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ARTICLE INFO ABSTRACT
Keywords: Laboratory experiments were conducted to evaluate the potential of 5°C and §%Cl isotopic values of tri-
2D-CSIA chloromethane (TCM) to monitor and quantify its transformation during alkaline persulfate (PS) activation.
Chloroform

Batch experiments were designed to replicate different TCM:PS molar ratios, pH values, the presence of C0% ion
and the simulation of an alkaline interception trench. Results revealed three distinct C-Cl isotopic trends; First,
despite differences in degradation kinetics, isotopic trends were consistent across TCM:PS molar ratios e
between 23 + 10 and 33 + 6), suggesting that radical activation remained unaffected. Conversely, at pH 12.8,
alkaline hydrolysis (AH) became the predominant degradation process (A% of 91 and 11 + 1) over reaction
with PS derived radical species. Finally, in the presence of excess CO% ion, which acts as radical scavenger
probably affecting the radical species involved in TCM degradation, a ASY value of 5.5+ 0.6 was observed,
suggesting a reductive degradation reaction. Therefore, our results reveal, for the first time, that the dual C-Cl
isotope slope during TCM degradation by PS varies significantly depending on field conditions. The unexpected
accumulation of higher chlorinated byproducts, such as hexachloroethane, during TCM degradation by alkaline-
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activated PS was observed for the first time and further research is needed in real open-systems to assess its
potential environmental implications.

1. Introduction

Trichloromethane (TCM), commonly known as chloroform (CHClg),
has had multiple industrial applications, and is today one of the most
prevalent groundwater contaminants. TCM is a deemed toxic pollutant
and, thus, it is ranked 11th in the Priority List of Hazardous Substances
in 2022 by the Agency for Toxic Substances and Disease Registry based
on a combination of its frequency, toxicity, and potential for human
exposure [1].

In situ Chemical Oxidation (ISCO) is considered as an effective
treatment method for the remediation of organic contaminants,
including TCM [2-5]. Among different oxidants, activated persulfate
(S20%, PS) has been increasingly applied in ISCO treatments of
contaminated soil and groundwater due to its capacity to generate sul-
fate radicals (SO3), which are as reactive as the classically used hydroxyl
radicals (OH’), but more selective [6,7,4]. Furthermore, activated PS
exhibits both oxidative and nucleophilic reactivity, leading to the gen-
eration of various reactive oxygen species (ROS) besides sulfate radicals
(SO3), such as OH' and superoxide radicals (03), facilitating the degra-
dation of multiple contaminants [8-10].

Base activation of PS, widely applied in field treatments [10], gen-
erates sulfate radicals (SOjz) that lead to hydroxyl radical formation
(OH) under highly alkaline conditions [11-13]. While both ROS can
effectively degrade persistent organic compounds, the lower selectivity
of OH may increase its consumption by natural organic matter, reducing
treatment efficiency [8,14,15]. Furthermore, common groundwater
anions like HCO3, CO%" and Cl can act as SO; and OH' scavengers [14,
16,171, forming weaker oxidant radicals such as CO3 and Cl' [18-20].
These secondary radicals, while very selective, typically reduce overall
oxidation kinetics and alter degradation pathways [14,21].

Therefore, in alkaline-activated PS systems, multiple degradation
pathways of contaminants can coexist due to the presence of various
ROS and/or the occurrence of alkaline hydrolysis [22,23]. Assessing
degradation reaction mechanisms of TCM following an
alkaline-activated PS application is crucial for evaluating contaminated
site remediation; however, this area remains largely unexplored.
Dual-element compound specific isotope analysis (2D-CSIA) offers a
promising approach for distinguishing reaction mechanisms by
leveraging the characteristic stable isotope fractionation patterns asso-
ciated with specific degradation processes [24-27]. Given that different
ROS might induce distinct TCM degradation mechanisms and that
multiple degradation pathways may occur simultaneously, 2D-CSIA
could provide valuable insights into the processes driving TCM trans-
formation by alkaline-activated PS under varying environmental
conditions.

Several dual C-Cl slope values (i.e., AC'CI) for TCM transformation
processes have been previously reported. Regarding reductive processes,
TCM degradation with cast zero valent iron, Fe(0), yields a A% value of
8 + 2 at pH 7 [28] that remains unchanged at pH 12 [29], although it has
also been reported as ASC = 5.8+ 0.4 [30]. TCM bacterial reductive
dechlorination (RD) has been studied abiotically through the use of the
corrinoid cofactor vitamin B12 (present in almost all reductive dehalo-
genases identified to date), obtaining a ASY —6.5+0.2 [31]. When
smaller doses of vitamin B12 were used to biostimulate anoxic microbial
cultures, similar values (7 4= 1) were observed [32]. A recent work [33]
attributed the reactivity of TCM with vitamin B12 by Dehalobacter CF
(strain UNSWDHB) (with a ACY — 6.6+ 0.1) to a second-order nucle-
ophilic substitution (Sy2) reaction. However, experiments using Deha-
lobacter strain 8 M exhibited a very different A®Y value of 2.8 +0.3,
which was ascribed to enzyme binding masking effects created by the
structure of different enzymatic pockets [34]. A different TCM reductive

