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The increasing production andusage of chlorinated paraffins (CPs) correspondently increase the
amount of CPs that experience thermal processes. Our previous study revealed that a significant
amount of medium-chain chlorinated paraffins (MCCPs), short-chain chlorinated paraffins
(SCCPs) as well as aromatic and chlorinated polycyclic aromatic hydrocarbons (Cl-PAHs) were
formed synergistically during the thermal decomposition of CP-52 (a class of CP products).
However, the transformationmechanisms of CP-52 to these compounds are still not very clear.
This article presents a mechanistic analysis on the decomposition of CP-52 experimentally and
theoretically. It was found that CP-52 initially undergoes dehydrochlorination and carbon chain
cleavage and it transformed into chlorinated and unsaturated hydrocarbons. Cyclization and
aromatization were the most accessible pathways at low temperatures (200–400°C), both of
which produce mostly aromatic hydrocarbons. As the temperature exceeds 400°C, the
hydrocarbons could decompose into small molecules, and the subsequent radical-induced
reactions become the predominant pathways, leading to the formation of Cl-PAHs. The
decomposition of CP-52 was investigated by using density functional theory and calculations
demonstrating the feasibility and rationality of PCBandPCN formation fromchlorobenzene. The
results improve the understanding of the transformation processes from CP-52 to SCCPs and
Cl-PAHs as well as provide data for reducing their emissions during thermal-related processes.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Short-chain chlorinated paraffins (SCCPs) are a type of
chlorinated paraffins (CPs) that have attracted attention due
to having similar properties to persistent organic pollutants
lzu.edu.cn (Chunyan Zha

co-Environmental Scienc
(POPs) (Ma et al., 2014; Wang et al., 2017; Zeng et al., 2011). In
May 2017, SCCPs were listed in Annex A of the Stockholm
Convention by the Persistent Organic Pollutants Review
Committee (POPRC, 2017). However, when compared to
studies regarding the environmental occurrence, distribution
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and fate of SCCPs, data on the sources of SCCPs in the
environment and pathways to humans are still scarce (Bayen
et al., 2006).

Generally, SCCPs are mixed with other CPs in commercial
products, and the majority of SCCPs will remain in the
polymers that contain CPs during the entire life cycle of CPs
(Zhang et al., 2017). However, these polymers are typically
used in products that are likely to be involved in high-
temperature processes, such as plastic/polymer processing or
open burning, and the SCCPs along with other contaminants
can be released into the environment unintentionally. Our
previous study revealed that the commercial CP-52 released a
considerable amount of SCCPs andmedium-chain chlorinated
paraffins (MCCPs) into the gas phasewhen temperatures reach
200–400°C (Xin et al., 2017).

Currently, numerous studies have been conducted focusing
on the thermal decomposition of polyvinyl chloride (PVC) (Gui et
al., 2013; Yu et al., 2016). Nevertheless, the thermal decomposi-
tion characteristics of PVC weremuch different with that of CPs
since the former is a polymer with a high molecular weight
while CPs are generally n-alkanes with shorter carbon chain
length (Camino and Costa, 1980; Marongiu et al., 2003; Schinkel
et al., 2017; Sosa, 1975). For instance, the pyrolysis of PVC is
characterized by two distinct stages. The first stage is the
dehydrochlorination of the polymer while the second stage
corresponds to the further decomposition of dechlorinated PVC
(Yu et al., 2016). For CPs, studies indicated that they were
degraded with a single-stage process involving dehydrochlori-
nation and the subsequent decomposition (Sosa, 1975; Xin et al.,
2017).

So far, only a few studies have investigated the thermal
degradation mechanism of CPs or polychlorinated alkanes
(Sosa, 1975), and evaluated the thermal stability of chlorinated
paraffins with 18% to 38% chlorine by DSC. The dehydrochlo-
rination of CPs with 70% chlorine generated conjugated double
bonds and inter-molecular addition occurred between the
double bonds, leading to a crosslinked chlorinated residue
(Camino and Costa, 1980). Bergman et al. (1984) analyzed the
degradation products from polychlorinated alkanes with chlo-
rine content ranging from 59% to 70% by GC–MS and proposed
some possible pathways. However, the mechanisms regarding
the formation of chlorinated and unchlorinated aromatic
compounds from CPs are still not yet well understood.

