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ABSTRACT

Catalytic hydrodechlorination is an efficient technology for degrading organochlorinated compounds, such as
chloroform (CF), into harmless products. Compound-specific stable isotope analysis (CSIA) of multiple elements
is widely used for the investigation of degradation mechanisms. Yet, its application in the study of catalytic
hydrodechlorination is still limited. We have applied CSIA to derive chlorine, carbon, and hydrogen isotope
enrichment factors (¢) during the degradation of CF over Pd/Al;03 and over Rh/AlyO3. In addition, the
enrichment factors for the same isotopes were derived for the reaction of CF with zero-valent iron (ZVI) for
comparison. For the reactions of CF over Pd/Al;,03 and Rh/Aly0s3, ¢¢ values (—21.9 + 0.25 %o and —23.4 + 2.3
%o) and ecy values (—12.1 & 1.7 %o and —10.3 + 0.6 %o) were determined, respectively. The corresponding ¢ and
eq) values, for the dechlorination of CF with ZVI were —22.2 + 2.8 %o and —4.7 + 0.45 %o, respectively. The
apparent kinetic isotope effects (AKIE) of Cl suggest that the transformation mechanism in the catalyzed
hydrogen-water system is a non-concerted reaction, unlike the known reductive dechlorination of CF with ZVI.
Moreover, dual-isotope slopes (Ac,c)) for both catalyzed reactions (Apg = 1.8 & 0.13 and Agp = 2.1 + 0.14) are
markedly different than for the ZVI (Azy; = 5.8 + 0.41), reflecting that the reactions proceed in different
mechanisms. For hydrogen isotopes, while there was no clear trend for the catalyzed reactions, an inverse
secondary hydrogen isotope effect was observed for the reaction of CF with ZVIL.

1. Introduction

contribute to its ubiquitous occurrence in the environment and specif-
ically in surface water and groundwater.

Chloroform (CHClg, henceforth CF), a chlorinated organic compound
having both natural and anthropogenic sources is widely spread in
marine and terrestrial environments [1,2]. In the USA, it is one of the
most commonly detected volatile organic compounds (VOCs) in
groundwater [3]. It is environmentally toxic and ranks 11th in the 2019
substance priority list of the Agency for Toxic Substances and Disease
Registry [4]. To humans, CF is potentially carcinogenic [5].

Chloroform is manufactured as an industrial solvent and it is a
chemical intermediate and by-product of various processes [6-11]. It is
also formed as a by-product during drinking- or pool-water chlorination,
and during seawater or wastewater treatment as the chlorine (or its
other forms, i.e. hypochlorite, hypochlorous acid, and chlorine dioxide)
reacts with dissolved organic matter [12-21]. These various sources
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The efficiency of biotic and abiotic natural attenuation processes
removing chlorinated organic compounds from the water phase under
natural conditions is limited. Consequently, several remediation
methods based on reductive dechlorination, using zero-valent iron (ZVI)
[22-25], noble metal catalysts such as palladium (Pd) and rhodium (Rh)
[26-29], or a combination of both [30-36], have been developed. In
addition to the direct electron transfer on the ZVI surface for dechlori-
nation, all methods use molecular hydrogen as the electron donor to
convert the chlorinated organic compounds into non-chlorinated prod-
ucts. While corrosion of ZVI in the aqueous phase, in addition to the
direct reduction, generates the hydrogen necessary for the reaction,
hydrogen has to be added in the case of catalytic conversion reactions,
typically by bubbling the gas into the water phase [37] or by diffusion of
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pressurized hydrogen through e.g. hollow fibre membrane modules [38]
or diffusion stones [39]. In electrochemical remediation, hydrogen can
also be generated from electrolysis of water as demonstrated in various
studies [40-43]. For CF dechlorination by nano-sized ZVI, Song et al.
[44] reported that the role of the evolved hydrogen is insignificant. By
contrast, a number of studies report a significant role of the hydrogen in
reductive dechlorination of a number of organic compounds [25,
45-471].

These techniques have been applied in in-situ remediation of
contaminated aquifers. Examples comprise the application of ZVI in
permeable reactive barriers (PRBs)[22,23,48,49], the direct injection of
nano-scale ZVI, or nano-scale Fe/Pd bimetallic particles, both with or
without support materials, into aquifers [24,25,48,50-56]. Noble metal
catalysts have also been implemented in in-borehole treatment tech-
niques [30,31,57].

