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Short chain chlorinated paraffins (SCCPs) have attracted extensive attention due to their adverse effects on soil
organisms and humans. However, comprehensive understanding of the degradation of SCCPs is still limited. In
this work, the behavior and fate of SCCPs during advanced oxidation processes (AOPs) in contaminated soil were
studied. The concentration and congener profile of SCCPs before and after the oxidations were determined.
Results showed that SCCPs (1 mg kg™!) could be effectively degraded within 120 h by four common oxidants,
including hydrogen peroxide (H202), Fenton (H202/Fe2+), potassium permanganate (KMnO,4), and sodium
persulfate (Na2S20g). The optimal degradation efficiency followed the order KMnO4 (93.3 %) > Na3S20sg (91.9
%) > Fenton (90.4 %) > Hy0, (84.3 %). After the oxidation treatment, the relative abundance of C1oClg-10,
C11Clg~10, C12Clg~10, and Cy3Clg~1¢ increased, among that C;9H;3Clg increased the most (1.71 % — 2.52 %, in
mass ratio). While the relative abundance of C;¢Cls~7, C11Cls~7, and C;2Clg~7 decreased significantly, and
C11H;18Clg decreased the most (—3.81 % — —6.18 %, in mass ratio). Density functional theory (DFT) calculations
were used to explain these observations. Compared to carbon atomic percentage, chlorine atomic percentage had
greater impacts on the degradation of SCCP congeners, which showed a significant negative correlation. How-
ever, four congeners consistently failed to follow this pattern, such as Cj2Hz2;Cls, C13H22Cls, C12H16Cl1o, and
Cy3H18Clyo. This work is expected to provide data and technical support for remediation in typical SCCPs
contaminated soil.

1. Introduction

Chlorinated paraffins (CPs) are a complex mixture of polychlorinated
n-alkanes with general molecular formula C;,H(2542)-mClm (n = 10 ~ 30,
m =1 ~ 17) [1,2]. CPs homologues are very complex in composition
due to the differences in carbon chain length, chlorination degree, and
chlorine bond position, which are subdivided into short-chain chlori-
nated paraffins (SCCPs, Cyg~13), medium-chain chlorinated paraffins
(MCCPs, Cy4~17) and long-chain chlorinated paraffins (LCCPs, Cig~30)
according to the length of carbon chain [3]. The physicochemical
properties of CPs vary widely, mainly related to the carbon chain length
and chlorination degree, among which SCCPs have the advantages of
low volatility, flame retardancy, good electrical insulation, and low
price, often in use for a wide range of industrial applications, such as
flame retardants, plasticizers, sealants, paints, and lubricant products

[4-6]. SCCPs are also of greatest concern, in 2017, SCCPs were classified
as the persistent organic pollutants (POPs) in the Stockholm Convention
and would be banned or strictly restricted worldwide [7]. However, as
the largest producer and consumer of CPs, China has just started to
impose only few restrictions on SCCPs recently [8,9], and limited data
for environmental behavior and fate of SCCPs are available due to the
highly complex compositions of SCCPs and their difficult quantification.

SCCPs have a high annual output and are used in almost all in-
dustries, which are inevitably released into the environment during
production, storage, transportation and use [10,11]. As a result, the
presence of SCCPs in the environment has been detected in various
environmental media, such as air, water, sediment, soil, biota, and
human body worldwide [12]. The environmental behavior characteris-
tics of SCCPs mainly include environmental persistence [13], long-
distance transport [14], bioaccumulation [15], and toxicity [16].

* Corresponding authors at: South China Institute of Environmental Sciences, Ministry of Ecology and Environment, Guangzhou 510655, China.
E-mail addresses: wuyingxin@scies.org (Y. Wu), wuwencheng@scies.org (W. Wu).