In our previous work, the distribution profiles of SCCPs,
MCCPs and chlorinated polycyclic aromatic hydrocarbons
(Cl-PAHs) as a function of temperature were clarified. These
data showed the synergistic emissions of SCCPs, MCCPs and
Cl-PAHs. However, it lacks a mechanistic evaluation about the
chemical transformation pathways of SCCPs and the relation-
ship between SCCPs and Cl-PAHs which adds to the challenges
in identifying effective technologies to eliminate emission.
Moreover, the source reduction techniques of SCCPs, MCCPs
and Cl-PAHs lie in the need to fully understand their formation
mechanisms. For this reason, in this study, the density
functional theory (DFT) methods were applied to elucidate the
intermediate reactions and to understand deeply the formation
mechanisms of themajor chlorinatedproducts. The objective of
this study was to investigate the transformation mechanisms
of CP-52 and chlorinated products experimentally and theoret-
ically. Our findings will improve the understanding of the
transformation of CP-52 and provide data for controlling the
emissions of SCCPs and Cl-PAHs synergistically during thermal
processes.
1. Materials and methods

1.1. Materials, experiment and product analysis

Commercial CP-52 (chlorination degree 52% ± 2%) was se-
lected as the feedstock from a chemical company in Ningbo
City, China. It was in the form of transparent viscous oil and
contained 10.9 wt% of SCCPs and 85.5 wt% of MCCPs. The
dominant carbon and chlorine atom homologs of SCCPs were
C13 and Cl7–8, while those in MCCPs were C14 and Cl8. The
experiments were performed in a bench-scale furnace at 200,
300, 400, 600 and 800°C under oxidative and inert conditions.
The volatile fraction (VF) was absorbed by downstream
absorption bottles with 50 mL dichloromethane and hexane
(1:1, V/V) mixtures. After that, the VF was concentrated and
analyzed by an Agilent 7200 GC-QTOFmass spectrometer with
10 ng of 1,5,5,6,6,10-hexachlorodecane (13C10) in a 100 mg/mL
solution in cyclohexane (Andover, USA) as the internal
standard. A negative chemical ionization mode was used to
analyze the concentration of the SCCP andMCCP congeners in
the VF, while an electron ionization source was used to detect
the organic compounds (aliphatic hydrocarbons, PAHs and
chlorinated aromatics). The organic compounds were then
identified by the NIST library. The chlorinated alkanes with
carbon chain lengths of nine (C9) were detected qualitatively
by comparing the ratios of quantitative ion to the qualitative
ion. Furthermore, a micro-pyrolyzer (CDS 5200) coupled
with gas chromatography–mass spectrometry (Py–GC–MS)
was used to investigate the primary decomposition products
of CP-52 since it can suppress the secondary reaction largely
(Wang et al., 2012). In each experiment, 0.15 ± 0.01 mg of the
sample was loaded into a quartz tube and placed into the
pyroprobe. The pyrolysis temperature was set at 400°C, with a
heating rate of 20°C/msec and pyrolysis time of 20 sec. A
detailed summary of the experimental procedures and the
product analysis and quantification methods can be refer-
enced in Appendix A and our previous study (Xin et al., 2017,
2018).

1.2. Calculation methods

In this computational study, all geometries and transition states
are optimized using density functional theory with the B3LYP
functional and the 6-311+G(d,p) basis set. The zero-point
vibrational energy (ZPVE) corrections were also included in the
energy calculations. The transition state (TS) was determined
by four steps: first, we speculate an initial structure for the
transition state; then, the Berny algorithm method was used to
optimize the initial structure for the transition state. In the third
step, frequency analysis was performed to confirm the TS. All
TSs should have one and only one imaginary frequency. Finally,
transition state of this reaction was located and intrinsic
reaction coordinate (IRC) calculationswereperformed to confirm
that the transition state connects that particular reactant and
product.
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Activation energy (reaction energy barrier) for reactions was
estimated using the relative energies between the transition
state and the reactant. More details can be found in the
references (Comandini and Brezinsky, 2011). All quantum
chemical calculations in this work are performed using
Gaussian 09 and Gauss View 5 software packages.
2. Results and discussion