Reductive dechlorination of CF using ZVI is well known [58-64] and
there is also extensive literature on the catalytic hydrodechlorination of
CF over palladium, rhodium, and other catalysts, pure or on different
supports, alone or bi-metallic, and both, in gas and liquid phase re-
actions [7,8,65-79]. Typically, those studies focus on the degradation in
terms of the catalysts’ activities, selectivities, the role of grain sizes and
support materials, and on the long-term performance of the catalysts.
The evidence for and the quantification of degradation reactions are
then mainly based on observed concentration changes and on products
formed. While these approaches are sufficient for well-controlled labo-
ratory experiments, they are susceptible to errors in the field, e.g. due to
sorption, diffusion, dispersion, or changes in flow paths [80,81].

Compound-specific isotope analysis (CSIA) is an additional tool that
can be applied to quantify the progress of degradation reactions, inde-
pendent of concentrations. This is due to the fact that bonds containing
the heavier isotope are more stable compared to bonds containing the
lighter isotope, leading to kinetic isotope fractionation during degra-
dation. The related isotope enrichment factor (¢) can be obtained by
applying the Rayleigh equation to degradation data [80,82]. If the initial
isotopic composition of a compound as well as the enrichment factor of a
reaction is known, the progress of a reaction can be studied by
measuring the isotopic composition of the remaining compound. In
addition, CSIA can be used as an environmental forensic tool to identify
contaminant sources [83-88] or to reveal transformation pathways and
mechanisms [80,87,89-93].

CSIA studies ranging from batch and column experiments in the
laboratory to field investigations focussing on various compounds have
been carried out. For example, the use of stable carbon- as well as
chlorine-CSIA (C- and CI-CSIA) during the reductive dechlorination of
trichloroethene (TCE) and perchloroethylene (PCE) with granular ZVI as
well as nano-scale ZVI was demonstrated [94-96]. For CF, its formation
from chlorination [97] and its biodegradation by a Dehalobacter strain
[98] was studied using C-CSIA.

Multi-element CSIA of a compound provides even more information,
specifically on reaction mechanisms, as lately summarized in a review of
multi-element (C, H, Cl, Br) studies for several halogenated hydrocar-
bons [99]. For CF, C- and CI-CSIA were applied in ZVI degradation ex-
periments with varying pH, and with two microbial strains to distinguish
between abiotic and biotic degradation reactions [100,101]. Recently,
the technique was applied to investigate CF dechlorination with a novel
Dehalobacter strain [102].

Besides to the individual isotopic fractionation patterns, or enrich-
ment factors, obtained from multi-element isotope data, slopes derived
from dual-isotope plots (lambda, A) are becoming an established line of
evidence to identify various (bio)chemical transformation mechanisms
and pathways [90,91,99,100,102-112]. The dual-isotope slope A
numerically expresses the relationship between fractionation extents in
the two plotted elements and often reflects the reaction mechanism and
conditions [99], or kinetics, i.e. steps preceding bond cleavage [113]. A
summary of C-Cl isotope slopes (Ac/cp is provided in a review article
[114]. The technique, particularly using C-Cl isotope data, was applied
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to study TCE dechlorination with ZVI [106] and to investigate the nat-
ural attenuation of carbon tetrachloride (CT) and CF [101] to charac-
terize and ascertain degradation pathways at a contaminated field site
[100]. For CF, Ac/q for persulfate oxidation and alkaline hydrolysis
showed significantly different slopes compared to the reductive
dechlorination of CF with ZVI.

Laboratory-determined ¢ values are often applied to field in-
vestigations to quantify reaction progress [80,82,115-117]. The ma-
jority of these studies focus on biological transformation reactions or on
abiotic reactions, e.g. when using ZVI. Despite the potential of catalytic
hydrodechlorination for remediation of contaminated groundwater,
CSIA studies focussing on one or multiple elements are still scarce [45,
81]. In this study, we therefore performed batch experiments to (i)
investigate and derive the stable C, Cl, and H isotope enrichment factors
for chloroform during its catalytic reductive hydrodechlorination over
Pd/Al,03 and over Rh/Al;O3 in the water phase, and (ii) compare these
enrichment factors with the ones obtained for the reductive dechlori-
nation of chloroform using ZVI. We then generated dual-isotope plots to
derive Ac/c values for all reactions.