1 Quanyun Ye and Qingmei Song are co-first authors of the article.

https://doi.org/10.1016/j.cej.2023.142557

Received 15 November 2022; Received in revised form 17 March 2023; Accepted 20 March 2023

Available online 22 March 2023
1385-8947/© 2023 Elsevier B.V. All rights reserved.


mailto:wuyingxin@scies.org
mailto:wuwencheng@scies.org
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.142557
https://doi.org/10.1016/j.cej.2023.142557
https://doi.org/10.1016/j.cej.2023.142557
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.142557&domain=pdf

Q. Yeetal

SCCPs pollution has become a global threat, attracting extensive atten-
tion. Researches showed that the toxicity mechanism of SCCPs was
mainly related to oxidative stress, metabolic disorders, and endocrine
disorders, which had great toxicity to organisms, including develop-
mental toxicity, carcinogenicity, and immune regulation disorders, etc
[16]. SCCPs were also toxic to mammals and could cause damage to
their liver, kidney, thyroid and parathyroid glands [13]. We previously
reported that the composition and structure of the soil bacterial com-
munity were significantly affected by SCCPs even in low contents [17].
At present, SCCPs are very common in soil with complex behaviors,
which have great adverse effects on soil organisms and humans. Thus,
the remediation of SCCPs-contaminated soil is urgently needed.

Compared with other common POPs [18,19], there are few literature
reports available at present on the degradation of SCCPs and it is hard to
directly compare the observations from different authors, since reaction
kinetics, intermediates, and transformation pathways may differ
significantly, depending on the degradation method employed.
Advanced oxidation processes (AOPs) primarily decompose target pol-
lutants by generating highly active radicals, such as hydroxyl radical
(eOH), superoxide radical (Oe~), and sulfate radical anion (SO4e),
which can effectively degrade refractory compounds and generate small
molecular substances with high efficiency [20-22]. The most common
AOPs in site restoration mainly include hydrogen peroxide (H2O2)
oxidation, Fenton (Ho04/Fe?™) method, persulfate (NasS;0g) activa-
tion, potassium permanganate (KMnO,4) oxidation, etc, which are very
different in oxidation mechanisms [23]. AOPs have a broad application
prospect in the degradation of SCCPs and remediation contaminated
soil. It is very essential to understand the behavior and removal of SCCPs
in different AOPs in order to reduce their ecological risks and potential
negative impacts on the contaminated site. However, complex effects of
both atomic ratio and homologues composition of SCCPs on AOPs
remain poorly understood.

In the present study, we carried out a detailed analysis of SCCPs
oxidation response behavior with common different oxidants (H2O,
Fenton, KMnOg, and NayS,0g), and the key factors affecting the fate and
transport of SCCPs during oxidation process. The degradation effects of
different oxidants were compared, and the abundance changes of SCCP
homologue patterns were analyzed. Moreover, density functional theory
(DFT) calculations were used to explore the active site of SCCPs and the
degradation mechanism. The results of this study are expected to gain
insights into the behavior and fate of SCCPs in different oxidations,
which can provide a certain theoretical basis and technical support for
the remediation of SCCPs contaminated soil.

2. Materials and methods
2.1. Materials

Standard mixtures of SCCPs (51.5 % Cl, 55.5 % Cl, and 63 % Cl) and
e-hexachlorocyclohexane (¢e-HCH) were purchased from Dr. Ehren-
storfer GmbH (Germany). 13C1o-trans-chlordame, dichloromethane
(DCM), and n-hexane (HEX) were purchased from Cambridge Isotop
Laboratory Inc. (USA). Sodium sulfate (NaySO4), hydrogen peroxide
(H202), ferrous sulfate (FeSO47H20), potassium permanganate
(KMnOy), and sodium supersulphate (NaySy0g) were purchased from
Anpel Chemical Reagent Co., Itd. (Shanghai, China). All the chemicals
were analytical reagent (AR) and used without purification.