2.1. Potential transformation pathways of CP-52

According to our previous work, the yield and composition of
the products change significantly with increased tempera-
tures. The schematic transformation pathways of CP-52 were
determined by the experimental results, as shown in Appen-
dix A Fig. S1. The transformation behaviors of CP-52 changed
between the low and high-temperature ranges. Mixtures of
saturated and unsaturated SCCPs and MCCPs were dominant
in the low-temperature range. Meanwhile, the chlorinated
hydrocarbons underwent dehydrochlorination and carbon
chain cleavage, and the subsequent cyclization or aromatiza-
tion led to the formation of monocyclic ring compounds, such
as aliphatic substituted chlorinated and unchlorinated aro-
matic compounds or cycloalkanes. In the high-temperature
range, chlorinated and unchlorinated aromatic hydrocarbons
formed as SCCPs diminished and they were dominated by
the 2- to 5-ring PAHs and low-chlorinated benzenes (CBz),
polychlorinated biphenyls (PCBs) and polychlorinated naph-
thalenes (PCNs). With the temperature increasing further,
larger aromatic hydrocarbons became themajor products. It is
undoubted that PAHs were the major compounds resulting
from the thermal decomposition of CP-52. The formation of
PCBs and PCNs involves a synergistic emission with SCCPs
during thermal processes. Therefore, in this study, we focused
on the formation mechanisms of these products during the
decomposition of CP-52.

2.2. Initial reactions of CP-52

Generally, the changes in the carbon atomhomologs reflect the
carbon chain reaction, while changes in the chlorine atom
homologs are associated with the dechlorination reaction. It is
well documented that dehydrochlorination is the initial reac-
tion during the thermal degradation of chlorinated organic
compounds (Jordan et al., 2001; Sosa, 1975). Our previous study
found that CP-52 underwent a charring process, and the linear-
chain structure was transformed into an aromatic structure
dependent on temperature (Xin et al., 2017).

The fraction of C13 congeners slightly decreased, while the
sum of C10–11 congeners increased with the increase in
temperature. Meanwhile, the relative content of C9 in the
residue increased 36-fold and 140-fold under N2 and air at
200°C, respectively. The above results demonstrated that
SCCPs and MCCPs underwent drastic carbon chain scission.
For example, MCCPs and SCCPs were decomposed into SCCPs
or <C10 hydrocarbons. These homologs are probably a mixture
of saturated and unsaturated CPs. For the chlorine atom
homolog, the concentration of Cl6 groups of SCCPs increased
at 200°C, and Cl5 groups were detected as the temperature
further increased to 300°C and above. Moreover, low chlori-
nated congeners (Cl4–7) of C9 hydrocarbons were detected
under oxidizing conditions. Studies found that dehydrochlo-
rination occurred at temperatures as low as 200°C (Sosa, 1975;
Yu et al., 2016). This finding suggests that dehydrochlorination
and the carbon chain breakage were the initial reactions from
the CP-52 decomposition, as illustrated in route (1). The
increase in the fraction of lower chlorinated congeners in the
gas phase indicated that dehydrochlorination has been
accelerated with temperature.

ð1Þ

2.3. Formation of aromatic hydrocarbons

As dehydrochlorination proceeds at 200–300°C, a highly
reactive intermediate with double bonds formed along with
the hydrocarbon molecules. The chlorinated and unsaturated
polyene intermediates can transform further. Aromatic com-
pounds were one of the important products of the thermo-
chemical reaction of hydrocarbons. Among these compounds,
the first aromatic ring is crucial in understanding the
transformation processes of CP-52 since CPs are linear-chain
hydrocarbons. Furthermore, it is also the basis of the ring-
growth reactions leading to the formation of large PAH
compounds.

