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A B S T R A C T

Mechanochemical degradation (MCD) is a promising eco-friendly method to dispose persistent organic pollu-
tants (POPs). Mechanically induced free-radical attack was thought to be one of the key elements in initiating
and accelerating the dechlorination and degradation of POPs. In this study, mechanochemical formation of free-
radicals and their roles in the remediation of hexachlorobenzene (HCB) contaminated soil were explored using
both of experimental analysis and quantum chemical calculations. It was found that chlorinated phenoxy ra-
dicals(CB-O%) can be produced in the milling process and they played a vital role in the dechlorination of HCB,
based on the results of electron spin-resonance (ESR) and X-ray photoelectron spectra (XPS). Two transition
states of mechanochemical reaction along the formation of pentachlorinated phenoxy radical (PeCB-O%) were
located, with the energy barriers of 39.4 and 3.4 kJ/mol. The localized orbital locator (LOL), Mayer bond order
and topological analysis were also implemented to depict the process in detail. Free-radical attack dominated
dechlorination pathway of HCB in the MCD process was also verified by the Fukui function analysis. The study
on the mechanically-induced generation of free-radicals and their associated modes of action on the degradation
of HCB will provide a deep insight into mechanochemical remediation mechanism of POPs contaminated soil.
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1. Introduction

Persistent organic pollutants (POPs) contaminated soil remediation
is a global challenge because these contaminants are refractory, semi-
volatile, dispersive, biological toxic and bio-accumulative [1–3], which
can re-enter the air, water, plants, animals and human bodies without a
safe disposal [4–6]. Recently, mechanochemical degradation (MCD) has
been viewed as an eco-friendly method for the disposal of POPs and
other emerging pollutants [7,8], due to its main advantages: non-
combustion, solvent-free, less CO2 and hazardous byproducts emissions
etc. [8–10]. MCD couples the mechanical and chemical modes of action,
which can trigger chemical reactions by mechanical force, such as
shear, friction, shock and squeeze [9–11]. The mechanical force can
induce solid structure transformations and promote solid-solid or solid-
liquid interactions, allowing the targeted contaminates to be completed
dechlorinated and destructed at modest temperatures and pressures
[12,13].

Mechanism clarification for mechanochemical dechlorination is of
great importance because the number of chlorine substituents and their
distribution on the phenyl ring exert a tremendous influence on their
toxicity. Some researchers found that the mechanical force would bring
about release of electrons, rupture of chemical bonds and formation of
radicals, which have a close relationship with degradation efficiency
[14–17]. Co-milling reagents can be mainly classified into four groups:
Lewis bases, reductants, oxidants and neutral reagents, each type has a
peculiar electron transfer mechanism that determines diversity of the
mechanochemical reaction routes [8]. Lewis base can induce the elec-
tron transfer from oxide ions to organics and form the anion radical or
free radical under the mechanical energy. Reductants can be functioned
as the electron and hydrogen donors, and oxidants can oxidize organic
pollutants to radicals and cations. Neutral species can also generate
highly active free radicals or fracture-surfaces with oxidizing centers
during milling. Moreover, the reactivity of metal oxides is also de-
termined by trapped electrons on particle surfaces, which are generated
by oxygen vacancy formation on the surface lattice [18]. The formation
of oxygen-centered aromatic radicals (Ar-O%) was found to play a vital
role in the MCD of POPs [18–21]. Ikoma and Tanaka et al. verified the
generation of Ar-O% and their vital roles in the MCD of 3-chlor-
obiphenyl (BP-Cl) using CaO as co-milling reagents [18,20]. The oxy-
genated radicals were also proposed as the MCD intermediates of per-
fluorinated pollutants [21]. It was generally agreed that the MCD
process consisted mainly of the dehalogenation, ring cleavage and
polymerization mechanisms [22–24]. However, the formation me-
chanism of Ar-O% radicals as well as their roles to determine the de-
chlorination pathway and distribution of intermediate products still
remain a steep challenge for lack of effective in-situ detection methods
in a milling jar.

Quantum chemical calculations combined with equipment analysis
might provide a salient insight into the MCD mechanism perspicuity,
which were recently employed to confirm the mechanism of organics
degradation [25–27]. Density functional theory (DFT) was especially
used to propose and validate the reaction pathways of BDE 209 and
associated oxidative products [28]. It is also a powerful tool for the
transition state theory to reveal the reaction route and active energy
theoretically [29,30]. Hexachlorobenzen (HCB) can be an excellent
surrogate of polychlorinated biphenyls, polybromodiphenyl ether, and
hexabromocyclododecane in the contaminated soils remediation [31].
Our previous work confirmed the dominance of chlorinated phenoxy
radicals (CB-O%) in the MCD of HCB using alumina as the co-milling
reagent [32]. Obviously, more works are needed to shed light on the
CB-O% in more detail.

