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ABSTRACT: In this study, the carbon and chlorine isotope
fractionation during ultraviolet-photolysis of polychlorinated
biphenyls (PCBs, including PCB18, PCB77, PCB110, and
PCB138) in n-hexane (Hex), methanol/water (MeOH/H2O),
and silica gel was first investigated to explore their mechanistic
processes. We observed a significant variation in ΛCl−C (εCl/εC) for
the same PCBs in different photochemical systems, implying that
PCB degradation processes in various photoreaction systems could
differ. Although all substrates showed normal apparent carbon/
chlorine kinetic isotope effects (C−/Cl−AKIE >1), the putative
inverse C-AKIE of nondechlorinated pathways was suggested by
13C depletion of the average carbon isotope composition of
PCB138 and corresponding dechlorinated products in MeOH/
H2O, which might originate from the magnetic isotope effect. Significant negative correlations were found between C-AKIE and
relative disappearance quantum yields (“Φ”) of ortho-dechlorinated substrates (PCB18, PCB110, and PCB138) in Hex and MeOH/
H2O. However, the C-AKIE and “Φ” of PCB77 (meta/para-dechlorinated congener) obviously deviated from the above correlations.
Furthermore, significantly different product-related carbon isotope enrichment factors of PCB77 in Hex were found. These results
demonstrated the existence of dechlorination position-specific and masking effects in carbon isotope fractionations.

KEYWORDS: uv-photodegradation, polychlorinated biphenyls, compound-specific isotope analysis, carbon isotope fractionation,
chlorine isotope fractionation, disappearance quantum yields, mechanistic process

■ INTRODUCTION

Light-induced transformation is an important natural attenu-
ation of persistent organic pollutants (POPs).1 A typical type
of POP, polychlorinated biphenyls (PCBs), was previously
used extensively as a hydraulic and dielectric fluid for
transformers and capacitors.2 Although the production and
use of PCBs were forbidden 50 years ago, existing equipment
that contains PCBs is allowed to be used until 2025.3 In
addition, the unintentionally produced PCB sources had been
frequently found in air.4,5 These imply that PCBs will remain
in the environment for a long time, causing a threat to the
ecology and human health.5−8

As regards remediation, several studies have demonstrated
that PCBs could be degraded under ultraviolet (UV) and
visible light irradiation.9,10 The half-lives and degradation
products associated with photodegradation of PCBs have been
investigated systematically;9,11 however, the detailed mecha-
nistic processes, such as photoexcitation and bond breaking (or
formation) processes from substrates to products, still remain
unclear. Moreover, identification of photodegradation in the

field could be compromised by complicated PCB sources and
other biological (or abiotic) processes occurring simulta-
neously with photochemical reactions.12,13 Improved methods
are therefore required to fill these research gaps.
Compound-specific isotope analysis (CSIA) can track

variations in the stable isotope composition along with the
transformation processes, which offers a new avenue to
distinguishing different mechanistic pathways of degradation
and assessing the fate of various contaminants in the
environment.12,14 Isotope fractionation is usually derived
from bond changes, especially bond breaking in the rate-
limiting step. This is called the kinetic isotope effect, which
usually results in the enrichment of heavy isotopes in the
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remaining substrates and the pathway-specific isotope enrich-
ment factor.15,16 However, there are possibly some additional
effects, including (1) a masking effect to isotope fractionation
caused by rate-limitations in the preceding process of isotope-
sensitive bond cleavage, such as mass transfer17 and (2)
superimposed isotope effects of multistep chemical reactions.18

These additional effects could lead to controversial inter-
pretation of the experimental data with only single-element
CSIA, as the isotope fractionation factor could be altered not
only by the different mechanisms but also by these additional
effects. It is worth noting that these additional effects usually
synchronously change different elements and are almost
counteracted with dual-element isotope plots (Λ),19−21 that
is, graphs in which changes in isotope values of one element
are plotted against those of a second. Hence, dual/multiele-
ment isotope analysis could provide a more reliable assessment
about the underlying reaction mechanisms.
Dual/multidimensional CSIA (C−Cl, C−Br, and C−H−N)

has been used widely to explore the (bio)degradation
mechanisms of POPs, including the photolysis reactions of
some organic compounds, such as brominated phenols,
substituted chlorobenzenes, chloroanilines, and atra-
zine.14,22−24 In this regard, Hartenbach et al. have reported
completely opposite carbon/nitrogen isotope fractionation
models between photo-oxidation and direct photolysis of
atrazine.24 Ratti et al. have demonstrated that both excited
singlet and triplet states of 4-Cl-aniline could undergo
heterolytic dechlorination and, furthermore, the linear
correlations of apparent carbon versus nitrogen kinetic isotope
effect (KIE) originating from these processes differ distinctly.23