Generally, benzene and phenyl radical were two major 1-
ring aromatics responsible for the PAH growth. Polyenes may
undergo an inner cyclization/aromatization or inter-/intra-
molecular addition that generates a five- or six-carbon ring
structure, such as cyclopentene, cyclohexene, and aromatic
ring (Bergman et al., 1984; Gui et al., 2013). A crosslinking
reaction may also occur among the unsaturated units and will
result in the formation of crosslinked structures (Sosa, 1975).
Meanwhile, the unsaturated intermediates can decompose
further into C2–C6 fragments. The subsequent recombination
or cyclization will lead to the formation of cyclopentadiene
and benzene (Jordan et al., 2001). For example, the Bergman
rearrangement of enediynes (C6) forms aromatic compounds
with an open-shell structure (Warner and Jones, 2001). On
the other hand, benzene can also be formed through a
recombination of propargyl, the polymerization of C3H3

and/or C3H2 radicals, and the Diels–Alder addition of butadi-
ene to ethylene or alkene trimerization (Richter and Howard,
2000; Vereecken et al., 2002).

Once the aromatic ring is formed, the reaction can proceed
to the growth of an aromatic ring. The ring-growth reaction can
occur by a combination of two PAH+ or neutral PAHs, phenyl
addition/cyclization, methyl addition/cyclization and the hy-
drogen abstraction/acetylene addition (HACA) mechanism.
Among them, the HACA mechanism was widely accepted as
the acceleration route for the formation of benzenoid PAHs
(Chernov et al., 2014; Shukla and Koshi, 2012). The formation
pathways of the aromatic ring and the ring-growth reaction are
summarized in Fig. 1.

Aliphatic hydrocarbons (AHC) accounted for more than
90% of the total compounds detected in the gas phase at



Fig. 1 – The formation pathways of the aromatic ring and the ring-growth reactions from thermal decomposition of CP-52. The
solid linesmean the possible pathways deduced from the compounds verified experimentally, while the dash lines denote the
possible pathways based on the literature or calculation results.
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200°C. The AHCwere composed of mostly alkanes, olefins and
a small quantity of cycloalkanes with branched aliphatic
chains, resulting from the dehydrochlorination and carbon
chain cleavage of CP-52. However, aromatic compounds were
not detected at 200°C. This indicates that the unsaturated
hydrocarbons are prone to undergo a combination of C_C
double bonding accompanied by the carbon chain cleavage
and dehydrochlorination. Meanwhile, intra-/inter-molecular
cyclization among the unsaturated bonds may also occur
which leads to the formation of cycloalkanes.

As temperature increases, the relative content of AHC
decreased significantly and the aromatic hydrocarbons become
the dominant species. It suggested that the gas phase reaction
shifted from cyclization among the unsaturated CPs toward
aromatization and finally generated aromatic compounds. The
first aromatic ring was formed during this process. A large
volume of 1-ring aromatic hydrocarbons consisting mostly of
benzene and indene with branched aliphatic substituents was
identified. The aliphatic substitution groups were mainly
alkanes or alkenes with carbon chain length exceeding 3.
Negligible amounts of C1–C3 substituted benzenewere detected.
The co-pyrolysis of C3 and C4 hydrocarbons generates small
quantities of benzene and the C1–C2 substituted derivatives
(Poddar et al., 2013). The Py–GC–MS result reveals that the 1-ring
aromatic compounds in the primary volatile from CP-52
decomposition were benzene, toluene, styrene, and chloroben-
zene (Appendix A Fig. S2). It means that C1–C3 radicals in the
volatile fraction might be the precursors of 1-ring aromatic
compounds. The recombination of C3H3 or C2H2–C4Hx addition
was regarded as the primary routes to the formation of the first
aromatic ring in the combustion flames. Therefore, it can be
inferred that the first aromatic ring was formed by the
combination among molecules with unsaturated structure
after dehydrochlorination and carbon chain cleavage, such as
acetylene, butadienyl, propargyl and other unsaturated ali-
phatic hydrocarbons (Richter and Howard, 2000).

It should be noted that the thermal decomposition of CP-52
also generated a considerable amount of 2-ring aromatic
hydrocarbons at 300°C, implying the occurrence of ring-
growth reactions of the first aromatic ring at this temperature.
The 2-ring aromatics were comprised mostly of aliphatic
substituted derivatives. Studies indicated that the propargyl
addition to benzylwas the key reaction leading to the formation
of naphthalene (D'Anna andKent, 2003), and the recombination
of phenyl radicals that would generate biphenyl (Richter et al.,
2000). As previously discussed, the concentration of the C1–C3

radicals in the gas phase was significantly lower. Hence, the
radical-induced HACA reactions are unlikely to be the main
routes for ring-growth reactions at 300°C. It can be concluded
that these 2-ring PAHs were formed through further combina-
tion or condensation among the unsaturated branches on the
first aromatic ring. From this point of view, aliphatic hydrocar-
bon substituted benzene (S-Ben) and substituted indene (S-
Inde) can be regarded as the precursors to PAHs and substituted
PAHs (S-PAHs).