The present study extended investigations into the formation me-
chanism of CB-O% as well as their roles in the dechlorination reactions
by both of experimental and theoretical analysis. Formation of CB-O%
was verified by the distribution of low-chlorinated intermediate pro-
ducts, electron spin-resonance (ESR) and X-ray photoelectron spectra

(XPS). We utilized the hybrid B3LYP method to simulate the major
mechanochemical formation pathway of CB-O% radicals. The bonding
evolution of the dechlorination pathway was investigated by diverse
methods, including localized orbital locator (LOL), Mayer bond order
(MBO) [33] and topological analysis [34]. Moreover, the degradation
pathway of HCB induced by CB-O% was analyzed by Fukui function
[35]. The study on the formation of CB-O% and their roles will provide a
deep insight into the mechanochemical remediation of POPs con-
taminated soil.

2. Materials and methods

2.1. Samples and chemicals

Hexachlorobenzene (HCB, purity 99%) used in the mechan-
ochemical reaction was purchased from Beijing HWRK Chem Co., Ltd.
Detailed list of other reagents and solvents were shown in Table S1 in
the supplementary material (SM).

Two types of natural and two types of synthesized soil samples were
utilized in the present study. The natural soil samples were from
Zhuzhou City, Hunan province (hereafter as ZZS) and Dayu City,
Jiangxi province (DYS). The major contents of ZZS and DYS were
measured by X-ray fluorescence spectrometer (XRF-1700, Shimadzu,
Japan) and shown in Table 1. Two synthesized soil samples were syn-
thetic sandy base soil (SBS) and Fe/Mn-riched sandy soil (SOS), as
shown in Table 1 [36]. With regard to the HCB contaminated soil, we
added a small amount of soil into the HCB/hexane solution, stirred it
thoroughly to ensure uniformity, then evaporated the hexane to get the
wanted sample. Since HCB attachment ability varies largely for dif-
ferent soil samples, the final HCB concentration in each kind of soil
sample were measured three times by Gas Chromatography-Mass
spectrometer (GC–MS) [37]. Average HCB concentrations in ZZS, DYS,
SBS and SOS soil samples were 644, 783, 555, and 555mg/kg, re-
spectively.

2.2. MCD experiments

MCD experiments of HCB contaminated soils were conducted in a
QM-3SP2 planetary ball mill made by Nanjing University Instrument
Corporation, China. 0.6 g mixture of soil and co-milling agents was
placed into a 250mL steel pot with 180 g stainless balls. The ball-to-
powder weight ratio was 30:1 and the rotation speed was set at
550 rpm. 0.5% and 1% mass ratio of HA were added to investigate its
impact on degradation rates. The milling time was set 30min, 60min,
90min, 120min, 150min, 180min and 210min. After milling, residues
were collected and preserved in a close dryer for further analysis.

Table 1
Main composition of soil samples used in the mechanochemical degradation of
hexachlorobenzene (%wt.).

Reagent /%wt ZZS DYS SBS1 SOS1

SiO2 70.85 65.85 83.67 81.67
Al2O3 15.58 19.58 5.67 5.67
Fe2O3 7.24 7.64 0.25 1.50
K2O 2.92 3.98 – –
TiO2 1.42 1.21 – –
Mn2O3 – – 0.25 1.50
CaCO3 – – 0.50 0.50
Humic acid – – 1.00 1.00

1 Bentonite (Al2O3·4(SiO2)·H2O) were used instead of the pure Al2O3 for the
synthesized soils and contention of SiO2 were converted based on the chemical
formula.
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2.3. Analytical procedures

HCB and low-chlorinated intermediate products were extracted
from residues and determined by GC–MS (Agilent 7890), with a HP5-
MS capillary column (Agilent, 30m ×0.25mm ×0.25 μm). The ex-
traction procedure includes: 1) 0.05 g of ground mixture was ultra-
sonically extracted with 5mL hexane for 20min and centrifugalized at
3000 r/min for 3min; 2) supernatant was cleaned up by anhydrous
sodium sulfate and 0.45 μm polyether sulfone filter to remove water
and solids; 3) the above two steps were repeated three times and the
collected supernatant were condensed to a constant volume. Detailed
GC–MS parameters were given in Table S2 in the SM.