mechanism, concerted dissociative Outer-Sphere Single Electron
Transfer (OS-SET), was studied by experiments with CO3 radical [35],
which produced a SET to a ¢* orbital concerted with C-Cl breakage,
leading to a similar A®®' =6.7 £ 0.4. These reported A® values for
reductive processes are in general lower compared to those observed for
TCM alkaline hydrolysis (AH) (AC'Cl = 13.0 £ 0.8) and oxidation by
thermally activated PS (AC’Cl =17 4+ 2) [28]. This is consistent with an
oxidative C-H bond cleavage by a hydrogen atom abstraction (HAA) in
the case of the heat-activated PS oxidation and a stepwise Elcg elimi-
nation reaction, consisting of the base-catalyzed deprotonation of the
TCM followed by the loss of a chloride ion, for AH degradation mech-
anism [23].

In the light of the above information, the alkaline activation of PS in
ISCO treatments could be influenced by varying field conditions,
potentially resulting in the formation of different ROS or triggering
processes such as alkaline hydrolysis. In turn, these variations can
significantly affect the degradation pathways and overall efficiency of
TCM remediation. To the best of the authors knowledge, the TCM
degradation reaction mechanisms following ISCO with alkaline-
activated PS have not been previously investigated. Since prior
research has demonstrated that C-Cl 2D-CSIA is a valuable tool for dis-
tinguishing among different TCM degradation processes (e.g., reductive
degradation, alkaline hydrolysis, and thermal-activated PS oxidation),
this study aims to evaluate the potential of 2D-CSIA for assessing TCM
degradation processes under variable field conditions during alkaline-
activated persulfate ISCO treatments.

To this end, ISCO by alkaline-activated PS was replicated in batch
experiments under controlled laboratory conditions where the influence
of different factors was assessed: TCM:PS molar ratios, pH, and the
presence of radical-scavenger species commonly found in groundwater
(e.g., CO%’). In addition, the novel remediation conditions provided by
an interception alkaline trench filled with concrete-based residues (such
the one previously studied in Odena, Spain [23]) and multiple con-
taminants (i.e., chlorinated methanes - CMs and chlorinated ethenes -
CEs) typically found in contaminated sites were considered. Most of the
factors evaluated in this study are common in field applications of
alkaline activated PS, including the use of a commercial mixed reagent.

2. Methodology

A list of all chemicals used in the laboratory experiments is provided
in Appendix A in the Supplementary Information (SI).

2.1. Experimental design

Batch experiments were performed to assess the TCM carbon and
chlorine isotopic fractionation during its transformation by alkaline-
activated PS under different conditions (see summary in Table 1).
Both commercial persulfate with an integrated alkaline activator (Per-
sulfOx®, from now on “PSOX”) and pure sodium persulfate (“PS”) were
used in different experiments consisting of: (i) deionized water with
PSOX (resulting in a pH of 10.2 + 0.2) with two different TCM:PS molar
ratios (1:125 and 1:65), to assess the feasibility of TCM oxidation at
different PSOX dosages or in different parts of a contamination plume;
(ii) deionized water with PS basified with NaOH at two different alkaline
pHs (11.4+0.4 and 12.83 £0.03), to assess if changes in pH could
induce changes in the oxidation reaction, other than a greater extent of
AH; (iii) deionized water with PS basified as in experiment ii but adding
NapCOs (at 200 mg/L), to resemble groundwater conditions and to
evaluate the effect of CO%’ anion in the radical cascade activity; and (iv)
trench-sampled water (pH 10.3 £ 0.5), co-contaminants (either CMs or



S. Gil-Villalba et al.

Table 1
Summary of experiments conditions: pH, TCM:PS molar ratio, contaminants in
the aqueous solution and measured initial CO3™ concentrations.

Code  Conditions pH Molar Contaminants Initial
ratio co¥
TCM:PS (mg/L)
ia PSOX 10.2+0.2  1:65 TCM 0
ib PSOX 10.2+0.2 1:125 TCM 0
ii.a PS + NaOH 11.4+04  1:65 TCM 0
ii.b PS + NaOH 12.8+0.1 1:65 TCM 0
iii.a PS + NaOH 11.3+0.4 1:65 TCM 110
+Co%
iii.b PS + NaOH 12.8+0.1  1:65 TCM 110
+CO%
iv.a PS + Trench 11.6+0.7 1:65 TCM, CT, DCM 95
conditions
iv.b PS -+ Trench 11.7+0.6 PCE, TCE, cis- 95
conditions DCE

CEs) and filling material, plus PS to reproduce the field conditions of an
alkaline interception trench.