As temperature increased from 300 to 600°C, the amount of
1-ring aromatic continued to decrease, while the 2–3 ring
aromatic increased substantially, indicating that the ring-
growth reaction had been accelerated. The rapid decrease in
the amount of S-Ben and S-Inde was also due to a greater
reactivity, given that the substitutions of aromatics are more
reactive when undergoing ring-growth reaction (Poddar et al.,
2011). Interestingly, a considerable quantity of 3-ring aro-
matics, such as fluorene, acenaphthene and the derivatives
with an aliphatic chain, was detected. These aromatic
compounds are both cyclopentafused PAHs with a five-
carbon ring. Kislov et al. (2013) found that the HACA
mechanism generates cyclopentafused PAHs preferentially
over PAHs with six-carbon rings only. Therefore, the 1- or
2-ring aromatic with an aliphatic chain appears to undergo a
radical addition or closure of the chain to form a new 5- or
6-carbon ring structure. Similarly, S-Ben and S-Inde based
radical reactionsmay also contribute to the formation of 3-ring
PAHs at elevated temperatures. This is supported by the
observation that the relative content of S-PAHs decreases
with the increase in gas flow rate, while that of PAHs shows
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the opposite trend (Fig. 2). It means that PAHs are prone to
transform further through the secondary reactions and
S-PAHs are likely to be a final product. Hence, it can be inferred
that the PAH based radical addition was the main aromatic
ring-growth reaction.

As temperature exceeds 600°C, the volume of 2-ring and S-
PAHs began to decrease and larger ringed aromatic compounds
increased, especially the 4- to 5-ring aromatic compounds.
However, the 1-ring aromatic (S-Ben) only decreased slightly at
temperatures between 600 and 800°C, suggesting that PAHswere
derived from the thermal reaction of S-PAHs at higher temper-
atures, such as from the thermal debranching or hydrogen
abstraction acetylene/vinyl addition (HACA/VA) reactions of S-
PAHs. Thedebranching of S-PAHswill liberate hydrocarbons and
phenyl radicals (C6) and, in turn, accelerate the HACA/VA and
other radical reactions. Therefore, the large PAHs might be
formed by means of the debranching of S-PAHs and the
subsequent radical addition of phenyl radical or HACA/VA
reactions at high temperatures.

It is apparent that more aromatic compounds were gener-
atedunder anoxidizing atmosphere, indicating that oxygenhas
a greater capacity to promote the ring-growth reactions. In
addition, oxygen facilitated the carbon chain cleavage and
dehydrochlorination of CP-52. A number of small polyene
fragments or radicals in an oxidizing atmospheremay be higher
than that in an inert atmosphere. Consequently, the radical-
induced reaction may be more reactive in the presence of
oxygen. Thomas et al. found that oxygen-containing radicals
can be used to accelerate reactions during pyrolysis and can
serve as growth agents for improving the efficacy of C2–C4

species production (Thomas and Wornat, 2009).

2.4. Formation of chlorinated aromatic hydrocarbons

In addition to PCBs and PCNs, CBz is also an important
chlorinated aromatic hydrocarbon as it is a monocyclic com-
pound that shares a formation process similar to that of the first
aromatic ring. More importantly, CBz can undergo a further
transformation during thermal processes and can have a
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Fig. 2 – Relative content of aliphatic chain substituted
benzene (S-Ben, 1-ring), polycyclic aromatic hydrocarbons
(PAHs) and aliphatic chain substituted PAHs (S-PAHs, ≥2-ring)
at different flow rates at 400°C.
similar chemical behavior to that of the precursors to PCBs,
PCNs or large aromatics. According to the literature, chloroben-
zenes can be formed through differentmeans, e.g., the cleavage
of non-totally dehydrochlorinated carbon chains, the chlorina-
tion of benzene or lower chlorinated benzeneswith chlorine gas
(Cl2), the cyclization of chlorinated C1–C2 fragments and the
isomerization of chlorinated benzene derivatives (Aracil et al.,
2005). DFT calculations indicated that the cyclization of
chlorinated hexatrienes by way of open-shell radical pathways
can lead to the formation of chlorinated polyaromatic hydro-
carbons (Ahubelem et al., 2015).