Furthermore, the magnetic isotope effect (MIE) has been
proven to exist often in the photochemical reactions of organic
contaminants, usually leading to anomalous inverse isotope
fractionations.14,24−27

However, the focus of all the studies mentioned above was
on the isotope fractionation of substrates. Little is known about
the isotopic composition variation in products during photo-
degradation, except for the photolysis of polybrominated
diphenyl ethers (PBDEs).28,29 Given that most organic
contaminants exist as intermediates in the field and the
isotope fractionation of intermediates is controlled synchro-
nously by bond breaking and formation, more key information
could be obtained by researching isotope variation in products.
Furthermore, light absorption leading to excitation of
substrates, as the initialized step of direct photolysis, is
considered a vital photochemical process that could affect
isotope fractionation. Until now, no study has considered the
influence of light absorption on isotope fractionation. N-
hexane (Hex), methanol/water (MeOH/H2O), and silica gel
represented a nonpolar inert solvent, polar active solvent, and
solid/air interface, respectively, which were three of the most
popular photochemical systems to study the photodegradation
of POPs in different media.9,30−32 The UV-photodegradation
products of PCBs in these three photodegradation systems had
been comprehensively explored in our previous research11 via
selecting four dominant congeners with different chlorinated
degrees in the environment (PCB18, PCB77, PCB110, and
PCB138) as model compounds. However, the isotopic
fractionation in the photodegradation of PCBs and its
mechanism are still unclear.
Therefore, in the current study, we further explored the

mechanistic aspects of the UV-degradation of PCBs (including
PCB18, PCB77, PCB110, and PCB138) in Hex, MeOH/H2O,

and silica gel systems using compound-specific dual carbon/
chlorine isotope analysis (C−/Cl−CSIA). The observed
carbon/chlorine isotope fractionation of both substrates and
dechlorination products was investigated. In addition, we
evaluated the disappearance quantum yield of substrates, as it
is a meaningful parameter connecting light excitation with
bond breaking. Our work was devoted to providing more
mechanistic interpretation to photodegradation pathways of
PCBs in various media and evaluating the potential of CSIA for
photodegradation of PCBs in the field.

■ MATERIALS AND METHODS
Chemicals. We obtained photodegradation substrates,

including PCB18, PCB77, PCB110, and PCB138, from
AccuStandard Inc. (USA). Their structures are given in Figure
S1 in the Supporting Information (SI). Silica gel (80−100
mesh) was purchased from Qingdao Haiyang Chemical Co.,
Ltd. (China). HPLC-grade n-hexane (Hex) and methanol were
provided by CNW Technologies Co., Ltd. (Germany).

Photodegradation Procedure. We conducted the UV-
photolysis experiments using a BL-GHX-V photochemical
reactor (Shanghai Bilon Instrument Co., Ltd., China), with a
high-pressure mercury lamp (100 W). A detailed description of
the photodegradation processes had been published in our
another paper11 and is available in the Supporting Information.

Sample Pretreatment and CSIA. The methods of sample
pretreatment and compound-specific carbon/chlorine isotope
analysis (C−/Cl−CSIA) had been published in our previous
literature.11,12,33 They were also described in the Supporting
Information in detail. Briefly, after extraction, nine-tenths of
the extract was redissolved in 50 μL isooctane for C-CSIA, and
one twenty-fifth of the extract was reconstituted in 300 μL
isooctane for Cl-CSIA.
The C-CSIA of PCB congeners was performed using a trace

gas chromatography (GC) Ultra-IsoLink Delta V Advantage
isotope ratio mass spectrometer (IRMS) (Thermo-Fisher
Scientific) coupling a DB-5 MS chromatographic column (60
m, 250 μm i.d., and 0.25 μm film thickness). For Cl-CSIA, a
GC-quadrupole mass spectrometry (qMS) system (Agilent
7890A-5975C) coupling a DB-5MS capillary column (30 m,
250 μm i.d., and 0.25 μm film thickness) was used. All of the
chlorine isotope ratios were calculated using the molecular ion
method.33 Each sample was injected 10 times, and the data
were only considered for their standard deviations of chlorine
isotope ratios in 10 injections less than 0.00068.33 Considering
that 13C-correction for chlorine isotope compositions
(37Cl/35Cl) has no alteration in 37Cl/35Cl variation patterns
and isotope enrichment factors,33 in the current study, all the
37Cl/35Cl values were evaluated without 13C-correction.