In the last set-up (exp. iv), solid samples from an active alkaline
interception trench, composed of 40-70 mm-sized recycled concrete-
based aggregates from a construction waste recycling plant [23] were
grinded to a diameter between 2 and 8 mm and 25 g were introduced in
each vial. This experiment simulated the possible interactions of the
solid phases in the oxidation reaction, while maintaining the alkaline pH
for PS activation via equilibrium with the portlandite (Ca(OH)2) present
in the concrete. With this set-up, to reproduce the oxidation reaction in
the mentioned alkaline trench, and to assess the potential of 2D-CSIA to
identify the underlying oxidation process and quantify the extent of the
degradation, two batch experiments were conducted, one containing
CMs (tetrachloromethane - CT, TCM and dichloromethane - DCM) and
another one with CEs (tetrachloroethene - PCE, trichloroethene - TCE,
cis-dichloroethene - cis-DCE). For the preparation of the experiments,
trench-sampled water was purged with Ny gas for 8 hours to eliminate
all volatile organic compounds present at the field site. After purging, a
known concentration of the target compounds (either CMs or CEs), with
a known initial isotopic composition, was added.

Additionally, control vials prepared in the same conditions as the
experimental ones but without PS were analyzed to account for the
extent of AH in experiments i, ii and iv.

Batch experiments were prepared filling 40 mL EPA VOA glass vials
with a mixture of PS or PSOX and TCM or CMs or CEs stock solutions to
reach pre-established concentrations. The vials were filled without
headspace to avoid partitioning of TCM/CMs/CEs between the aqueous
and gas phases and were closed with PTFE-lined caps. The experiments
were conducted at 23°C in the dark in a thermostatic chamber.

The oxidation reaction was stopped after different reaction times by
replacing 7.5 mL of the experimental solution with a 1.5 M ascorbic acid
(AA) solution, resulting in a molar ratio of AA:PS equal to 4:1, inducing a
rapid dissociation of the PS [36]. At this molar ratio, any radical reacts
rapidly with the AA, inhibiting further TCM degradation [36,37]. In
experiment iv, the solution was previously filtered using a 0.45 pm nylon
filter to separate the solid phase from the liquid samples, before the
quenching procedure with AA. The 7.5 mL aliquots extracted from the
experimental vials were used to measure the pH of the experiment with a
pH probe (WTW pH SenTix pH 940 electrode). Duplicate samples were
always collected for each reaction time and stored at 4°C in darkness
until analysis.

2.2. Analytical methods

A detailed description of the analytical methods and equipment used
for concentration and isotope ratio measurements is available in Ap-
pendix B. Briefly, CEs and CMs concentrations were measured by
headspace gas chromatography-mass spectrometry (HS-GC-MS) as
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explained elsewhere [28]. Carbon isotope analysis was performed using
a GC coupled to an Isotope Ratio Mass Spectrometer (GC-IRMS) at the
Technological Centers of the University of Barcelona (CCiT-UB). Chlo-
rine isotope analysis of CT, TCM, DCM, PCE and TCE was performed by
GC-gMS at the CCiT-UB using the methodology described by [38], while
cis-DCE was analyzed using a GC-IRMS at Isotope Tracer Technologies
Inc. (Waterloo, Canada) as described in [39]. All samples were analyzed
in duplicate and corrected for slight isotopic fractionation induced by
the preconcentration technique (solid-phase micro extraction — SPME)
relative to daily aqueous isotopic standards of the target compounds
with known isotopic composition. These aqueous isotopic standards
were prepared as the samples and measured in the same sequence.
Precision (10) of the analysis was < 0.5 %o for 5'3Conall compounds and
< 0.2 %o for 5%7Cl of cis-DCE, and < 0.5 %o for §%7Cl of PCE, TCE and the
CMs. The presence of volatile byproducts generated in the degradation
process was determined using the HS-GC-qMS system in the CCiT-UB,
using the previously described configuration but in full scan mode.

2.3. Isotope data evaluation

The carbon and chlorine isotopic compositions are reported in delta
notation (6hE, in %o, Eq. 1), relative to the international standards VPDB
(Vienna Pee Dee Belemnite) and SMOC (Standard Mean Ocean Chlorine)
[40,41], respectively. The isotopic ratio of a sample and the standard of
an element (E) (e.g., 13C/12C, 37¢1/35Cl) is denoted as Rsample and Rgq,
respectively:

5hE _ (Rsample _ 1) (1)

std

A simplified version of the Rayleigh equation in logarithmic form
(Eq. 2) can be used to correlate changes in the isotopic composition of an
element in a compound (R; / Rg) with changes in its concentration for a
given reaction (f = C; / Cyp), by using the corresponding isotopic frac-
tionation (g) [24,42]:

R\ ]
ln<R—0> = ¢In(f) (2)

where R; / Ry can be expressed as (5hEt +1)/ ((ShEo + 1) according to the
8"E definition. For degradation to be considered significant, differences
in isotope values in the field for both carbon and chlorine must be > 2 %o
[43].

Finally, values for specific reactions can be defined under
controlled laboratory conditions. The slope of the ordinary linear
regression (OLR) in the dual C-Cl isotope plot [24] with uncertainty
reported as the 95 % confidence interval (CI) is calculated. Since recent
studies by [44,45] suggested using the York regression method instead
of OLR to determine A and its uncertainty, a comparison between both
approaches is also shown.