Generally, the dehydrochlorination of chlorinated hydrocar-
bons produces hydrogen chloride (HCl) gas. However, the
chlorination of benzene is more thermodynamically feasible
by Cl2 than by HCl. In addition, HCl can be oxidized through the
Deacon process to generate Cl2 and then dissociated into
chlorine radicals at temperatures exceeding 400°C (Froese and
Hutzinger, 1997; Procaccini et al., 2003). Therefore, the chlori-
nation of benzene is unlikely to occur at low temperatures.
Moreover, the metal-mediated chlorination of benzene is
unlikely to occur since the CP-52 was ash-free. With respect to
chlorinated aromatic compounds with aliphatic substituents,
aliphatic chain substituted CBz (S-CBz) were the dominant
species present. The amount of S-CBz increased remarkably at a
temperature ranging from 200 to 400°C (Appendix A Table S2).
Previous results indicated that the mass concentration of CBz
changes slightly between 200 and 400°C (Xin et al., 2017). This
finding suggests that the direct condensation of chlorinated
alkenes is the predominant routes for CBz formation at low
temperatures (≤400°C). In other words, CBz formation is
accompanied by the formation of the first aromatic ring.

The oxidation of HCl to Cl2 was enhanced by temperature in
the presence of oxygen. The chlorine radical-induced chlorina-
tion contributes largely to the formation of CBz in the oxidizing
atmospheres, resulting in a significant increase in the yield of
CBz at 600°C. Consequently, the yield of CBz in oxidizing
atmosphere was approximately 2-fold higher than that in an
inert atmosphere. As temperature increases further, the de-
crease in the yield of CBzwas likely due to oxidative destruction
or dechlorination of chlorinated aromatic hydrocarbons (Froese
and Hutzinger, 1997).

Severalmechanismshave been proposed for PCN formation,
including the chlorination of naphthalene, de novo synthesis
from aromatics, HACA mechanism and homogeneous or
heterogeneous condensation of chlorophenols (Xu et al., 2015).
It is generally accepted that the formation of PCBs and PCDD/Fs
are due to related mechanisms, such as the homogeneous or
heterogeneous “condensation” of precursors. The breaking of
the C\Cl bond and the H abstraction, followed by the
combination of chlorine, phenyl and chlorophenyl radicals can
also lead to the formation of PCBs (Van Caneghem et al., 2014).
Some studies have found that PCBs can form from the pyrolysis
of chlorobenzenes and the chlorination of decomposed PAH
backbone (Weber et al., 2001). Possible formation pathways of
chlorinated aromatic hydrocarbons from CP-52 are shown in
Fig. 3.

Alternatively, the formation of PCBs and PCNs is closely
related to radical-induced reactions, especially at higher
temperatures. The theoretical reaction mechanisms that
form PCBs and PCNs from CP-52 are summarized in Fig. 4. As



Fig. 3 – Possible formation pathways of chlorobenzene (CBz), polychlorinated biphenyls (PCBs) and polychlorinated
naphthalenes (PCNs) during the thermal decomposition of CP-52. The solid lines mean the possible pathways deduced from
the compounds verified experimentally, while the dash lines denote the possible pathways based on the literature or
calculation results.
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seen, CBs (C6) is an important precursor for PCB and PCN
formation. Among the eight reactions leading to the product
of PCBs (C7) and PCNs (C9), six reactions (from reaction 1 to
reaction 6) have been investigated theoretically or experi-
mentally (Appendix A Figs. S3 and S4). For reaction 1 and
reaction 2, previous studies have indicated that methane,
ethylene, ethane, propylene, 1-butene, 1-pentene, 1-hexene,
propane, n-butane and 1,3-butadiene are the major small
molecules resulting from the thermal decomposition of
Fig. 4 – Schematic representation of the reaction mechanism form
naphthalenes (PCNs) from CP-52.
chlorinated and nonchlorinated hydrocarbons at high tem-
peratures (500, 700, 850°C) (Aracil et al., 2010; Bergman et al.,
1984; Chakraborty and Kunzru, 2009). The appearance of
benzene and chlorobenzene in the volatile from CP-52
decomposition also verifies the potential occurrence of
reaction 6 and reaction 8 (Appendix A Fig. S2). This demon-
strates the potential for free radical reactions at high-
temperature conditions. Information regarding the calcula-
tions for the reaction pathways and related energies for
ing polychlorinated biphenyls (PCBs) and polychlorinated
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reaction 3, reaction 4, reaction 5 and reaction 6 was previously
provided (Aracil et al., 2010; Bensabath et al., 2016;
Chakraborty and Kunzru, 2009).