2. Materials and methods
2.1. Experimental setup and sample preparation

Chloroform (Sigma-Aldrich PHR1552), palladium on aluminum
oxide powder (Pd/Al;03, 10 wt. %; Sigma-Aldrich 440086), and
rhodium on aluminum oxide powder (Rh/Aly0s3, 5 wt. %; Sigma-Aldrich
212857) were purchased from Sigma-Aldrich/Merck (Darmstadt, Ger-
many). A series of CF stock solutions was produced by diluting the
original CF standard with methanol (>99.9 %; Carl Roth GmbH, Karls-
ruhe, Germany).

For the catalytic reductive hydrodechlorination of CF over palladium
and over rhodium, a 100 mL borosilicate glass syringe (Poulten and Graf
GmbH, Wertheim, Germany) was used as a reaction vessel. It was
modified to allow sampling via a glass-sampling port capped with a
Mininert valve (Alltech Grom GmbH, Rottenburg-Hailfingen, Germany)
at the side of the syringe and placed vertically on a stirrer [118]. 100 mL
deionized water was then filled into the syringe and saturated with Hj
gas by bubbling (approx. 0.8 mM). The plunger was inserted leaving no
headspace by venting the excess gas through the sampling port. CF stock
solution was injected through the sampling port to adjust a concentra-
tion of approx. 100 mg/L. To start the degradation reaction, either the
Pd/Al;,03 (40 mg) or the Rh/Al;03 (80 mg) was injected as slurry in
deionized water through the sampling port.

From the reaction vessel different samples were taken. For carbon
and hydrogen isotope analyses, water samples (1 mL) were withdrawn
using a glass syringe with a syringe filter (0.2 um), and transferred into 2
mL glass vials with PTFE lined caps. For chlorine isotope analyses, 15 pL
of the water phase from each 1 mL sample were withdrawn and added to
10 mL deionized water in 20 mL headspace glass vials. A first set of
water samples was taken prior to the injection of the catalyst to obtain
the initial CF concentration. Changes in water volume in the reactor
syringe due to sampling were adjusted by the movement of the glass
plunger, thus avoiding any headspace.

To investigate the degradation of CF with ZVI, granular iron fillings
obtained from Gotthart Maier GmbH (Rheinfelden, Germany) were
used. The grain size ranges from 0.3 to 2 mm and it has a surface area of
0.87 mz/g (£0.01) [119]. Two 120 mL glass vials with 200 g of ZVI and
50 mL of deionized water were prepared and capped with Mininert
valves. One was used for analyzing carbon and hydrogen isotopes and
the other one for analyzing chlorine isotopes. A third vial without iron
served as the blank vial. CF stock solution was added to the vials to
adjust a concentration of approx. 100 mg/L. Vials were covered with
aluminum foil, kept on a horizontal shaker, and were sampled at
experiment-specific intervals depending on reaction progress (SI, Ap-
pendix A3; Fig. A3.1 — Fig. A3.3).
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For carbon and hydrogen isotope analyses, 1 mL water samples were
taken from the respective vial and the reference vial and transferred into
2 mL glass vials with PTFE lined caps. For chlorine isotope analyses, 100
uL gas phase samples were taken from the respective vials and the
reference vial. The gas phase samples were injected into 20 mL crimp top
vials filled with 10 mL deionized water and closed with aluminum crimp
caps.

2.2. Isotope and concentration analyses

To determine carbon and hydrogen stable isotope ratios in all ex-
periments, the headspace in the 2 mL glass vials was sampled (20 — 500
uL) and directly injected into a gas chromatograph (Trace 1310, Thermo
Fisher, Bremen, Germany) equipped with a flame ionization detector
(FID) and connected through a combustion/pyrolysis interface to an
isotope ratio mass spectrometer (IRMS; Delta V Advantage, Thermo
Fisher). The IRMS was equipped with a triple collector for CO (m/z =
44, 45, 46) and a dual collector for Hy (m/z = 2, 3). Method details can
be found in the Supplementary information (SI, Appendix Al).

Stable chlorine isotopes were determined using the 20 mL headspace
glass vials and a purge and trap (P&T) system (PTA 3000; IMT,
Vohenstrau}, Germany) coupled to a gas chromatograph with a quad-
rupole mass spectrometer (P&T-GC-gMS, Agilent GC 6890/5973MSD)
[96,120] in the selected ion mode (SIM). Analyzed masses were m/z 83
and 85. GC-qMS runs were also used to determine chloroform concen-
trations, and to detect reaction intermediates. More details are available
(SI, Appendix A2).