Isotope Data Analysis. The stable carbon isotope
compositions (δ13C) are calculated as follows (eq 1):

δ = − ×R RC (‰) (( / ) 1) 100013
sample standard (1)

where Rsample and Rstandard are the
13C/12C values of the samples

and the international standard Vienna Pee Dee Belemnite (V-
PDB), respectively. The stable chlorine isotope compositions
are expressed directly as the “raw” 37Cl/35Cl ratios, without
correcting to the standard mean ocean chloride (SMOC) scale
because of the lack of international standards.
Bulk carbon and chlorine isotopic enrichment factors (εC

and εCl) are determined using the following Rayleigh equation
(eq 2):
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where R0 and Rt are the isotope ratios (13C/12C for εC and
37Cl/35Cl for εCl) at the initial time 0 min and sampling time t

min, respectively, and f is the ratio of the concentration of the
substrate at time t min relative to its concentration at 0 min.
For further discriminating the reaction mechanism, the εC

and εCl are converted to the apparent carbon and chlorine KIE
(C-AKIE and Cl-AKIE), respectively. The conversion equation
was as follows (eq 3):

ε
=

+ × ×z n x
AKIE

1
1 ( / ) /1000 (3)

where n, x, and z are the number of carbon or chlorine atoms
in the molecule, at reactive positions, and at equivalent reactive
positions, respectively. Given the stepwise dechlorination of
PCBs under UV-irradiation, x is considered equal to z for the
studied PCB congeners.
To provide an evaluation parameter that is more sensitive to

differentiating reaction mechanisms, the slope of dual-element
isotope plots (Λ) was calculated using the following equation
(eq 4):

Figure 1. δ13C (Panel A) and 37Cl/35Cl (Panel B) variation in photochemical substrates, rearrangement, and dechlorination products in Hex,
MeOH/H2O, and silica gel systems.
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where Ln (Rt/R0)Cl and Ln (Rt/R0)C are the Ln (Rt/R0) values
of carbon and chlorine elements, respectively.
Quality Assurance/Quality Control. Complete quality

assurance/quality control procedures were conducted along
with the experimental process. To ensure the accuracy of the
experimental results, all the photodegradation of PCBs was
conducted in a set of three groups of parallel experiments, with
one group of control experiments with dark treatment. In the
instrumental analysis process, a PCB standard mixture
(containing PCB18, PCB77, PCB 110, and PCB138) was
detected daily to ensure the stability of the instrument, and no
significant variations were observed for carbon and chlorine
isotope ratios of the PCB standard mixture. Prior to C-CSIA, a
coinjected standard (PCB30) was added to the samples. The
δ13C values of the PCB30 measured online (−29.08 to
−28.75‰) were close to the true values (−28.80‰,
determined off-line using a Flash 2000 EA-Delta V Plus
IRMS [Thermo-Fisher Scientific, USA]).
Statistical Analysis. The statistical analysis was performed

using SPSS 22.0 and Origin 9.0. The statistical differences
between the evaluation parameters for isotope fractionation
were evaluated using one-way analysis of variance (ANOVA),
with a posthoc Tukey’s honest significant difference test.
Correlation analysis (Person) was performed to assess the
relationships between the AKIE and the observed first-order
rate constants (kobs), or AKIE and the relative disappearance
quantum yields (“Φ”). The significance level was set at p <
0.05 in the current study.

■ RESULTS AND DISCUSSION

Compound-Specific Carbon and Chlorine Isotope
Signature Variations. No carbon and chlorine isotope
fractionation of PCB substrates was detected throughout the
dark control groups. Except δ13C of PCB77 in silica gel, both
the carbon and chlorine isotope compositions of PCB18,
PCB77, PCB110, and PCB138 in Hex, MeOH/H2O, and silica
gel systems had heavy isotope (13C and 37Cl) enrichment along
with the UV-irradiation times (Figure 1, Table S1 and S2).
These heavy isotope enrichment trends were in accordance
with the concentration decrease in the substrates11 (Figure S2
and Table S3), suggesting that PCB photodegradation results
in normal isotope fractionation of PCBs.
The photodegradation products were determined using mass

spectra analysis in our previous study.11 The substrates in the
Hex, MeOH/H2O, and silica gel systems were mainly
degraded to lower chlorinated PCBs, lower chlorinated
PCBs/methoxylated PCBs (CH3O-PCBs)/hydroxylated
PCBs (OH-PCBs), and OH-PCBs, respectively.11 In addition,