The profiles of PCBs with respect to temperature are
similar to that of PCNs, indicating a close relationship
between the formation processes (Oh et al., 2007). PCBs and
PCNs are both 2-ring aromatic hydrocarbons and can form
through the ring-growth reactions. However, only small
amounts of PCBs and PCNs were detected at temperatures
between 200 and 400°C. As described above, radical-induced
reactions were uncommon at low temperatures. Hence, it can
be inferred that PCBs and PCNs are formed by aromatization
rather than the radical addition of chlorinated monocyclic
aromatic hydrocarbons. In other words, PCBs and PCNs are
formed accompanied by the formation of 2-ring PAHs and that
chlorinated monocyclic aromatic hydrocarbons are the most
likely precursors.

The yield for CBz increases with increasing flow rates for
gas, while the yield for PCBs and PCNs decreases in the
presence of N2 (Fig. 5). Generally, the higher the gas flow rate,
the shorter the residence time of compounds in the reaction
zone. As a result, the secondary reaction occurs in a less
extent. Thus, CBz is considered an intermediate reactant,
whereas PCBs and PCNs are the products during the thermal
decomposition of CP-52. This finding is further supported by
the theoretical calculations presented in Fig. 4, which indicate
that CBz is a precursor to PCBs and PCNs. In addition, the
volume of S-CBz decreased at temperatures greater than
400°C (Appendix A Table S2), indicating that PCB and PCN
formation is the result of secondary reactions of the S-CBz,
including radical addition (HACA/VA) or unimolecular con-
densation/cyclization. Moreover, the amount of PCNs and
aliphatic substituted PCNs was greater than that of PCBs,
indicating that these reactions preferentially occur on the
aromatic rings. When the temperature increases to 600°C, the
amount of S-CBz decreased significantly whereas the amount
of CBz increased substantially. These results indicate that
S-CBz transformation may occur through different pathways.
For example, the debranching of S-CBz substituents generates
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CBz, while the radical addition of S-CBz can produce PCBs or
PCNs. Accordingly, the amount of PCBs and PCNs increased
significantly as temperature increased to 600°C, which is 2- to
3-fold higher than that of CBz.

The proposed pathway from chlorobenzene to 1-
chloronaphthalene is shown in Fig. 6. Theoretical studies on
a potential energy surface, intermediate products and transi-
tion states have been conducted to confirm the hypothesis as
well as to define the potential pathways. For reaction 7 to form
1-chloronaphthalene (C9) from chlorobenzene (C6) (Comandini
and Brezinsky, 2011; Shukla et al., 2011) and o-benzyne (C8) (Liu
et al., 2001), there was no sufficient evidence in the theoretical
calculations. As shown in the potential energy surface for
reaction 7, the pathway was associated with a low entrance
barrier of 57.3 kJ/mol, which can be easily overcome. Reaction 7
then reached an intermediate state residing in a potential
energywell of −189.2 kJ/mol relative to the separated reactants.
The relative energy of the corresponding transition state
presented a very low value (2.22 kJ/mol), making such a path
energetically favorable. To conclude, the calculations in reac-
tion 7 demonstrated the rationality of potential pathways that
lead to the production of 1-chloronaphthalene. The byproduct
of C2 radicals then becomes the reactant in reaction 3. Previous
studies have suggested that naphthalene possesses a strong
positive relationship with low-chlorinated naphthalenes, such
as Mono- and Di-PCNs (Oh et al., 2007). Both of the amounts of
naphthalene and aliphatic substituted naphthalene increased
with temperature, indicating that the chlorination of naphtha-
lene could be a potentially important route in the formation of
PCNs at 600°C.