Linearity ranges for CF and the corresponding isotopes using P&T-
GC-gMS and IRMS were checked before the experiments. Repeated
measurements of various concentrations of the in-house CF standard,
covering the concentration range of the samples from the experiments,
revealed an overall precision better than 0.4 %o, 0.4 %o, and 6 %o for 613C,
§%7Cl, and 5°H, respectively. Lower limits of quantification for C- and H-
CSIA were about 7.1 and 3.93 ng on-column mass of carbon and
hydrogen, respectively (more details in the SI, Appendix A4). For
chlorine, the lower limit of quantification was about 267.4 ng Cl on-
column achieved from a 30 pg/L concentration of CF in 10 mL deion-
ized water. An aqueous CF concentration of 43.5 mg/L and 30 mg/L,
when 100 pL head space is injected under the experimental conditions
we reported in this work, would give the minimum sample amount for
the linearity range of C- and H-CSIA, respectively.

2.3. Isotope data evaluation

The isotope ratios are expressed using the delta notation (5*3C, 5°7Cl,
and 5°H) (Eq. 1)

R ample R eference
Yoo = [—mle RN | 4 1000 )

6sump]e R
Reference

where Rgample and Rgeference are the isotope ratios of CF in the sample
and reference standard, respectively [121]. Due to a lack of an isotopi-
cally defined reference material for CF, an in-house CF standard was
used. Hence, the isotope values reported are not absolute numbers but
reflect the changes as the reaction proceeds. Therefore, the first obtained
isotopic values in the reference vials were set to 0 %o.

To determine the bulk isotope enrichment factor € [%o] of CF, a
modified version of the Rayleigh equation [82] was applied for § 13C, 5
37¢l, and 6 2H (Eq. 2):

1000 * In( 50{1?0100(?0) @
Inf

€%o0 =

where &y and &; are the isotopic composition of CF at the beginning and
at time ¢, respectively. f is the remaining fraction of CF during the
dechlorination reaction, calculated as the quotient of the concentration
at time t and the initial concentration (Ci/Cp). As the reductive
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dechlorination of CF with ZVI was performed in vials with headspace,
the concentration at any time t was corrected to account for the mass of
CF removed during sampling, and also accounting for the change in the
ratio between water phase and gas phase, as CF is a volatile compound
[122].
The apparent kinetic isotope effect (AKIE) was calculated according
to Eq. 3 [82,100]:
1

AR = o etk ®

where n is the number of atoms of the considered element in the
molecule, x is the number of these atoms located at a reactive site, and 2
is the number of atoms located at reactive sites that are in intramolecular
competition.

For the evaluation of the dual-isotope plots and to determine the
slope of the correlation between § 3¢ and s ¥cl (Acya), the York
method of regression [123] adapted to RStudio [124], was applied as
suggested in Ojeda et al. [104] for such plots.

3. Results and discussion
3.1. CF transformation and associated Isotope effects

Concentration data showed that CF dechlorination reactions over
Pd/Al;,03, Rh/Al;03, and with ZVI followed first-order kinetics, with
much faster degradation for the two noble metals compared to the ZVI,
as expected (SI, Fig. A3.1 — Fig. A3.3). Rates were highest for the Pd/
AlyOg3 catalyst. In all reactions, dichloromethane and chloromethane
were observed as intermediate products in low concentrations, espe-
cially in the catalyzed reactions, and methane was the final product.
Intermediate products and methane were not quantified or isotopically
characterized.

Fig. 1 presents the Rayleigh plots for the isotopic changes of C, Cl,
and H during the reactions and Table 1 shows the resulting enrichment
factors ¢ (%o), the apparent kinetic isotope effects AKIE (-), and the
slopes of the dual-isotope plots (Ac/cp)-

Concerning C, for the Pd and Rh catalysts as well as for the ZVI, very
similar enrichment factors were determined (—21.9 4 0.25 %o, —23.4
+ 2.3 %o, and —22.2 + 2.8 %o, respectively, Fig. 1: A, D, and G). These
values are in line with reported carbon enrichment factors for reductive
dechlorination of CF using ZVI (—33 £ 11 %o [100], and —20 £ 9 %o
[125]) with significantly better precisions. For the catalyzed hydro-
dechlorination of CF, no C-isotope enrichment factors are reported so
far.