Mechanically induced free radicals were measured by ESR. The X-
band ESR spectra were conducted on the Bruker EMX spectrometer
(A300-10/12) with the microwave frequency at 9.86 GHz. Signals were
qualified by g-values obtained through the Bruker WinEPR Processing
software as well as comparing with the reference samples. The g-factor
manifests the nature of the atomic or molecular orbital containing the
unpaired electrons and can be used to determine the paramagnetic
species. The XPS spectra of the O 1s and Si 2p were recorded by an
ESCALAB 250Xi instrument (Thermal fisher) with an Al K alpha X-ray
source.

2.4. Mechanisms perspicuity by quantum chemical calculation

All calculations were performed by the DFT method using Gaussian
09 programs [38]. B3LYP was used in the calculations, which was a
highly efficient DFT exchange correlation function to predict molecule
physicochemical properties and reaction barriers with accuracy com-
parable to some wave function based methods [39]. Split valance basis
set 6-31G (d) was utilized for the equilibrium geometry optimizations
as well as frequency calculations, and single point energy calculations
were further refined at 6-311G (d) level [40]. Thermodynamic cali-
bration factors for zero-point energy, enthalpy change (ΔH) and en-
tropy (S) were 0.9806, 1.000 and 1.000, respectively. The obtained
reaction pathway was confirmed by intrinsic reaction coordinate (IRC)
calculations. LOL, MBO and topological properties of the bond critical
points were calculated to get a deeper understanding of the bonding
nature of free radicals. Calculations of all species along the pathway
were conducted with the Multiwfn package [41] and graphed with vi-
sual molecular dynamics (VMD) [42].

3. Results and discussion

3.1. Characterizations of mechanochemical intermediates and free radicals

The relationship between HCB degradation rates and milling time in
the four soil samples was shown in Fig. 1(a). MCD reaction trend for all
the soil samples was rather similar. HCB degradation rates were higher
than 95% and residual content were lower than 3mg/kg after 3.5 h
milling at a rotation speed of 550 rpm. The higher HCB degradation rate
in DYS than that in ZZS might be attributed to a higher Al2O3 content.
Moreover, the difference of Al content in soils is also likely due to ex-
istence of clay material (i.e. aluminosilicates), whose reactivity under
milling cannot be fully comparable with the Al2O3 in synthesized soil.
Mechanochemical activation of those clay materials and their specific
contribution needs a further study. Fig. 1(b) shows that a faster rotation
speed produces a higher degradation rate for a given milling time.
Actually, accumulation of energy in the milled material determines the
degree of transformations and the degradation rates of halogenated
organics in the mechanochemical process. A faster rotation speed can
accumulate the milling energy and produce a higher degradation rate in
a quicker manner [43]. Addition of metal Al can also improve the HCB
degradation rate in some degree, rising from 95.66% to 98.90% for ZZS
and from 98.10% to 99.67% for SBS, respectively (shown in the Fig. S1
in the SM).

Fig. 2 depicts the isomer distribution of tetrachlorobenzene (TeCB),
trichlorobenzene (TrCB) and dichlorobenzene (DCB) in the soil samples
at different milling time. It could be seen that the low-chlorinated in-
termediate products in the four soil samples presented a similar isomer
distribution. The prominent TeCB, TrCB and DCB intermediates were
1,2,3,4-TeCB, 1,2,3-TrCB and 1,2-DCB, respectively, indicating the
primary dechlorination pathway for HCB in the MCD process as follows:
HCB→ PeCB→ 1,2,3,4-TeCB→ 1,2,3-TrCB→ 1,2-DCB→MCB.

Fig. 3 depicts the ESR spectra of unground SiO2, ground SiO2 and
SiO2+HCB mixture ground for 6 h. Prior to milling, the SiO2 powder
exhibited no ESR signal. After 6 h milling, both SiO2 and SiO2+HCB
mixture clearly showed the strong signals, inferring that the mechanical
forces break chemical bonds of the framework structures. The break of
SieO bond produces three kinds of free radicals typically: E′ centers
radicals (≡Si%), non-bridging oxygen hole center radicals (NBOHC,
≡SieO%) and silicon peroxyl radicals (POR, ≡SieOeO%) [44,45].
Signal A with a g-value of 2.0003 can be attributed to the E′ center
radicals. Signal B and C are the overlap of NBOHC (g=2.0102) and
POR radicals (g= 2.0016, g= 2.0078). Signal D is also the overlap of
NBOHC (g=2.078) and POR radicals (g= 2.0067). And the para-
magnetic signal of oxygen-containing radicals (NBOHC and POR) was
obviously broadened [45]. The distinguished disparity was also found
between the ground SiO2 and SiO2+HCB samples, indicating the in-
teraction between SiO2 and HCB in a mechanochemical process. The E′
center radicals were detected, while signals for the broaden sections
were relatively impaired. This variation can be attributed to the ratios’

Fig. 1. Degradation of HCB in contaminated soil with different (a) milling times
and (b) rotation speeds. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).
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difference between NBOHC and POR as well as the formation of CB-O%,
revealing that oxygen-containing radicals play a vital role in the for-
mation of organic radicals. ESR signals of CB-O% radicals with different
chlorine substitutions exhibit different g-values ranging from 2.0053 to
2.0076 [46,47].