2.2. Preparation of SCCPs contaminated soil samples

A total of 2000 g test soil without SCCPs pollution was collected in
Guangzhou, China and ground through a 10-mesh sieve prior to use. A
10 mg of industrial grade SCCPs reagent was diluted into 100 mL of
hexane, and then 20 mL of this solution was added to 100 g of soil
sample. The mixture was blended into the remaining 1900 g of soil for
30 days, during which time the mixture was stirred regularly. The
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contaminated soil samples were freeze-dried, passed through a 100-
mesh sieve, and stored for later use.

2.3. Sample pretreatment for SCCPs determination

A soil sample (5.0 g) and 0.1 mL of 13C10-trans-chlordane (100 pg
mL 1) were adding into the centrifuge tube prior to adding 20 mL of
HEX-DCM mixed solutions for ultrasonic extraction at 50 °C for 30 min.
The supernatant was then collected and two more 20 min ultrasonic
extractions were performed at 50 °C (The dosage of HEX-DCM (1:1, V/V)
was 15 mL each time). All collected supernatants were concentrated to 2
mL by using a rotary evaporator.

2.4. Characterizations

Instrumental analysis was performed using a high-resolution gas
chromatograph coupled with electron capture negative ion-mass spec-
trometer (GC-ECNI-MS, GC-2010 Plus, Shimadzu). The chromato-
graphic column was HP-5MS with a specification of 30 m x 0.25 mm x
0.25 pm. The carrier gas was high purity nitrogen (N3, 99.999 %) at a
flow rate of 4 mL min~!. The temperature of detector and injector were
set at 310 °C and 270 °C, respectively. The column heating program was
set as follows: temperature increased to 150 °C at a rate of 20 °C min~!
after holding at 90 °C for 1 min, and then increased to 300 °C at a rate of
15 °C min~! for 4 min. The GC-ECD results of different oxidation
treatments were shown in the Supporting Information, Fig. S1.

2.5. Degradation experiments

The soil sample of 5.0 g was added in a 50 mL polytetrafluoro-
ethylene centrifuge tube, and different kinds of oxidizing agents were
added according to the dosage shown in Table 1. The water/soil ratio
was set to 1:1.5 and the pH value was unadjusted unless otherwise
stated. The concentration of SCCPs was tested after 120 h of reaction.
The degradation efficiency () was obtained following Eq. (1):

n=(Co —C:)/Cy x 100% o
Co: Initial concentration of SCCPs, mg kg~ *, Ci: Concentration of SCCPs

at reaction time t, mg kgl All experiments were carried out in
triplicate.

2.6. DFT calculations
Geometric optimization of SCCPs was performed by Gaussian 16 W
at the B3LYP/6-31 g(*) level. The Fukui Function was used to analyze

the vulnerable sites of SCCPs [24], which was widely used to predict the

Table 1
The dosage of different oxidants.

Sample Oxidant Concentration Dosage (%)
CK ultrapure water / /
H (1) Hy02 30 % 2
H(2) H,0, (p=1112gmL ™Y 4
H (3) H,0, 6
H4) H,0 8
F() Fenton m(Hy02):m(Fe*") = 5:1 2
F(2) Fenton 4
F(3) Fenton 6
F @) Fenton 8
K@) KMnO,4 solid, AR 2
K (2) KMnO4 4
K(@3) KMnOy4 6
K4 KMnO4 8
P (D) NayS,0g solid, AR 2
P (2) NayS20g 4
P(3) Na,S;0g 6
P4 NayS,0g 8
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reaction sites of electrophilic, nucleophilic, and radical attack. The re-
sults of calculation were displayed on Visual Molecular Dynamics
(VMD) based on the output file from Multiwfn 3.8 program [25-27].
More details about DFT calculations were described in the Supporting
Information, Text S1.