there were also some minor products generated from the
photodegradation of PCBs, including methylated PCBs,
polychlorinated dibenzofurans, and polychlorinated biphenyl
ethers.11 Our results suggested that the degradation processes
of PCBs in the studied three media were complicated.11 The
potential reaction pathways to dechlorination and sigmatropic
rearrangement products in Hex and MeOH/H2O systems11

are given in Figure S3. The ortho-chlorine atoms were most
easily dechlorinated followed by meta- and para-chlorine
atoms.
The δ13C values of 12 dechlorinated products in Hex (one,

five, four, and two for PCB18, PCB77, PCB110, and PCB138,
respectively) and 8 dechlorinated products in MeOH/H2O
(two, four, and two for PCB77, PCB110, and PCB138,
respectively) were detected (Figure 1A and Table S1), which
regularly showed 13C depletion relative to their corresponding
substrates. The δ13C values of most products usually had
synchronous13C enrichment trends with their substrates
throughout UV-irradiation. However, some products in
MeOH/H2O, such as PCB37 from PCB77 and PCB118/77
from PCB138, showed significant 13C depletion trends or no
significant carbon isotope fractionation, which were different
from those in Hex (Figure S2A). In principle, an organic
compound could undergo homolysis and heterolysis to break
bonds and generate different products after photoexcitation.
Research has indicated that chlorinated aromatic compounds
usually produce dechlorinated products through homolysis of
the C−Cl bond followed by free radical hydrogen abstraction
from the hydrogen donor.34 Alternatively, such compounds are
translated to hydroxylated products induced by heterolytic
aryl-chlorine bond cleavage followed by solvent attack on the
aryl cation.34 Zakon et al. found that there were different
carbon isotope fractionations between homolysis and heter-
olysis of the C−Br bond upon UV-degradation of brominated
phenols.14 PCBs mainly experience dechlorination in Hex,
whereas PCBs occur dechlorination, methoxylation, and
hydroxylation simultaneously in MeOH/H2O

11. Accordingly,
we assumed that PCBs would be photodegraded to
dechlorination and solvent-adduct products through homolysis
and heterolysis of aryl-chlorine bonding, respectively (Scheme
1), leading to different isotope fractionation. More complicated
isotopic kinetic processes could occur in MeOH/H2O than in
Hex.
In addition, the 37Cl/35Cl values of most main dechlorinated

products were determined for PCB110 and PCB138 in the
Hex and MeOH/H2O systems (Figure 1B and Table S2).
Most of the photodegradation products (PCB101/70/35 from
PCB110 and PCB118 from PCB138) showed 37Cl enrichment
as the reaction continued. However, the PCB77 in PCB138/
MeOH/H2O and PCB138/Hex systems had no chlorine
isotope fractionation (Figure S2B). Photodegradation of
PCB138 usually had a single main dechlorination pathway in
Hex and MeOH/H2O, as PCB138 → PCB118 → PCB77, and

Scheme 1. Possible Mechanistic Scenarios for UV-Degradation of PCBs
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the chlorine atoms of PCB138 and PCB118 are not chemically
equivalent (Figure S3). Assuming that secondary isotope
effects are absent and only one of the six positions of PCB138
or one of the five positions of PCB118 undergoes
dechlorination, the chlorine isotope composition at non-
reactive positions remains constant because of no occurrence
of isotope enrichment or depletion.35 Therefore, the chlorine
isotope composition of dominating intermediates (e.g. PCB77)
mainly changed by the degradation of themselves.35 From our
previous study, we found that PCB77 was mainly formed while
its degradation was very slow.11 Obviously, the insignificant
chlorine isotope fractionation of dechlorination product
PCB77 could be ascribed to minor degradation of PCB77
itself.11

Correlation of δ13C Values and Dechlorination Degree. As
shown in Figure S4, UV-induced dechlorination resulted in
significantly positive correlations between the degree of
chlorination and the δ13C values of PCBs, which was reversed
with the intrinsic isotope trend of13C depletion along with
increasing chlorine content in Aroclor mixtures.36 Therefore,
the slope of the relationship between carbon isotope signatures
and the chlorination degree could be used to trace the
degradation of PCBs in the field. This finding is in accordance
with the carbon isotope variations of PBDEs under light-
induced degradation.28,29