Statistical differences with previously reported values for the esti-
mated isotope fractionation values (eCl and €C) and dual isotope slopes
(A Cl) were assessed using statistical two-tailed z-score tests [44,45].
Differences were considered statistically significant at the a = 0.05
confidence level.

AC-C]

3. Results and discussion
3.1. Experiment i: effect of TCM:PS molar ratio

The commercial product PSOX used in experiment i kept the pH at
10.2 £ 0.2, independently of the used TCM:PS molar ratio. At this pH,
the primary radicals driving the oxidation are expected to be SO4 and
OH' [12,13]. Degradation of TCM was observed over time, reaching
98 % after 30 days at the molar ratio of 1:65 (experiment i.a, Table 1)
and after 13 days at the molar ratio of 1:125 (i.b). In the control vials, the
concentration of TCM remained unchanged for up to 35 days (see
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Figure C.1 in Appendix C), discarding TCM degradation by AH and
ruling out potential TCM losses due to other processes such as volatili-
zation through the caps. Therefore, TCM degradation was attributed
solely to chemical oxidation, which followed pseudo-first-order kinetics,
as evidenced by the good linear correlation between In(C/Cyp) and time
(Figure C.1). The results show that the rate of TCM degradation in-
creases with higher relative PS concentrations, with pseudo-first-order
rate constant (k’obs) values of 0.151 and 0.232 d~! (Table 2), corre-
sponding to half-lives of 4.6 and 3.0 days for TCM:PS molar ratios of
1:65 and 1:125, respectively.

Despite these differences in TCM:PS molar ratios and degradation
rates, experiments i.a and i.b exhibited comparable enrichment in 3G
and ¥’Cl, while isotopic changes in the controls were not statistically
significant (p > 0.05) (Figures C.2 and C.3). The calculated C values
were —12 +1 and —11 £ 1 %o, while for chlorine the obtained eCl
values were much lower, —0.30 + 0.05 and —0.4 + 0.2 %o, for experi-
ments i.a and i.b, respectively (see Table 2 for all calculated eC, ¢Cl and
AS® values). Since no systematic bias introduced by OLR was observed
compared to York method [44,45], we used OLR values, but present
York results in the SI (Appendix D). The determined A values did not
show a significant difference either (p > 0.05), being 33 + 6 and 23
+ 10 for experiments i.a and i.b, respectively. Due to the notably higher
carbon isotope fractionation compared to chlorine, both AS“! values
exceeded any previously reported in the literature for TCM, showing
that TCM oxidation by alkaline-activated PS at this pH (10.2) can be
distinguishable from other degradation processes using 2D isotopic
tools.

3.2. Experiment ii: effect of pH increase

Experiments ii.a and ii.b were conducted at pH 11.4 and 12.8,
respectively, where both SO; and OH' radicals were supposed to be
present [46]. An important reduction in TCM concentration was
observed over time, reaching degradation percentages of 92 % after 20
days in experiment ii.a and 98 % after 67 days in experiment ii.b.
Interestingly, control experiments without PS also exhibited noticeable
TCM degradation within the same time period, attributed to AH. In
control ii.a (pH=11.4), a 10 % reduction in TCM was observed over 20
days, while in control ii.b (pH=12.8), TCM concentration decreased by
50 % after 30 days, reaching 87 % degradation after 78 days
(Figure C.1). TCM degradation, under stronger alkaline conditions than
experiment i, followed pseudo-first order kinetics in both the experi-
mental and control vials (Table 2 and Figure C.1). The observed k’obs
values were 0.12 + 0.02 and 0.053 + 0.009 d ™! for experiments ii.a and
ii.b, and 0.006 + 0.003 and 0.026 + 0.001 d! for the corresponding
controls (Table 2). These results indicated that the rate of TCM degra-
dation decreases with increasing pH. This is likely due to the predomi-
nance of AH, which has significantly slower kinetics compared to
oxidation. This hypothesis is further discussed below using the isotope

Table 2
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data.

Isotopic analysis of experiments ii.a and ii.b revealed different eC
values of —10.1 4 0.7 and —25 + 12 %o, and also distinct £Cl values of
—0.40 4+ 0.1 and —2.7 + 0.3 %o, respectively (Table 2), leading to AS%!
values of 23 4+ 7 and 9 + 2, respectively. In contrast, control ii.b showed
much higher carbon and chlorine isotopic fractionation values of eC
=-59 4+ 16 %o and €Cl = -5 &+ 2 %o, with a A% value of 11 + 1. The
latter values are consistent with those reported for TCM degradation via
AH [23,28]. Carbon and chlorine isotopic fractionation values could not
be estimated for control ii.a because the limited data points (n = 3) and
extent of degradation (10 %) resulted in a statistically not significant
regression (p > 0.05) (Figures C.2 and C.3). The isotopic findings align
with the observed trends in reaction kinetics: the isotopic results for
experiment ii.a (pH 11.4) are similar to those observed at pH 10.2 (ex-
periments i.a and i.b) (Table 2), pointing to oxidation as the predomi-
nant degradation mechanism. Conversely, the isotopic data from
experiment ii.b (pH 12.8) indicated a substantial contribution of AH in
TCM degradation, as evidenced by C and ¢Cl values that fall within the
range typically associated with AH. This result could thus explain the
lower degradation rates observed in the vials at higher pH.