3. Results and discussion
3.1. Degradation efficiency of SCCPs by different oxidants

The degradation efficiency of four different oxidants (HyO.(H),
Fenton(F), KMnO4(K), and NasS,0g(P)) at different concentrations (2 %,
4 %, 6 %, and 8 %) on SCCPs were presented in Fig. 1. Overall, Y SCCPs
decreased significantly along the four kinds of oxidants within 120 h,
and the degradation efficiency under the optimal dosage conditions was
in the order of KMnO4 > NapS;0g > Fenton > Hy0,. Among them, the
redox potential of KMnOy is relatively low (1.68 eV), but KMnO,4 can be
applied without activation, which is highly influenced by pH and has the
strongest oxidation capacity under acidic conditions [28]. The pH value
of SCCPs-contaminated soil was about 4.5, which was conducive to the
better oxidation effect of KMnO4. Moreover, KMnO4 shows selectivity
for organic pollutants during oxidation, especially for those electron-
rich groups, such as sulphide, aniline group, and organic chloride
[29-31]. Therefore, KMnO4 had an excellent degradation effect on
SCCPs in this research. The oxidation effect of NayS,Og on organic
contaminated soil was mainly due to the following aspects [32-34]: (i)
The peroxydisulfate anion (S,03") has relatively high oxidation poten-
tial (2.01 eV), can be directly react with some organic pollutants; (ii)
Minerals (Fe, Mn, etc.) in soil can promote the bond breaking of per-
sulfate and produce SO4e~ (2.5-3.1 eV) and eOH, which can attack
organic pollutants. Fenton process can produce certain ¢OH, which is
more limited than SO4e ", including lower redox potential (1.8-2.7 eV vs
2.5-3.1 eV) and shorter lifetime (t,2 = 1073 ps vs 30-40 ps) [35,36].
Compared with the other three oxidants, the degradation efficiency of
SCCPs was the lowest when using H,O5 alone. On the one hand, H,O5
shows the lowest oxidation potential (1.8 eV) and can be easily
decomposed into HyO and O3, on the other hand, H,O5 is very inefficient
at producing eOH, resulting in low degradation efficiency [37]. Equa-
tions of SCCPs degradation in different AOPs were described in the
Supporting Information, Text S2.

Unexpectedly, the degradation efficiency of > SCCPs by the four
oxidants did not always increase with the increasing added amount, and
the optimal amount was different. The best degradation efficiency of
SCCPs was achieved by adding 2 % of HyO5, Fenton, or KMnQOy, with a
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Fig. 1. Degradation efficiency of SCCPs by different oxidants. Reaction con-
ditions: 5 g of SCCPs contaminated soil (1 mg kg’l), the water/soil ratio 1:1.5,
initial pH 4.5 and ambient temperature.
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reduction of SCCPs concentration by 84.3 %, 90.4 %, and 93.3 %
respectively. For Na;S20g, the optimal amount was 6 %, which degraded
91.9 % of SCCPs. It was noted that the degradation efficiency of Y SCCPs
decreased when the dosage of Fenton and KMnOj, increased. Especially
the degradation efficiency of > SCCPs by 8 % Fenton (52.7 %) was
obviously lower than those by 2 % (90.4 %), which implied that those
longer chain CPs in soil were likely to react with oxidant in the degra-
dation process and generate SCCPs when the content of oxidant or
oxidizing capacity was too high.

Among the four oxidants, KMnO4 had the best degradation effect in
the contaminated soil. However, the oxidation process would consume
H' and produce OH, which significantly increased the soil pH
(Table S1). In addition, soil permeability function would be affected
when KMnO4 was used in excessive quantities. NapS,0g also showed a
good degradation effect of SCCPs with a long service life in contami-
nated soil, but the dosage was relatively more than other oxidants, and
would decrease the pH value. Fenton treatment would degrade longer
chain CPs, which further generated shorter chain SCCPs, and also
decreased the pH value of soil. In summary, the actual site restoration
should comprehensively consider the types of pollutants, soil pH,
amount of oxidant, price and other conditions to select the appropriate
oxidation methods. These conclusions provided data support for the
remediation of SCCPs in actual contaminated soil.