The surface chemical states of unground and ground SiO2 were
identified by XPS. It can be seen from the Fig.4 (a) that the oxygen of
unground SiO2 mainly comprised the lattice oxygen (Olat) at 532.8 eV,
surface oxygen (Osur) of SiOx (0 < x < 2) at 532.1 eV and adsorbed
species (Oads) at 531.4 eV [48–50]. The peak intensity of Olat is much

stronger than that of Osur and Oads, which indicates that the surface
oxygen takes only a little part of the oxygen in the unground SiO2.
While, the peak intensity of Osur and Oads increased largely in the
ground SiO2 sample. With regard to the ground SiO2+HCB sample, a
new peak at 530.8 eV represents the generation of CB-O% in the MCD
process. It can be inferred that the Osur increased evidently for the
scissions of SieO bonds, which would promote the generation of active
oxygen and CB-O% on the surface of SiO2 [51,52].

The change of surface chemical state could also be seen in the Si 2p
spectra, as shown in Fig.4(b). Before milling, only one peak for SiO2

was identified. After milling, the peak of SiOx (0 < x < 2) at
102.70 eV was detected [53,54], indicating the cleavage of Si-O bonds
and their accumulation on the surface layer. With respect to the ground
SiO2+HCB, new peaks at 101.3 and 102.3 eV were detected, which
might be assigned to the inorganic chlorine bonded to silicon (SiCl2 and
SiCl3) [55,56]. This potentially implies that part of the organic chlorine
removed from the HCB was converted into the inorganic Cl− and
combined with SiO2 during the mechanochemical remediation.

3.2. Mechanochemical formation of CB-O% using DFT simulations

3.2.1. Formation of pentachlorinated phenoxy radical (PeCB-O%) predicted
by transition state theory

Generally, the mechanochemical formation of PeCB-O% from HCB
with metal oxides as co-milling reagents consists at least three steps: 1)
production of active oxygen on the surface of oxides from chemical
bond breakage; 2) adsorption of HCB molecule on the oxides surface; 3)
oxygenation and dechlorination reaction between HCB and active
oxygen, which produces PeCB-O% and inorganic chlorine. It could be
described in following equations:

→ + >ΔMO MO O G 0x x-1 (1)

Fig. 2. Isomer distribution of (a) TeCBs, (b) TrCBs (c) DCBs in HCB contaminated soil and (d) pure HCB co-milled with Al2O3 in the mechanochemical process. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 3. ESR spectra of unground SiO2, ground SiO2 and SiO2+HCB mixture
ground for 6 h. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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+ → <ΔHCB O HCB-O G 0sur (2)

→ + =ΔHCB-O PeCB-O Cl G -183.3 kJ/mol• • (3)

Where, MOx is the metal oxides that can produce active oxygen on the
surface during the mechanochemical process. The reaction (1) is an
endothermic process for most of oxides at room temperature, for ex-
ample, the bond dissociation energy of Si-O bond is about 460 kJ/mol
[17]; while the adsorption process in Eq. (2) is a spontaneous exo-
thermal reaction. The adsorption process is a precondition for the ef-
fective degradation of POPs, which imposes an enormous influence on
the degradation rate. The importance of adsorption can also illustrate
the impacts of oxides since many researches have revealed that milling
with different oxides exhibited distinct removal efficiency due to the
different adsorption ability and amounts of active oxygen [17,23]. The
amount of active oxygen is also a significant factor, which might be the
free oxygen atom, the oxygen adsorbed on the surfaces or the oxygen
bonded to the bulk (i.e. ≡SieO% and ≡SieOeO%). Calculations in this
study simplified the oxygen species to focus on the oxygenation and
dechlorination reaction. Besides, the formation of active oxygen for
specific oxides is a significant factor affecting the degradation rates.
More broadly, further researches using other calculation methods and
softwares are also needed to elucidate the dissociation of oxides and
formation of active oxygen for specific oxides. In addition, as a sig-
nificant ingredient in soil, HA also affects the POPs degradation process
[57,58]. Fig. S2 in the SM presents that the degradation rate generally
decreases with the increase of HA. As a well-known radical scavenger,
HA can be detrimental to the organic radical formation. The competi-
tive adsorption of HCB between HA and oxides might also account for
this.