Potential MIE Revealed by Isotope Mass Balance. To
further explore the difference in isotope fractionation among
different photodegradation processes, we calculated the
average δ13C values (δ13C̅) of substrates and their correspond-
ing dechlorination products for each sampling point of
PCB18/77/110/138 in Hex and PCB110/138 in MeOH/
H2O. These could reflect the isotope variation in non-
dechlorination products based on isotope mass balance (Figure
2). In addition, the total molar percent of the substrate and

corresponding dechlorination products relative to the initial
substrate (TMP, %) were also calculated for each sampling
point of PCB18/77/110/138 in Hex and PCB110/138 in
MeOH/H2O. Details of the calculation methods of δ13C̅ and
TMP are presented in the Supporting Information. The basic
data set and the calculation processes are also given in the
Supporting Information (Microsoft Excel 2019). As shown in
Figure 2, the system of PCB110/Hex showed molar number
balance and carbon isotope mass balance when only the
PCB110 and dechlorination products were considered.
However, the TMP for PCB18/77/138 in Hex and for
PCB110/138 in MeOH/H2O gradually decreased along with
the UV-irradiation times (Figure 2). These decreases were
caused by the generation of biphenyls and nondechlorination
products, including n-hexylated PCBs (n−C6H13−PCBs),
CH3O−PCBs, and OH−PCBs.11 On the other hand, as the
reaction continued, the trends of δ13C̅ varied depending on the
substrates and UV-irradiation systems. The δ13C̅ for PCB18 in
Hex significantly increased, which is a normal trend because of
the generation of many biphenyls preferentially carrying 12C
off.11 However, the δ13C̅ for PCB77/138 in Hex and PCB110
in MeOH/H2O remained nearly constant, with the range-
ability less than 1‰. In particular, the δ13C̅ for PCB138 in
MeOH/H2O had a significant decrease trend, with the δ13C̅
change being greater than 2‰ (Figure 2). This phenomenon
implied that nondechlorination pathways, such as n-hexylation,
hydroxylation, and methoxylation, resulted mostly in no or
inverse carbon isotope fractionation, which obviously differ
from the dechlorination process. However, these no or inverse
isotope effects proved by the variations of the δ13C̅ need
further verification, because the δ13C̅ was derived from
complicated calculation rather than measurement directly.
There might be an error because of the uncertainty of
concentrations and simulative δ13C values of some PCBs.

Figure 2. Variation in δ13C̅ and TMP (%) along with the UV-irradiation times. δ13C̅ represents the average δ13C values of substrates and their
corresponding dechlorination products, and TMP represents the total molar percent of substrates and their corresponding dechlorination products
relative to the initial substrate.
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Therefore, further studies need to be performed, such as using
liquid chromatography interfaced with isotope ratio mass
spectrometry to measure the δ13C values of OH−PCBs37 and
using site-specific natural isotope fractionation coupled nuclear
magnetic resonance to detect the δ13C values at the reactive
site of CH3O−PCBs and n−C6H13-PCBs,

38 which could
provide direct evidence for inverse isotope effects existing in
nondechlorination pathways. Anyhow, this developed a new
clue for studying isotope fractionation of different pathways in
the complex degradation process and highlighted the
importance of the product isotope analysis.
Zakon et al. have reported that 2-bromophenol and 3-

bromophenol mainly experienced hydroxylation in the UV-
irradiation/water system, with no carbon isotope fractionation
detected in this process.14 Moreover, Wang et al. have
demonstrated inverse carbon isotope fractionation during
light-induced hydroxylation of tribromobisphenol A.25 Pre-
vious research studies’ general thought is that inverse isotope
effects during photoreactions were caused by the MIE.14,24−27

The MIE is the mass-independent isotope effect, originating
from preferential selectivity for singlet−triplet states con-
version of different magnetic isotopes, which often exist in
photochemical reaction processes.24,25 Therefore, this putative
inverse isotope fractionation for nondechlorination pathways
of PCB138 in MeOH/H2O probably implied the occurrence of
the MIE in intersystem-crossing of singlet−triplet states. The
above analysis has suggested that PCBs could simultaneously
undergo homolysis and heterolysis of the C−Cl bond to
generate dechlorinated and solvent-adduct products, respec-
tively, which could initiate from different light-excited states
(singlet or triplet states) to result in the MIE14 (Scheme 1). In
addition, PCBs were possibly excited to singlet and triplet
states concurrently and, then, returned to the ground state by
various photophysical processes, which also might cause
inverse isotope fractionation.24,39 The mechanism behind
inverse isotope fractionation during the photodegradation
process needs to be further explored.
Isotope Enrichment Factor and AKIEs. The εC and εCl