3.3. Experiment iii: impact of CO% on the radical cascade

In experiment iii, where CO% anion was introduced to the alkaline-
activated PS system, the scavenging of SO4 and OH' radicals and the
resulting generation of CO3 radical anion was hypothesized based on
previous studies [7,14]. TCM degradation reached 96 % after 20 days at
pH 11.3 (iii.a) and 97 % after 67 days at pH 12.8 (iii.b). Estimated k’obs
values were 0.16 + 0.02 d ™! for experiment iii.a and 0.05 + 0.01 d~!for
experiment iii.b (Figure C.1 and Table 2). At pH 11.3, the presence of
CO% anion slightly enhanced TCM degradation kinetics (t1 2 = 4.5 days)
compared to experiment ii.a (t; 2 = 5.8 days). However, the kinetics of
experiments ii.b and iii.b were almost identical (t;,» = 13.1 and 13.3
days, respectively), indicating that at pH 12.8, the degradation was
mainly driven by AH, regardless of the presence of CO3 anion.

Experiments iii.a and iii.b showed significant differences in isotopic
fractionation (Figures C.2 and C.3), with eC values of —7.0 + 0.6 %o and
—26 + 11 %o, and €Cl values of —0.5+ 0.2%. and —3.7 + 0.3 %o,
respectively (Table 2). While the obtained AS%values of 11 + 5and 10
=+ 4 for these experiments could initially indicate an AH mechanism for
both experiments, the differences observed in kinetics and isotopic
fractionation values of C and Cl suggest that the presence of CO3” anion
might alter the TCM degradation mechanism at moderate alkaline pH
(iii.a). The low &Cl is similar to that observed in previous oxidative
degradations (exp. i.a, i.b, iia), but the C value is significantly lower.
This difference may be related to the presence of different oxidative
radicals, possibly CO3. However, the contribution of superoxide anion
radical (03) to TCM degradation cannot be discarded [47,48]. Consid-
ering this, the A% value observed in experiment iii.a might reflect

Results of TCM degradation kinetics (k’obs and t; ), isotopic fractionation (¢C and £Cl) and dual C-Cl slope (A€“!) for each experiment (Exp) and their corresponding
controls without PS (below). Isotopic fractionation and dual isotope slope values are stated together with their + 95 % confidence intervals. N = number of points; n.s.

= not statistically significant (p > 0.05).

Exp pH k’obs (d~1) R? ty2 (d) £C (%o) €Cl (%o) ACC N
Experimental ia 10.2 + 0.2 0.15 0.939 4.6 —12+1 —0.30 + 0.05 33+6 11
ib 10.2 £ 0.2 0.23 0.819 3.0 -11+1 —0.4+ 0.2 23+ 10 10
ii.a 11.4 + 0.4 0.12 0.914 5.8 ~10.1 £ 0.7 ~0.4+0.1 23+7 7
ii.b 12.8 £ 0.1 0.05 0.901 13.1 —25+12 —2.7+0.3 9+2 6
iii.a 11.3+ 0.4 0.16 0.933 45 ~7.0+0.6 —0.5+0.2 11+5 7
iii.b 12.8 £ 0.1 0.052 0.956 13.3 —26 +11 —-3.7+0.3 10+ 4 5
iv.a 10.6 + 0.6 0.28 0.927 2.5 —3+2 ~0.6+0.4 5.5+ 0.6 4
Control ia 10.2 +0.2 0.001 0.008 802 n.s. n.s. n.s. 10
ib 10.2 £ 0.3 0.001 0.004 481 n.s. n.s. n.s. 10
ii.a 11.4 £ 0.1 0.006 0.828 120 n.s. n.s. 5+3 3
ii.b 12.8 +£ 0.1 0.026 0.997 26.2 —-59 416 542 1141 4
iv.a 11.6 £ 0.7 0.010 0.921 72.4 n.s. n.s. 16 + 15 4
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mixed oxidative (as seen in experiment i.a, i.b and ii.a) and reductive
degradation mechanisms. This hypothesis is further discussed in Section
3.6.

3.4. Experiment iv: mimicking alkaline trench conditions

In the PS experiments conducted under alkaline trench conditions
(pH 10.6), containing trench-sampled solids and alkaline water, TCM
degradation reached 99.9 % after 27 days (Figure C.1). In contrast,
control vials without PS (pH 11.6) exhibited slower degradation ki-
netics, consuming only 27 % of TCM within the same time period. The
estimated k’obs for the vials with PS was 0.28 + 0.05 d™!, with a half-
life of 2.5 days, while the control vials showed values of 0.010
4+ 0.002 d! and a half-life of 72.4 days (Table 2, Figure C.1). Notably,
TCM degradation in the presence of PS under alkaline trench conditions
exhibited the fastest kinetics among all the experiments performed.