3.2. Analysis of SCCP homologues degraded by different oxidants

3.2.1. Distribution of SCCP homologues in contaminated soil

To determine the relative abundance variations of SCCP homologues
and understand the oxidation behavior, SCCP homologue profiles cate-
gorized by carbon and chlorine atom groups at different oxidation
treatments were plotted. The composition of SCCP homologues without
oxidants was presented in Fig. 2. Of all the carbon chain groups, the
SCCP homologue of C;; showed the highest abundance, and followed by
Cio, C12, and C;3 homologues. In the chlorine homologue profile, the
homologue with chlorine atom number of 6 had the highest relative
content for Cpg, and chlorine atom number of 7 had the highest relative
content for C;1-13 congener groups. Chlorine atom number of 5 or 10
was the least in abundance for all soil samples.

Significant differences in SCCP homologue profiles were shown after
four kinds of oxidation treatment, as presented in Fig. 3. The varied
congener profiles in different samples also indicated the distinct
oxidation behaviors of SCCP congeners. In the carbon homologue pro-
file, the relative content of SCCPs with carbon atom number 11
decreased from 35 % to about 30 % ~ 32 %, however, it was still the

16 HJoi, o, [ c, I c, I c, lc,,

CK
12} Jr

C,,=23.42%

C,,=35.32%

C,,=22.85%
C,,=18.59%

C12

Fig. 2. Soil SCCP homologue profile without oxidation. Reaction conditions:
the water/soil ratio 1:1.5, initial pH 4.5 and ambient temperature.
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Fig. 3. Distribution of SCCP homologues after oxidation treatment. Reaction conditions: 5 g of SCCPs contaminated soil (1 mg kg™!), the water/soil ratio 1:1.5, initial
pH 4.5 and ambient temperature.

most predominant congeners in all soil samples. The reason was that C;; except for Fenton treatment, further proving that oxidant concentration
congeners were easily oxidative degraded into smaller molecules. Some had little effects on the abundance of SCCP homologue profiles. Fig. 4(b)
long-chain SCCPs were also degraded to C;; congeners during the re- showed that different types of oxidants led to significantly different
action, but this amount was lower, thus resulting in a decrease in the abundances of SCCP homologues even with the same amount of addi-
relative content of Cq; congeners. Little discernible variation could be tions, particularly with the amount of 8 %. Different kinds of oxidants
seen for Cy¢ and C;, congeners after oxidation treatment, it was because showed different redox properties and different selectivity for SCCPs,
the production and degradation of C;¢/C;2 congeners maintained a further demonstrating the vital role of the oxidant type for the abun-
relatively dynamic balance. Interestingly, the relative content of C;3 dance of SCCP homologues.

congeners was increased in all samples. On the one hand, C;3 congeners
of SCCPs were more difficult to be degraded. More importantly, it was 3.2.3. Results of principal component analysis (PCA) analysis

judged that a small number of C;3 congeners would be oxidized to The PCA plot for SCCP homologues distribution and different
shorter carbon chain SCCPs, while some long chain CPs were oxidized to oxidation methods were presented in Fig. 5. The first two axes explained
Cy3 congeners. The production amount of C;3 congeners was greater 85.2 % of the information about the abundance of SCCP homologues in
than the degradation amount, which led to the obvious increase of C;3 different oxidation conditions. The results showed that control group
congeners after the oxidation treatment. This conclusion was supported (CK) and oxidation groups (F, H, K, P) were obviously divided into two
by the results of Fenton treatment, especially for F(4) treatment, where clusters, indicating that there were significant differences in the SCCP
the degradation efficiency of SCCPs was the lowest and the relative homologues distribution before and after oxidation. In addition,
content of C;3 homologue profile was as high as 25.02 %. different concentrations of HyO3 and KMnOy4 treatments did not signif-
icantly affect the abundance of SCCPs. However, for Fenton, the results
3.2.2. Results of significance analysis of F1 deviated from those of F2, F3, and F4, indicating that the con-
Statistical analysis of significance test between oxidant type, dosage, centration had a certain influence on the SCCP homologues distribution.
and degradation efficiency for SCCPs was conducted using 2-tailed Similarly, for Na;S20g, the oxidant concentration also affected on the
paired t-test at a 5 % level of significance. As shown in Fig. 4(a), no SCCP homologues distribution (see Fig. 6).