of PCB18, PCB77, PCB110, and PCB138 in the three
photochemical systems were calculated according to eq 2
and are presented in Figure S5 and Table 1. Although the
chlorine isotope ratios of PCBs were determined without
correcting to the SMOC scale, the raw εCl could still provide

useful information on mechanism analysis for the same PCBs
in different photochemical systems because GC-qMS com-
monly has the constant bias or drift on 37Cl/35Cl ratios of the
same compounds. However, it was meaningless to compare the
raw εCl of different compounds because of the calibration
slopes of raw 37Cl/35Cl ratios against the SMOC scale varying
among different compounds.40 The εC and εCl of the studied
PCBs in the three photochemical systems ranged from −0.47
± 0.06 to −3.03 ± 0.06‰ and from −1.57 ± 0.06 to −8.47 ±
0.31‰, respectively (Table 1). Generally, the influence of
photochemical systems for a given PCB congener is much
larger on εCl than on εC (Figure S5). One standard deviation
(+1σ) was once used to determine whether there was a
difference among various isotope enrichment parameters in
previous literature.24 In the current study, the εC of PCB18/77
in different photochemical systems was identical within +1σ.
The differences for εC of PCB110/138 and for εCl of PCB18/
77/110/138, in contrast, were larger than the corresponding
+1σ (Table 1). In addition, the statistical differences of εC and
εCl for the same PCB substrate in the three photochemical
systems were evaluated by one-way ANOVA. There were no
statistical differences for εC of PCB18/77/110 among different
photodegradation systems (ANOVA, p > 0.05), suggesting that
the bond breaking of C−Cl was the rate-limiting step.
However, significant differences were observed for εC of
PCB138 and εCl of PCB18/77/110/138 (ANOVA, p < 0.05),
and the orders of size for εC and εCl varied with the PCB
substrates (Figure S5). Variations in ε were also found for
bromophenol photodegradation in ethanol and water, which
might be caused by different bond breaking processes of C−
Br.14 Ratti et al. have demonstrated that the dechlorination
photolysis of 4-chlorianiline from excited triplet states could
cause larger carbon and nitrogen isotope fractionation
compared with those from excited singlet states.23 Based on
the above analysis, the observed isotope enrichment factors
were probably controlled by the bond breaking ways
(homolysis or heterolysis) and excited states for bond cleavage
(Scheme 1), which could result in different kinetic and
magnetic isotope effects. This finding indicates that the
photodegradation processes of PCBs are extremely compli-
cated, and differences could exist for the same substrates in
different photodegradation systems. In addition, the ΛCl−C
values were gained via carbon and chlorine isotope plots

Table 1. Carbon and Chlorine Isotope Enrichment Factors (εC and εC, respectively), Apparent Carbon and Chlorine Kinetic
Isotope Effects (C-AKIE and Cl-AKIE, respectively), Dual Isotope Slopes (ΛCl‑C), Observed First-Order Rate Constants (kobs),
and Relative Disappearance Quantum Yields (“Φ”) Obtained for the UV-Photolysis of PCB18, PCB77, PCB110, and PCB138
in N-Hexane (Hex), Methanol/Water (MeOH/H2O), and Silica Gel Systems

εC εCl C-AKIE Cl-AKIE ΛCl‑C kobs (min−1) “Φ”

PCB18 Hex −2.83 ± 0.15 −6.13 ± 0.31 1.0352 ± 0.0020 1.0187 ± 0.0010 2.16 ± 0.05 0.0168 0.064
MeOH/H2O −3.00 ± 0.26 −8.47 ± 0.31 1.0374 ± 0.0034 1.0261 ± 0.0010 2.83 ± 0.14 0.0227 0.098
silica gel −3.03 ± 0.06 −5.93 ± 0.06 1.0378 ± 0.0007 1.0181 ± 0.0002 1.95 ± 0.06 0.0114

PCB77 Hex −0.73 ± 0.06 −7.07 ± 0.12 1.0089 ± 0.0007 1.0291 ± 0.0005 9.75 ± 0.39 0.0265 0.055
MeOH/H2O −0.67 ± 0.06 −5.87 ± 0.15 1.0081 ± 0.0007 1.0240 ± 0.0006 8.61 ± 0.34 0.0533 0.103
silica gel NDa −4.17 ± 0.15 1.0169 ± 0.0006 0.0036