Experimental vials exhibited significant shifts to higher §'3C and
5%Cl values of TCM, resulting in isotopic fractionation values of eC = -3
+ 2 %o (Figure C.2) and €Cl =-0.6 &+ 0.4 %o (Figure C.3), and a dual-
element slope of 5.5 + 0.6. In contrast, the control experiments yiel-
ded very different isotopic values; although €C and eCl could not be
estimated because the linear regressions were not statistically significant
(p > 0.05), a reliable AS value of 16 + 6 was obtained.

These results indicate that in such a complex system, other processes
may be influencing the removal of TCM in the control vials. One po-
tential process is adsorption of organic compounds onto the solid phase,
which may result in a reduction of the concentration of TCM without
significantly changing its isotopic composition (see more details in Ap-
pendix E). In our study, the relatively high A% value obtained in the
control experiments and the observed pH of 11.6 + 0.7 are consistent
with AH being the dominant process as already observed previously in
similar conditions [28]. In addition, the AH process could be enhanced
due to the equilibrium between the solid phase (containing concrete
minerals such as portlandite, Ca(OH),) and the solution.

The experimental vials of experiment iv.a exhibited the lowest AS!
value (5.5 &+ 0.6) among all the experiments, suggesting a minimal
contribution of the AH mechanism, in agreement with the relatively
moderate alkaline pH of 10.6. Similar A values of 5.8 + 0.4, 8 + 2
and 6.7 + 0.4 have been reported for abiotic reductive degradation of
TCM by Fe(0) at neutral and alkaline pH [28,30] and by CO3 radicals
(via OS-SET), generated by thermal activation of PS and reaction with
formate [35]. Although the initial CO%" concentration in this experiment
(95 mg/L) was similar to that in experiment iii.a (110 mg/L) (Table 2),
the equilibrium with the solid phase in experiment iv.a resulted in a
much higher final CO% concentration of approximately 300 mg/L. This
suggests that there was sufficient CO% to scavenge hydroxide and sul-
phate radicals. In this scenario, superoxide radicals (Oz) might have
contributed to TCM degradation, as ionic strength has been shown to
enhance O3 reactivity [8]. O3 is known to act as both reducing and
oxidizing agent [49]. In this case, given the low A“ value determined
for TCM in this experiment, O5 radicals could drive TCM degradation
primarily through a reductive mechanism. This suggest that the pres-
ence of PS and an excess of CO3" could transform TCM degradation into
an In Situ Chemical Reduction (ISCR) process rather than an ISCO.
However, further evidence supporting this hypothesis is necessary.

Further insights into the potential reductive degradation of TCM
were explored by comparing the results obtained for TCM with those for
other CMs and CEs in experiments iv.a and iv.b, respectively (detailed in
Appendix E). For CEs, PCE displayed low chlorine isotope fractionation
(eCl = -0.4+0.2)and a AS value of 5 + 3 (Table E.1). This value is
similar to the A®! range of 4.6-7 reported for abiotically mediated RD
by corrinoids [50], but diverge from those obtained for reduction of
PCE, TCE and cis-DCE via OS-SET in experiments with CO35 radical
anion, which are reported to approach infinity because of the negligible
chlorine isotopic fractionation [35]. In line with these discrepancies,
TCE and cis-DCE in our experiments showed AS“yalues of 6 + 4 and 2
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+ 1, respectively, contrasting with the trends for OS-SET.

The AS® values for TCE (6 + 4) and cis-DCE (2 + 1) are relatively
similar to the values reported for Fe(0)-induced (5.2 + 0.3 for TCE and
3.1 £ 0.2 for cis-DCE, [51]) and corrinoids-induced (3.7-4.5 for TCE,
[50]) reductive degradation. On the other hand, the isotopic fraction-
ation results would also be consistent with those for CEs degradation
with oxidation reactants. First, obtained £C value for TCE (-3.3 =+ 0.4 %o,
Table E.1) is close to those reported for degradation with Fe(0)-activated
PS at acid pH, both with (-3.4 to —4.3 %o, [52]) and without (-3.9 to
—4.7 %o, [53]) carbonates, driven by SOy radical. Unfortunately, chlo-
rine isotope data are not available for comparison. Second, the eC value
for TCE is similar to that reported for Fenton-like degradation of TCE
(-2.9 + 0.3 %o), where it was assumed that OH' radical predominated
and secondary chlorine isotopic fractionation resulted in a ASvalue of
3.1 £0.2 [54].

Overall, these results suggest that reductive processes could play a
role in CEs degradation in the alkaline-activated PS system in presence
of carbonates, and the observable chlorine isotopic fractionation tends
to dismiss a stepwise OS-SET mechanism for CEs, in contrast to the
observations with CO5 radicals [35].

