation occurred in
different spatiotemporal scenarios.36,37 For instance, when
reduced sediment is exposed to O2, cOH oxidation rst
contributes to contaminant transformation, aer which
microbial oxidation becomes the predominant pathway.36

Additionally, the carbon isotope fractionation effect of cOH
oxidation overlapped with that of microbial oxidation by
specic microbe, such as Methylosinus trichosporium OB3b
(Table 2). As a summary, to distinguish between cOH oxidation
and microbial oxidation, a combination of methods is recom-
mended. This includes carbon isotope analysis, hydrogeological
condition monitoring (e.g., groundwater ow, redox conditions,
and sediment compositions), and microbial community
analysis.
3.5. Environmental implications

TCE degradation via cOH oxidation is considered as an impor-
tant pathway for the natural attenuation of TCE in the subsur-
face environments.4,6,12 However, the identication and
quantication of the cOH oxidation pathway remain a signi-
cant challenge. Our ndings suggest that carbon isotope frac-
tionation of TCE resulting from cOH oxidation is independent
of Fe(II) species and is signicantly different from most other
28142 | RSC Adv., 2025, 15, 28137–28144
mechanisms. Therefore, carbon isotope analysis could provide
valuable guidance for identifying cOH oxidation pathways.

In terms of contaminant remediation, technologies based on
O2 reduction to produce cOH have been proposed as environ-
mentally friendly and cost-effective solutions.42 However, the
low electron utilization efficiency of Fe(II) in soils and sediments
may constraint the application of this technology.11 One alter-
native is to add ligands to convert solid phase Fe(II) into com-
plexed Fe(II), thus improving the electron utilization efficiency
of Fe(II) in soils and sediments.13 However, organic ligands (e.g.,
citrate) may compete with the target contaminant to consume
cOH. Therefore, when selecting ligands, both the improvement
of electron utilization efficiency and the potential quenching
effect on cOH should be considered.

For the degradation of TCE, as Fe(II) species play a critical
role in the degradation of TCE, regulating Fe(II) speciation may
be a promising strategy to enhance TCE degradation in natural
environments. However, the complex chemical constitution of
soils/sediments may affect the effectiveness of this enhance-
ment. Consequently, pilot-scale and eld-scale tests are needed
to evaluate practical applicability. Regarding the carbon isotope
fractionation, different reduced species including Fe(II),
reduced organic matter and sulfur in sediments/soils may
contribute to cOH production, which subsequently oxidizes TCE
during oxygenation. However, the inuence of different reduced
species on carbon isotope enrichment factor for TCE degrada-
tion remain unclear.
4. Conclusions

This study aimed to explore the inuences of Fe(II) species on
TCE degradation and to quantify the carbon isotope enrich-
ment factor during the oxygenation of Fe(II) species. Firstly,
Fe(II) species affect TCE degradation through the rate and effi-
ciency of cOH production as well as the quenching effect. On the
one hand, the rate and efficiency of cOH production were
highest for Fe(II)-citrate, followed by Fe(II) adsorbed on Al2O3

and mineral structural Fe(II), with the lowest being inorganic
Fe(II)dis. On the other hand, Fe(II)-citrate had the highest
quenching efficiency, followed by inorganic Fe(II)dis and adsor-
bed Fe(II), with mineral structural Fe(II) having the lowest.
Synthetically, the dependence of TCE degradation on different
Fe(II) species followed the order: Fe(II) in rNAu-2 > Fe(II)-citrate >
FeCO3 > Fe(II) adsorbed on Al2O3 > inorganic dissolved Fe(II).
Secondly, Fe(II) species had little effect on the carbon isotope
enrichment factor for TCE degradation. The carbon isotope
© 2025 The Author(s). Published by the Royal Society of Chemistry
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enrichment factors were similar across different Fe(II) systems,
but signicantly different from those of most other
mechanisms.
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