PCB110 Hex −1.43 ± 0.12 −3.67 ± 0.12 1.0175 ± 0.0014 1.0187 ± 0.0006 2.55 ± 0.32 0.1682 0.358
MeOH/H2O −1.23 ± 0.12 −2.17 ± 0.06 1.0150 ± 0.0014 1.0110 ± 0.0003 1.77 ± 0.15 0.2114 0.516
silica gel −1.47 ± 0.06 −3.53 ± 0.15 1.0179 ± 0.0007 1.0180 ± 0.0008 2.37 ± 0.10 0.0398

PCB138 Hex −0.67 ± 0.06 −1.57 ± 0.06 1.0081 ± 0.0007 1.0095 ± 0.0004 2.42 ± 0.25 0.5178 0.782
MeOH/H2O −0.47 ± 0.06 −1.63 ± 0.12 1.0056 ± 0.0007 1.0099 ± 0.0007 3.72 ± 0.09 0.4590 0.743
silica gel −0.70 ± 0.00 −2.50 ± 0.10 1.0085 ± 0.0000 1.0152 ± 0.0006 3.56 ± 0.14 0.0995

aND, not detected.
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(Figure S6). For a specific substrate in the three photo-
degradation systems, the differences of ΛCl−C between each
other were significant (AONVA, p < 0.01) and all larger than
the +1σ, which further proved that the degradation
mechanisms were different in the three studied systems
(Table 1).
Although the isotope enrichment factor is a useful evaluation

parameter for degradation processes, it does not reflect the
isotope effects in reacting bonds. To further elucidate the
degradation mechanisms, the εC and εCl were transformed into
C-AKIE and Cl-AKIE, respectively. The magnitudes of the
observed C-AKIE ranged from 1.0056 ± 0.0007 to 1.0378 ±
0.0007 (Table 1), which were within the C-AKIE range for the
C−Cl bond cleavage upon biotic or abiotic degradation
reported in the literature (1.001−1.072).41 The largest C-
AKIE values were achieved on PCB18 (1.0352−1.0378),
similar to C-KIE for approximately 50% C−Cl bond breaking
when considering the maximum KIE (Streitwieser Semi-
classical Limits) of 1.057 with complete cleavage of the C−
Cl bond in an infinitely late transition state.42 However, the C-
AKIE values of PCB77, PCB110, and PCB138 were much less
than those of PCB18 (Table 1).
Regarding Cl-AKIE, a range of 1.0095 ± 0.0004 to 1.0291 ±

0.0005 was calculated, of which most were larger than the
published Cl-AKIE for C−Cl bond cleavage in chlorinated
aliphatic compounds (1.004−1.016)41 and the Streitwieser
Semiclassical Limits for Cl-KIE in C−Cl bonds (1.013).42

These anomalies were possibly caused by the following two
reasons: (1) the εCl was calculated using the raw 37Cl/35Cl
ratios, which were not corrected to the SMOC scale and (2)
the Streitwieser Semiclassical Limits were determined without
considering the influence of molecular masses, moments of
inertia, and tunneling to isotope effects.42 More research on
chlorine isotope fractionation upon photolysis of PCBs needs
to be applied with advanced equipment, such as GC-multiple
collector inductively coupled plasma mass spectrometry.43

Masking Effect Caused by Limited Photon Absorption.
The significantly negative correlation between C-AKIE and
first-order rate constants (kobs) for ortho-dechlorinated
substrates (PCB18, PCB110, and PCB138) in the three
photochemical systems implied that isotope fractionation
might be influenced by the masking effect22 (Figure S7). As
regards photochemical reactions, the ground state substrates
first are excited to excited states after absorbing light of a

particular wavelength. Subsequently, the excited state sub-
strates not only could be transformed to aryl cations or radicals
through C−Cl bond breaking but also could return to the
ground state by emitting phosphorescence or fluorescence
(Scheme 1). Therefore, the magnitudes of the AKIE were
influenced by the ratio of the bond breaking rate constants
(kobs ≈ k2−1 + k2−2) to the photon absorption rate constant
(k1) (Scheme 1). To express this masking effect clearly, a
commitment factor, C, was introduced to establish a
connection between AKIE and KIE.42 As shown in Scheme
1, when k1 > > k2−1 + k2−2, C is infinitely close to 0 and there is
no masking effect (AKIE = KIE); however, when k1 ≈ k2−1 +
k2−2, C approaches infinity and isotope fractionation is masked
completely (AKIE = 1). Here, C is equivalent to the
disappearance quantum yield (Φ). We determined the relative
intensity of emission light from the 100 W high-pressure
mercury lamp (I0) and the molar absorption coefficient on
different wavelengths (ελ) for the studied PCB substrates in
Hex and MeOH/H2O systems to calculate the relative
disappearance quantum yields (“Φ”)44 (Figure S8 and Table
1). As expected, C-AKIE and “Φ” of the ortho-dechlorinated
substrates (PCB18, PCB110, and PCB138) in Hex and
MeOH/H2O systems had a significantly negative correlativity,
demonstrating the presence of a masking effect that reduced
carbon isotope fractionations upon UV-photolysis of PCBs
(Figure 3). Although similar negative correlativity also existed
between Cl-AKIE and kobs (or “Φ”) of the ortho-dechlorinated
substrates (PCB18, PCB110, and PCB138), they were not
further discussed because of the limitations from the raw
37Cl/35Cl ratios (Figure S9).