For the other CMs, for which limited isotopic data are available in the
literature compared to TCM, CT exhibited a A®“ value of 2.2 & 0.4 in
experiment iv.a (Table E.1), closer to the value reported for magnetite
(Fe2+Feg+O4)—mediated reductive reactions than to the one for Fe(0)-
induced reaction (2 + 1 and 5.8 + 0.4, respectively) at pH 12 [29]. A
potential reductive degradation of CT via reaction with O3 could also be
possible in our experiments. The reductive degradation of CT by O3
radical anion was reported in previous studies [47,48], however, isotope
data is still not available for this reaction. DCM, on the other hand,
showed no statistically significant chlorine fractionation (with or
without PS) and no A% values could thus be obtained (see Annex E).

3.5. Precipitate formation and chlorinated byproducts in experiments ii
and iii

During experiments ii.a and iii.a (at pH 11.4 and 11.3, respectively),
the formation of precipitate aggregates was observed in the vials con-
taining PS (see figure F.1), but not in the control vials (Table F.1). HS-
GC-gMS analysis identified and quantified higher chlorinated hydro-
carbons alongside the degradation of TCM in the ii.a and iii.a experi-
mental vials, while such byproducts were not detected in the control
vials. This suggests that their formation is linked to the radical cascade
in the oxidation process. Unexpectedly, the degradation of TCM in these
conditions led thus to the accumulation of higher chlorinated com-
pounds than the original contaminant, with hexachloroethane (HCA)
emerging as the primary byproduct, and CT also detected. These com-
pounds have been previously reported in photocatalytic degradation
reactors of TCM and TCE [55,56], but, to the best of our knowledge,
have never been associated with alkaline activated PS treatments.

The accumulation of HCA suggests that OH' radicals, rather than SO4
radicals, likely drove TCM degradation in experiments ii.a and iii.a, as
prior findings have shown that SOj initiate HCA degradation [57],
whereas HCA shows low reactivity with OH' [48]. The formation of HCA
might be explained by a HAA mechanism, where TCM reacts with OH,
similar to the mechanism proposed for 1,1,1-trichloroethane [58,59]. As
a result, the C-H bond cleavage would produce trichloromethyl radicals
(CCl3), which would subsequently dimerize to form HCA via radical
coupling [60,61]. The formation of HCA occurs thus after the first re-
action step of TCM degradation and, therefore, it does not influence the
determined isotopic fractionation values of TCM. In experiment iv.a,
although precipitates could not be observed because of the presence of
the solid materials, HCA was also detected (Table F.1).

Due to the low solubility of HCA (50 mg/L) [62], it is likely that the
observed precipitates corresponded to HCA. Direct quantification of
precipitated HCA was challenging due to its volatility, which made
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filtration, drying, and weighing unreliable. Therefore, an indirect
calculation of the solid HCA formed during the experiments was per-
formed using a chlorine mass balance equation (Eq. 3).

Clror = Cl og + Clrey + Cler + Clucaag) + Clucags) 3)

Since the experiments were conducted in deionized water, the only
initial source of chlorine was TCM (690 mg/L). Therefore, the total
chlorine content in each experimental vial comprises the chloride anion
present in the aqueous phase (Cl;q, measured by HPLC), chlorine atoms
in the dissolved organic chlorinated compounds (Clycy, Cler and Clyca
(ag))> and chlorine precipitated as solid HCA (Clyca(s). Results for esti-
mated Clycacs) are detailed in Table F.2. After near-complete trans-
formation of TCM in experiments ii.a and iii.a, approximately 55-65 %
of the initial chlorine from TCM was converted into HCA, predominantly
recovered as precipitate (Fig. 1).

3.6. Insights into TCM degradation from 2D-CSIA

Isotope data revealed that while changes in TCM:PS molar ratio in-
fluence degradation kinetics they do not affect the degradation mecha-
nism itself. Additionally, strong alkaline conditions (pH > 12) lead to the
predominance of TCM degradation by AH over the reaction with PS-
derived radical species, resulting in slower degradation kinetics.
Consequently, isotope data from experiments for which differences be-
tween their dual element isotope trends were not significant (p > 0.05)
were merged to derive combined AS values (i.e., experimentsi.a + i.b
+ ii.a and experiments ii.b + iii.b). Obtained results are summarized in
Fig. 2, where three distinct isotopic trends can be observed: (i) ACC of
29 + 4 during TCM oxidation by alkaline-activated PS (experiments i.a
+ i.b + ii.a). Compared to the slope from thermally activated PS (17
+ 2) [28], where SO} radicals are formed, the different slope obtained in
this study suggest the involvement of OH radicals; (i) A®® between 11
+ 1 (Ctrl ii.b) and 9 + 1 (experiments ii.b and iii.b), accompanied by
significantly higher carbon and chlorine isotopic fractionation values for
AH, where degradation predominantly follows the E1¢pg mechanism; and
(i) A% of 5.5 + 0.6 during TCM degradation by alkaline-activated PS
in experiments reproducing alkaline trench field conditions with the
presence of excess of CO%’ (iv.a), which exhibited the fastest kinetics.
The CO% anion can scavenge SO and OH' radical species and it could
give rise to the contribution of other radical species, such as O3, on TCM
transformation. The reaction of TCM with O3 could proceed via a
reductive mechanism [47,48], however, the obtained slope differs from
that reported for an OS-SET mechanism [35].