This study also focused on the possible reaction pathways
for the final stage of forming 2-chlorobiphenyl (C7) in reaction 8.
The proposed pathways proceeded along a channel leading to
the formation of C7 from phenyl radical (C5) and chlorobenzene
(C6) as presented in Fig. 7 along with the calculated potential
energy surfaces. As shown, an intermediate state can be
reached and stabilized at −80.8 kJ/mol with respect to the
reactants. The following transition state presented a low
energy state of 58.2 kJ/mol. This level of energy is reasonable
evidence to prove that the reaction could proceed forward.
In general, the hypothesized reactions with a lower energy
path from phenyl radical (C5) and chlorobenzene (C6) leading
to the formation of 2-chlorobiphenyl (C7) were tested to
determine feasibility of occurring. Although the product
presented relatively high energy, reaction 8 was still possible.
It could be explained by the presence of some catalysts in the
reaction process and uncertainty of the chlorine substitution
in the product. From a theoretical perspective, the calcula-
tions not only provide a reasonable pathway with lower
energy but also imply that it is possible to generate PCBs and
PCNs from CP-52.

2.5. Proposed pathways for the thermal decomposition
of CP-52

As presented in the experimental results and theoretical
calculations, the temperature exhibits a significant effect on the
thermal decomposition of CP-52. The proposed decomposition
pathways of CP-52 as determine from the experimental and
calculated results are illustrated in Fig. 8. Generally, the



Fig. 6 – Potential energy surface for the formation of 1-chloronaphthalene in reaction 7. Relative energy is in kJ/mol and
calculated at the B3LYP/6-311G (d,p) level.
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decomposition of CP-52 proceeded in two different pathways at
low temperatures (200–400°C) and high temperatures (400°C and
above). At low temperatures, the reaction pathways were
Fig. 7 – Potential energy surface for the formation of 2-chlorobiph
at the B3LYP/6-311G (d,p) level.
dominated by the dehydrochlorination and carbon chain break-
age, leading to the formation of chlorinated and unsaturated
hydrocarbons. With increasing temperatures, aromatization
enyl in reaction 8. Relative energy is in kJ/mol and calculated



Fig. 8 – The proposed thermal decomposition pathways of CP-52 based on the experimental and calculated results. Solid lines
denote the favorable decomposition pathways of CP-52 at low temperatures (<400°C), while the bold lines indicate the
dominant pathways at high temperatures.
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among the unsaturated hydrocarbons was the dominant reac-
tion route and formed aromatic hydrocarbons with aliphatic
substituents. When the temperature exceeded 400°C, the chlori-
nated or unsaturated hydrocarbonsmore favorably decomposed
into smaller molecules, which is then likely to form cyclic
compounds containing 5- or 6-carbon atoms, such as the phenyl
radical (C5) and chlorobenzene (C6). Once the phenyl radicals
were formed, they could further transform and generate PCBs
and PCNs.
3. Conclusion

In this study, the transformation and decomposition mecha-
nism of CP-52 were investigated experimentally and theoret-
ically. The experiment results indicated that the initial
reaction of CP-52 was dehydrochlorination accompanied by
the carbon chain cleavage and forms chlorinated and unsat-
urated hydrocarbons. The subsequent reaction pathways of
these hydrocarbons varied considerably. It is apparent that
cyclization and aromatization are the most accessible path-
ways for the hydrocarbons at low temperature (200–400°C)
while the radical-induced reactions become the predominant
pathways at high temperatures. The DFT calculations indi-
cated that the formation of small molecule radicals and the
subsequent ring closure are important pathways for the
formation of benzene and phenyl radicals. Meanwhile, the
calculation results demonstrated the rationality and possibil-
ity of the pathways for the formation of PCNs and PCBs from
chlorobenzene. The possible chemical pathways of CP-52
decomposition are proposed based on the experimental and
calculation results. The present work is conducive to under-
stand the transformation of CP-52 during thermal processes.
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