For Cl, the enrichment factors for the two noble metal catalysts were
similar (—12.1 4+ 1.7 %0 and —10.3 =+ 0.6 %o for Pd/Al203 and Rh/Al»03,
respectively, Fig. 1: B and E), but higher than for the ZVI (-4.7 &+ 0.45
%o, Fig. 1: H). Our enrichment factor for the ZVI reductive dechlorina-
tion reaction is slightly higher than previously published results (—3
+1, —2+1) [100,125]. For the catalyzed reactions, however, no
fractionation factors are reported in the literature.

In case of hydrogen, the two catalysts and the ZVI showed different
patterns. For Pd/Al,03 and Rh/Al,03, no clear unidirectional trends in §
2H values were observed (Fig. 1: C and F, respectively). However, while
for Pd/Al»;03 the hydrogen isotopes did not significantly change over the
course of the experiment, large changes in the § 2H values were observed
for Rh/Al;03 with an initial enrichment of heavier isotopes and a later
depletion. Since no meaningful correlation between the concentration
and hydrogen isotope values were observed (Fig. 1: C, and F), the
enrichment factors were not calculated. For the ZVI, an inverse sec-
ondary hydrogen isotope effect with an enrichment factor of 28.7 + 2.5
%o was recorded (Fig. 1: I).

Our results for the catalysts may suggest that CF is adsorbed to the
catalyst surfaces through the Cl- or H- atoms and a certain extent of
hydrogen isotope exchange is possible, as discussed in Chen et al. [74]
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Fig. 1. Rayleigh isotope plots for the catalytic hydrodechlorination of CF over Pd/Al;O3 (A to C), Rh/Al,O3 (D to F), and dechlorination with ZVI (G to I). Dashed
lines represent the 95 % confidence interval; vertical error bars represent uncertainty of the method (maximum 0.4 %o for C, 0.4 %o for Cl, and 6 %o for H) and
horizontal error bars show uncertainty in concentration measurement. The slopes define ¢ in %.. The hydrogen isotope enrichment factors (ey) for the catalyzed
reactions were not calculated since the hydrogen isotope data show no meaningful correlation, as indicated by the low R? values (C and F) based on the Rayleigh
model. Different f ranges are shown due to differing linearity ranges of the instruments for C-, Cl- and, H-CSIA (depending on temporal changes in instrument
performance).

Table 1
C, Cl, and H isotope enrichment factors and dual-isotope slope (Ac/c)) values obtained during degradation of CF over Pd/Al,03, Rh/Al,03, and with ZVI.
Carbon Chlorine Hydrogen 2D
CF over ec [%o] R? AKIE [-] et [%o] R? AKIE [] en [%o] R AKIEy [-] Acsar [17*
Pd/Al,03 -21.9 £ 0.25 0.99 1.0224 + 0.0003 -121+£1.7 0.94 1.038 £+ 0.0017* e 0.32 i 1.8+£0.13
Rh/Al,03 -23.4+23 0.96 1.0240 + 0.0023 -10.3 £ 0.6 0.97 1.032 £ 0.0006* ek 0.04 x ok 2.1+0.14
ZVI -22.2+2.8 0.90 1.0227 + 0.0028 -4.7 £ 0.45 0.94 1.014 £+ 0.0005 28.7 £ 2.5 0.95 0.9721 £+ 0.003 5.8 +£0.41

* When concerted bond-cleavage is assumed (scenario 1, see Section 3.2).
** The Ac,/q values are derived from the dual-isotope slope shown in Fig. 2.
*#* The hydrogen isotope data of the catalyzed reactions show no meaningful correlation, as indicated by the low R? values in Fig. 1 and this Table, and therefore do

not fit to the Rayleigh model.

for Pd. In the exchange, either the hydrogen adsorbed to the catalyst bond of CF can be broken on Pd-surfaces to form CCl; radicals, which
surface or the hydrogen in the water molecule could be involved. Even could result in an isotope fractionation. Moreover, superimposition of
though thermodynamically less expected, as Xu et al. [8] reported a C-H both equilibrium and kinetic isotope effects, as observed by Loffler et al.
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[126] in a hydrogenase reaction, might also contribute to the hydrogen
isotope data scatter we observed.