significant discrepancy in abundance of SCCP homologue profiles was
found by the same oxidant with different concentrations (2 % ~ 8 %)
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Fig. 5. PCA analysis based on relative abundance SCCP homologues distribution after different oxidation treatment. Reaction conditions: 5 g of SCCPs contaminated
soil (1 mg kg™1), the water/soil ratio 1:1.5, initial pH 4.5 and ambient temperature.

3.3. Relationship between different homologues and oxidation modes

Table S2~85 in the Supporting Information presented the abundance
changes of different SCCP homologues after different oxidations. It was
discovered that the abundance of some SCCP homologues increased,
while others decreased, and the abundance changes followed a certain
regularity: (i) SCCP homologues with a significant decrease in abun-
dance included: CyoCls~7, Cq1Cls~7, and C;5Clg-7, while those

homologues with a significant increase in abundance included:
C10C18~10, C11C18~10, C12C18~10, and C13C18~10, which were signiﬁ-
cantly correlated with the number of chlorine atoms; (ii) There was the
greatest decrease in the abundance of C;17H;18Clg among the SCCP ho-
mologues, which indicated that it might be the most susceptible to
oxidize; (iii) The abundance of C;9H;3Clg increased the most, followed
by Cy13H20Clg, proving that they might be very difficult to oxidize, or
those longer chain CPs were mainly degraded into these two SCCPs after
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o d C10H13Clo
HOMO-LUMO gap : 0.2624 a.u.
Softness : 0.0998 eV~"

C11H1sCls
HOMO-LUMO gap : 0.2828 a.u.
Softness : 0.0966 eV ™"
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Fig. 6. The specific structures of C;1H;5Clg and CqoH;3Clg by DFT theoretical calculation (The green and blue colors represent the positive and negative phases of the
molecular orbital). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

oxidation.

In order to better analyze these phenomena and explore the degra-
dation mechanism of SCCPs, we further confirmed the specific structures
of C11H18Clg and C;9H;3Clg by DFT theoretical calculation. The highest
occupied molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO) energy separation (HOMO-LUMO gap) and chemical
softness of molecules were calculated. Moreover, the Fukui Function
was used to analyze the vulnerable sites of SCCPs. The HOMO-LUMO
gap has been used as an indicator of kinetic stability. In general, a
smaller HOMO-LUMO gap implies lower kinetic stability and higher
chemical reactivity, since it is energetically advantageous to add elec-
trons to LUMO at high position, or to extract electrons from HOMO at

Table 2

low position [38,39]. The degree of softness reflects the activity of
electrons and the deformability of their distribution. In congeners, it is
generally believed that the greater the softness, the more likely the
molecule is to react [40,41]. Compared to C11H;5Clg, C19H13Clg had
lower HOMO-LUMO gap and greater softness, which indicated that it
was more easily oxidized, even though it possessed more chlorine atoms.
The results indicated that the reason for the most increase in C19H;3Clg
content was that those longer chain CPs were mainly degraded to
C10H13Clg after oxidation, rather than that it was more difficult to
oxidize. In addition, the isosurface of Fukui index was presented in the
Supporting Information, Tables S6~S7. The values of £, f~, and f°
represented nucleophilic attack, electrophilic attack, and radical attack

The abundance changes of the SCCP homologue profiles classified by carbon and chlorine atomic number (blue and orange represented the relative abundance of

SCCPs increased and decreased, respectively).