Dechlorination Position-Specific Isotope Fractionation. In
particular, C-AKIE and “Φ” of PCB77, the meta/para-
dechlorinated substrate, were unmatched to the trends of the
AKIE & “Φ” fitting with ortho-dechlorinated substrates. This
finding suggested that carbon isotope fractionation is
dechlorination position-specific for PCBs, which might result
from the difference of C−Cl bond dissociation energy in
different substitution positions (Figure 3). The same
mechanism was also concealed in photodegradation of
PBDEs.28 PCB77 could simultaneously undergo meta-dech-
lorination (PCB77 → PCB37 → PCB15) and para-
dechlorination (PCB77 → PCB35 → PCB13/11) upon UV-
irradiation. Here, the photodegradation of PCB77 in Hex was
selected to further explore dechlorination position-specific of

Figure 3. Correlation between apparent carbon kinetic isotope effects (C-AKIE) and the relative disappearance quantum yield (“Φ”) of PCBs
(correlation analysis based on the data of PCB18, PCB110, and PCB138).
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the carbon isotope effect because of the following advantages:
(1) meta-/para-dechlorination is the main degradation path-
way, with the other pathways having almost no influence on
carbon isotopic mass balance and (2) the δ13C values of all
main products (PCB37, PCB35, PCB15, PCB13, and PCB11)
were determined. As shown in Figure S10, the isotope
fractionations from PCB77 to meta- and para-dechlorinated
products were markedly different. The product-related isotope
enrichment factors, εC, PCB77 → meta and εC, PCB77 → para, were
estimated as −1.13 ± 0.08‰ and −0.57 ± 0.29‰,
respectively, using methods described in previous literature.45

Our results provided powerful evidence of the dechlorination
position-specific in the isotope effect.
Environmental Significance. In the current study, the

carbon and chlorine isotope effects during UV-photodegrada-
tion of PCBs in Hex, MeOH/H2O, and silica gel were explored
for the first time. Considering that UV-induced degradation of
PCBs could provide a potential remediation method for PCB
contamination, the εC and εCl values determined in our study
could be used to quantify the degree of degradation without
influence from physical processes. However, for the field
environment, the far ultraviolet (UV-C; 200-280 nm) in solar
light, degrading PCBs directly, can hardly reach the surface of
the earth. PCBs possibly mainly undergo indirect photo-
degradation in the field. Therefore, further research regarding
the isotope effects during the indirect photodegradation of
PCBs is urgent to be carried out for better understanding the
fate of PCBs in the field.
Meanwhile, this work is the first to mention that the

disappearance quantum yields could cause masking of the
isotope effects during light-induced degradation of POPs.
Given the differences between field and laboratory environ-
ments, there might be different degrees of masking effect,
resulting in the alteration of isotope enrichment factors.
Therefore, we should be careful about using isotope enrich-
ment factors obtained in the laboratory to evaluate the
degradation degree of PCBs in the field contamination
remediation project. In addition, the finding of masking effect
suggested that it is more reliable to evaluate photodegradation
mechanisms of PCBs using dual-element isotope enrichment
factors than one-element isotope enrichment factors. More-
over, unlike previous studies that focused mainly on the
isotope fractionation of substrates, the present study
determined the isotope composition of both substrates and
products, which could generate more mechanistic information.
For example, although all the studied substrates experienced
heavy isotope enrichment, showing normal KIEs upon UV-
irradiation, the average isotope composition variations in
substrates and products could provide insight into the inverse
KIE, suggesting the occurrence of the MIE. This finding
demonstrates the significant effect of product isotope analysis
and develops a new clue for mechanism study using CSIA.
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