In the case of ZVI, a similar hydrogen enrichment factor compared to
ours (28.7 + 2.5 %o) was observed during the microbial reductive
dechlorination of TCE (eg= 34 + 11 %o) [127] and Van Breukelen et al.
[128] modelled such an inverse isotope effect of hydrogen. These effects
were attributed to nucleophilic addition reaction mechanisms. During
the hydrodechlorination of CF with ZVI, a single C-Cl bond cleavage
occurs in the first reaction step. Therefore, no primary H isotope effect is
likely for this pathway and the measured ey indicates a secondary
isotope effect in the H-atom located adjacent to the carbon in the
reacting bond (C-Cl). This is in line with Elsner et al. [82] who suggested
that breaking of a C-Cl bond could result in a secondary hydrogen
isotope effect. Additional reaction pathways such as dehydrogenation
mechanisms (CCl3 formation) could also be possible reasons for inverse
hydrogen isotope effects. On the contrary, there could be an additional
isotope effect from repeated sample extraction where more headspace
created in the vial might have led to a water-air partitioning isotope
effect. Rostkowski et al. [129] and Horst and Lacrampe-Couloume [130]
have obtained small but inverse hydrogen isotope effects for CF during
volatilization from water.

The potentially combined processes occurring for the catalysts as
well as for the ZVI might affect the overall fractionation, complicating a
mechanistic interpretation of the results. Further experiments with e.g.
deuterated CF and Hy0 as well as volatilization experiments might
provide additional evidence.

3.2. Comparison of the isotope effects and mechanism of dechlorination

To evaluate the reaction mechanisms, dual-isotope plots (changes in
isotope values of C vs Cl) of the fractionation patterns were generated
(Fig. 2). To avoid regression bias in both axes, the York method of
regression, as suggested by Ojeda et al. [104], was used. For the
dechlorination reaction with ZVI, a slope of 5.8 + 0.41 was calculated,
compared to previously reported Ac/c values of 8 +£2 [100], 8 +1
[125],8 £ 1.4,and 8.1 + 1.3 [131]. Our slightly attenuated slope is still

30 N=58+041 ~ —&—
T R?= 0.96 —o—
l—@—!
=
82 20 -
O
] A=21£014
2 R*=093 .-~ &=,
104
“A=1.8+0.13
R2=0.93
O -
joties @ PI/ALO, @RNALO, O 2V
T T T T T
0 2 4 6 8

A 53Cl [%o]

Fig. 2. Dual C-Cl isotope plots (Ac/q1), i.e. changes in carbon versus chlorine
isotope values, for chloroform during a catalytic hydrodechlorination over Pd/
Al,O3 (blue circles), Rh/Al,O3 (red circles), and its reductive dechlorination
with ZVI (golden circles). Solid lines correspond to the York regression and
dashed lines show the 95 % confidence interval. Vertical error bars indicate
uncertainty for duplicate measurements; horizontal error bars show a maximum
uncertainty of 0.4 %o considered for duplicate chlorine isotopes. In some cases,
the error bars are within symbol size.
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in the uncertainty range of some of the reported Ac/q values for ZVI.
Moreover, statistically there is no significant difference in the slope for
the reactions with ZVI, as a p-value of 0.298 is calculated (t-test) for the
Ac/c1 reported in Torrent6 et al. [100] and this work.

In contrast, a significant difference in Ac/q between the ZVI-
mediated and the catalyzed reactions was determined. While the Ac/q
for the catalytic hydrodechlorination reactions of CF over Pd/Al,O3 and
over Rh/Al,O3 were 1.8 + 0.13 and 2.1 + 0.14, respectively (Fig. 2), the
Ac/q for ZVI was 5.8 + 0.41. Comparing the regression lines of this
study statistically, using covariance, there is no significant difference for
the catalytic reactions, as a p-value of 0.419 is determined between
both, Pd/Al;03 and Rh/Al;03 mediated reactions, whereas a p-value of
< 0.001 is obtained for the catalytic reactions versus the ZVI reaction.
We therefore assume different reaction mechanisms for the ZVI-based
reaction and the catalytic ones as also deduced from the AKIE values,
further discussed in the next paragraphs.