H Cio Cn Ci2 Ci3 Cls Cle Cly Clg Clo Clio

H1 1.22% -3.66%  -0.44% 2.88% 0.22% -8.94% -4.09% 3.65% 5.01% 4.15%
H2 0.65%  -478%  -0.13%  4.25% 0.02% -9.75%  -4.72% 4.28% 5.45% 4.71%
H3 -0.26%  -4.56%  0.45% 437%  -0.32%  -10.06%  -4.07% 4.32% 5.61% 4.51%
H4 0.04% -4.58% 0.71% 3.83% -0.15% -9.99% -3.95% 4.31% 5.23% 4.56%
F Cio Cn Ci2 Cis Cls Cls Cly Clg Clo Clio

F1 -0.14%  -4.25% 0.10% 4.29% -1.20%  -10.84%  -3.77% 5.18% 5.75% 4.89%
F2 -2.23%  -4.69% 1.11% 5.81% -1.73%  -12.56%  -3.38% 6.18% 6.61% 4.88%
F3 -1.58%  -498%  0.79% 577%  -1.64% -12.33%  -3.84% 6.06% 6.38% 5.38%
F4 -2.52%  -5.34% 1.44% 6.43% -1.91%  -13.14%  -3.36% 6.78% 6.68% 4.95%
P Cio Cn Cn2 Cis Cls Cls Cly Cls Cly Clio

P1 0.80% -3.84% 0.15% 2.89% -0.85% -9.47% -3.38% 4.36% 5.08% 4.26%
P2 0.405%  -3.90%  -0.10%  3.60%  -0.81%  -9.92%  -3.86% 4.28% 5.56% 4.76%
P3 1.46% -3.18%  -0.89% 2.57% -0.49% -9.28% -4.04% 3.72% 5.29% 4.79%
P4 2.10% -3.07%  -0.70% 1.66% -0.29% -7.56% -2.41% 3.49% 3.78% 2.99%
K Cio Cn Ci2 Cis Cls Cls Cly Clg Cly Clio

K1 0.72%  -3.65%  -038%  331%  -1.12% -10.34% -3.21% 4.63% 5.37% 4.67%
K2 -0.03%  -4.20% 0.13% 4.09% -1.23%  -10.99%  -3.32% 5.15% 5.67% 4.71%
K3 -022%  -3.75%  0.19% 378%  -135%  -10.87%  -3.19% 5.39% 5.35% 4.66%
K4 0.12%  -427%  0.16% 3.99%  -1.56% -1125% -2.97% 5.40% 5.70% 4.67%
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respectively. In general, the higher Fukui index level, the more vulner-
able site to attack [42]. It could be seen that the Fukui index level (f', f~,
and % of chlorine atoms was the highest in both SCCP congeners,
indicating that they were priority sites for attack during the oxidation
process.

Furthermore, the SCCP homologue profiles were categorized and
analyzed by carbon and chlorine atomic number, as shown in Table 2.
For example, C11 consisted of C;1H19Cls + C11H18Clg + C11H17Cly; +
C11H;6Clg + C11H;5Clg + C11H14Clyg, and so on. It could be clearly seen
that there was a significant correlation between the number of carbon/
chlorine atoms and the degradation result, especially for chlorine atoms.
Along the oxidation process, there was a significant decrease in the
relative abundance of C;; homologues, showing that SCCPs with carbon
atom number of 11 were the most easily degraded. No obvious variation
of C12 homologues was found. The relative abundance of C;3 homo-
logues increased obviously, which indicated that SCCPs with carbon
atom number of 13 were the most difficult to degrade. In general, the
relative abundance of SCCPs with chlorine atom number 5 ~ 7 showed a
decreasing trend, while the relative abundance of SCCPs with chlorine
atom number 8 ~ 10 showed an obvious increasing trend. Moreover, it
was generally believed that POPs with higher chlorinated content would
be more difficultly degraded, but there was no absolute negative cor-
relation from our observation results. For example, Clg homologue
profiles of SCCPs were easier to be degraded than those of Cls homo-
logue profiles, which could be related to the position of the chlorine
atoms on the SCCPs. These results indicated that the actual oxidation
process of SCCPs could be more complex.
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3.4. Relationship between atomic percentage and degradation efficiency