The observed C-Cl slope of experiment iii.a likely reflects a mixture
of parallel or competing processes, suggesting the co-existence of
oxidative-reductive reactions: oxidation (mainly via reaction with OH’)
and a probable reductive reaction (driven by 03), as suggested in

100%
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experiment iv.a. An estimation of the contribution of each process to
TCM degradation is shown in Appendix G, in the SI.

However, the range of A values observed in our experiments also
suggests that distinguishing between the action of alkaline-activated PS
and TCM reductive biodegradation in the field may not always be
possible based solely on isotopic C-Cl data. The range of A% values for
RD of TCM (2.8 + 0.3-7 + 1, [33,31,32,34]) overlaps with the slope
obtained in the presence of an excess of carbonates (exp. iv.a). In such
cases, a more comprehensive analysis, including detailed hydro-
geochemical and biological molecular tools, may be required to fully
characterize the degradation mechanisms.

4. Conclusions

The degradation of TCM by alkaline-activated PS was studied in
batch experiments to determine whether different factors such as TCM:
PS molar ratio, pH and the presence of radical scavengers may affect the
assessment of the degradation process by 2D-CSIA in ISCO treatments. In
addition, experiments were performed reproducing alkaline trench field
conditions to identify the factors driving the contaminant degradation
processes in a complex field application scenario.

The distinct A% values obtained in this study provide compelling
evidence of the potential of 2D-CSIA to differentiate between AH and
other TCM degradation mechanisms, probably involving different ROS
(e.g., OH/, SO3, O3 and CO3), during alkaline-activated PS treatment in
TCM-contaminated sites. These findings establish a solid foundation for
understanding the multiple processes, that may occur simultaneously,
during ISCO with alkaline-activated PS in contamination plumes.
Further research using advanced techniques such as electron para-
magnetic resonance (EPR) spectroscopy is needed to fully elucidate the
specific radical species driving TCM degradation under the different
conditions investigated.

The different carbon isotope fractionation values obtained in the
experiments performed in this study underscore the need for caution
when applying CSIA for the quantification of TCM degradation in the
field. Relying on €C values obtained from simplified, deionized water
experiments, common in literature, could lead to a significant under-
estimation of degradation extent when assessing TCM transformation
with PS.

To the best of the authors’ knowledge, this is the first study to
document the formation of highly chlorinated byproducts such as HCA
and CT during the chemical oxidation of TCM by PS. The formation of
these byproducts raises important environmental concerns, as both HCA
and CT are toxic and persistent in the environment. Several factors need
to be considered when translating these findings to field applications: (i)
our experiments were conducted in a closed system, leading to elevated
byproducts concentrations that may be mitigated by dilution in natural

CIHCA+(_‘I'(aq)
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Fig. 1. Chlorine mass balance of experiment iii.a, showing quantified aqueous chloride and chlorine in dissolved TCM, CT and HCA, alongside the calculated chlorine

precipitated as solid HCA.
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Fig. 2. Dual C-Cl isotope plot displaying results from different experiments with alkaline-activated PS (Exp) and control experiments without it (Ctrl), as well as the
proposed TCM degradation mechanisms. Trends for thermally activated PS (in red) and alkaline hydrolysis (A“ of 13.0 + 0.8 at pH ~ 12, not shown) from [28] are

shown for comparison. Data from some experiments was combined due to similarity (p > 0.05) (i.e., i.a + i.b + ii.a and ii.b + ii.b), yielding characteristic

values. Dashed lines indicate the 95 % CI of the linear regression.

settings; (ii) the initial TCM concentration was 690 mg/L, which rep-
resents conditions near free-phase (DNAPL) zones or source areas of
pollution, where PS treatments are often applied. Along the contami-
nation plume, where the concentration of the contaminant is lower,
expected generation of HCA would be reduced; (iii) processes such as
volatilization and adsorption could reduce HCA concentrations in the
field. Despite these considerations, the detection of HCA and CT in this
study highlights the need for further investigation into the potential
unintended consequences of PS-based ISCO techniques in TCM-
contaminated sites. The results of this study might have thus impor-
tant implications for the selection and evaluation of remediation stra-
tegies by decision-makers.

Environmental implications

TCM is one of the most prevalent contaminants in groundwater. ISCO
using alkaline activated PS has gained increasing attention as a reme-
diation method. This study demonstrates the potential of 2D-CSIA to
differentiate between AH and other TCM degradation mechanisms,
during alkaline-activated PS treatment in TCM-contaminated sites.
Additionally, for the first time, hexachloroethane was observed as a
byproduct of chloroform oxidation. These findings have important im-
plications for the selection and evaluation of remediation strategies by
decision-makers.
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