The isotope fractionation is a response to the underlying kinetic
isotope effect (KIE) as degradation proceeds [82,87]. The calculated
AKIE¢ values for all our reactions (1.0224 + 0.0003 for Pd/Al,O3
catalysis, 1.0240 + 0.0023 for Rh/Al»03 catalysis, and 1.0227 + 0.0028
for ZVI) are within the theoretical Streitwieser limit for C-Cl bond
cleavage (KIE¢ = 1.057) [82] and the rate-limiting step in the reactions
is the cleavage of the C-Cl bond. In case of C and H, n, x, and z (see
Section 2.3) are set to 1, as there is only one atom of each present in the
CF molecule.

In CF, the Cl atoms are 3 (n = 3) whereas x and z are subject to the
reaction mechanism. As a scenario 1, assuming all three chlorine atoms
in CF are reacting in a concerted way (n, x and z, all 3), the AKIE¢ values
were calculated for the CF dechlorination with ZVI (1.014 4 0.0005)
and for the Pd and Rh catalyzed reactions (1.038 + 0.0017 and 1.032
+ 0.0006, respectively). The KIEg for ZVI is near the expected
maximum limit (KIEq = 1.013) [82]. The values for the catalyzed re-
actions are however higher than the KIE¢ theoretical limit for C-Cl bond
cleavage. The high observed AKIE for CF during catalyzed hydro-
dechlorination over Pd/Al,O3 and over Rh/Al,O3 might indicate that no
intramolecular competition among the three chlorine atoms exists.

If we assume that no intramolecular competition occurs among the
three chlorine atoms and stepwise bond-cleavage of the chlorine atoms
occurs (scenario 2; both n and x = 3, and z = 1), re-evaluating the
AKIE results in values that are well within the Streitwieser limit, i.e.
1.012 + 0.0017 for Pd/Al;03 and 1.010 + 0.0006 for Rh/Al;03. Ac-
cording to Xu et al. [8] and Chen et al. [74], the chlorine end of the C-Cl
bond, is mainly involved in the adsorption to the Pd surface. There are
indeed three indistinguishable reactive sites, but our results also showed
one chlorine atom at a time cleaves in the transition state. Hence, it is
not a surprise in our case to observe a very large chlorine isotope effect
for the Pd/Al»03 catalyzed reaction. We consider the same phenomenon
for the Rh/Al,O3 catalyzed reaction.

With regard to pathway, for the dechlorination of CF with ZVI
hydrogenolysis and/or reductive elimination is suggested [100,125].
For the catalytic reactions both Pd/Al,O3 and Rh/Al,03 mediated re-
actions show similar prominent carbon and chlorine isotope fraction-
ation and comparable dual-isotope trends, likely evidencing a common
reaction mechanism and/or the same pathway. We endorse dechlori-
nation followed by the hydrogenation pathway, in line with other
studies [8,28,77,79].

4. Conclusions

This study has explored isotope fractionation patterns during the
catalytic hydrodechlorination of CF over Pd/Al;03 and over Rh/Al»03.
The catalyzed reactions, also promoted in a broad range of fields [132,
133] were more rapid and effective than ZVI. In addition, CSIA of CF
reductive dechlorination with ZVI has been investigated. Triple (chlo-
rine, carbon, and hydrogen) isotope enrichment factors have been
determined for the transformation reactions of CF where possible.
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All reactions resulted in a degradation of CF. During the reactions,
there was similar C isotope fractionation for all three materials. In terms
of Cl isotope, for the catalytic reactions over Pd/Al,O3 and over Rh/
Aly03, the g¢) values were similar, but significantly different compared
to CF dechlorination with ZVI. In case of H isotope, there was no sys-
tematic fractionation for the catalyzed reactions, but a significant in-
verse secondary isotope effect was observed for the reaction with ZVI.
Further experiments with deuterated CF and/or H,O are required for
additional insights into the reaction mechanisms.

Using dual-isotope slopes, Ac/c, distinct fractionation patterns
attributed to transformation mechanism and/or pathway of CF have
been revealed. We propose that the primary cause of the observed
chlorine isotope effects for the catalytic reactions could be the absence
of intramolecular competition; unlike during the dechlorination of CF
with ZVI where there is competition (concerted reaction) among the
chlorine atoms. Therefore, chlorine isotope measurements of CF could
be a powerful monitoring tool in remediation studies, complementing
concentration and carbon isotope analysis. This applies particularly to
interventions using Pd, Rh, ZVI, or combinations thereof.
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