To better understand the relationship between carbon content,
chlorine content and degradation efficiency of SCCPs, correlation
analysis of all degradation experiments (1152 samples) was carried out,
as shown in Table S8. As expected, there was a significant negative
correlation between the carbon/chlorine atomic percentage and the
degradation efficiency of SCCPs in oxidation process (P < 0.01). The
negative correlation coefficient between the chlorine atomic percentage
and the degradation efficiency was —0.439, which was significantly
lower than that between the carbon atomic percentage and the degra-
dation efficiency (—0.113), further confirming that the greater impact of
the chlorine atomic percentage on the degradation of SCCPs.

In order to further explore the relationship between atomic species,
content and degradation efficiency of SCCPs, chlorine atomic percentage
and degradation efficiency in different treatments were plotted and
analyzed. The result of the treatment with 2 % oxidants was represen-
tative, which was selected for analysis (Fig. 7), while the results of the
others were also shown in the Supporting Information, Fig. S2. A sig-
nificant negative correlation could be clearly observed between chlorine
atomic mass percentage and the degradation efficiency of SCCPs, indi-
cating the presence of chlorine atoms made SCCPs more difficult to
degrade. Interestingly, four congeners consistently failed to follow this
pattern, il’lCludil’lg C12H21Cls, C13H22Clg, C12H16Cl10, and C13H18Clyg. It
was explained that the different position of chlorine atoms would affect
the structural stability, which might lead to irregularity in the statistics
according to the molecular formula. Excluding these homologues, good
linear relationships and significant negative correlations were presented
(P < 0.01).
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Fig. 7. The chlorine atomic percentage and degradation efficiency in different treatment conditions. Reaction conditions: 5 g of SCCPs contaminated soil (1 mg

kg™1), the water/soil ratio 1:1.5, initial pH 4.5 and ambient temperature.
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4. Conclusions

Although there has been widespread concern about SCCPs pollution,
the oxidation behavior of these compounds in contaminated soil still
remains unknown. Herein, we systemically investigated the behavior
and fate of SCCPs in four different reaction systems, including H2Os,
Fenton, KMnO4, and NayS;Og treatment. The results revealed that
> "SCCPs decreased significantly within 120 h, and the order of the
degradation efficiency under the optimal dosage conditions was fol-
lowed as KMnO4 > NayS,0g > Fenton > Hy0s. The degradation effi-
ciency of SCCPs did not always increase with the increasing oxidant
amount, and oxidants with too good oxidizing capacity might even lead
to a rise in some SCCP congeners. Significant differences in SCCP ho-
mologue profiles were seen after oxidation treatment, among which the
homologues with a significant decrease in abundance included:
C10Cl5~7, C11Cls~7, and Cy2Clg~7, while those homologues with a sig-
nificant increase in abundance included: C1¢Clg~19, C11Clg~10,
C12Clg~10, and C13Clg~1¢. It was worth noting that among SCCP ho-
mologues, C11H;gClg had the greatest decrease in abundance, while
C10H13Clg had the most increase in abundance, followed by C;3H20Clg.
DFT calculations indirectly proved that the most increase of C1oH;3Clg
was due to the major degradation of longer chain CPs to C19H;3Clg after
oxidation. The chlorine atomic percentage had a greater impact on the
degradation of SCCPs and there was a significant negative correlation
between chlorine atomic percentage and degradation efficiency of
SCCPs, only four congeners (C;oH21Cls, Ci3H22Clg, C12H16Clyg, and
C13H18Clio) consistently failed to follow this pattern. The behavior and
fate of SCCPs in different oxidation reactions were very complex, as the
degradation degree was highly related to the atomic ratio and homo-
logues composition, thus, the actual site restoration should compre-
hensively consider the types of pollutants, amount of oxidant, price, soil
pH, and other conditions to select the appropriate oxidation methods.
Our results provide insight into the behavior and fate of SCCPs in
common oxidant reactions and data support for the actual SCCPs
contaminated site remediation.
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