Here, we adopted the DFT-based transition state theory to simulate
the radical formation reaction in Eq. (3). Fig. 5 exhibits the principal
steps, transition states, minimum points and energy profile of the
oxygenation and dechlorination reaction during the formation of PeCB-
O%. In this study, the HCB molecule adsorbed on the oxides surface, of
which the carbon would react with the active oxygen, was proposed as
the reactant. Along the reaction coordinate, two transition states were
inferred from the reactant to product with the energy barriers of 39.4
and 3.4 kJ/mol. The total ΔG of this dechlorination and oxygenation

reaction was −183.3 kJ/mol. Though the reaction between HCB and
oxygen was exothermic, HCB cannot react with the oxygen on the
surfaces of milled oxides by a simple mixing. This appearance reveals
that continuous mechanical energy supply is essential for the radical
formation reaction and the energy dose plays a vital role in the MCD of
POPs [43]. With regard to the effect of mechanical force on reaction
kinetics, it has been recently reported that the presence of a force field
might induce a decrease of the activation energy and speed up the MCD
reaction through a Franck-Condon principle-like effect on transitions
among vibrational states [59].

The structural changes along the reaction coordinate were also
shown in Fig. 5 and Table S3 in the SM. The benzene ring of reactant
HCB is planar and the length of CeCl bonds are 1.73 Å. The distance of
CeO is about 2.68 Å and the dihedral angle to the benzene ring was
−78.5°. It can be seen that the step from the reactant to the first
transition state (TS1) was an energy dissipation process, in which the
C(1)eCl(13) bond was slightly elongated and the C(1)eO(7) bond was
obviously shorten. The C(1)eCl(13) bond deviation from the benzene
ring plane could be also identified according to the change of dihedral
angle. With respect to the intermediate (IM), the Cl(13) departs from
the original benzene plane with the close of O(7). Then, the second
transition state (TS2) was formed across a low energy barrier about
3.4 kJ/mol. In the final product, Cl(13) was fully removed and O(7) was
added into the benzene ring plane, indicating the formation of C(1)eO
(7) bond and the cleavage of C(1)eCl(13) bond. The distinct CeCl bond
deviation from the benzene ring plane under the action of mechan-
ochemical force fits well for the prediction of bent bond model invoked
by Deinzer group [60]. In the nonplanar molecule, the chlorine bends to
the π system and induce the orbital mixing, inducing the bond cleavage,
which was also observed by Arulmozhiraja and Morita [61] during the
formation of polychlorobenzene anion radicals.

3.2.2. LOL analysis for bonding characteristics evolution along the PeCB-O%
formation process

To further understand variations of electron distribution and che-
mical bonds along the PeCB-O% formation, the LOL profile of reactants,
intermediates and final products were depicted in Fig. 6. As one of the
localization functions, LOL was proposed by Schmider and Becke in

Fig. 4. XPS spectra of unground SiO2, ground SiO2 and SiO2+HCB mixture ground for 6 h: (a) O 1s and (b) Si 2p. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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2000 [34], which can be used to follow the formation or cleavage of
bonds in the mechanochemical reactions due to its ability to imply the
presence or absence of lone electron pairs and covalent bonds [62]. The
value of LOL confines in the range of [0,1], and a larger value corre-
sponds to a higher electron localization as well as the more confined of
electrons in that region. The electron localization distributions in the
plane of benzene ring and Cl(13)eC(1)eO(7) were presented in
Fig. 6(a1–e1) and (a2–e2), respectively. Fig. 6(a1) and (a2) show that
the LOL value of C(1)eCl(13) bond was almost identical to that of other
CeCl bonds and there is no valence bond between C(1) and O(7) for the
reactants. Then the LOL value of C(1)eCl(13) decreased step by step,
while the value of C(1)eO(7) increased along the reaction coordinate in
Fig. 6(b1–d1) and (b2–d2). Finally, Fig. 6(e1) and (e2) revealed the
removal of chlorine from chlorobenzene and the formation of PeCB-O%.

3.3. Mayer bond order and topological analysis for bonding characteristics
evolution along the PeCB-O% formation process

Mayer bond order (MBO) was also established to inspect the elec-
tronical structures of molecules involved in the PeCB-O% formation
reaction, which is one of the most prevalent bond order forms [33,63].
It is generally accepted that a lower value of MBO implies a lower bond
strength [64]. The bond evolution shown in Table S4 was in agreement
with the geometry change of transition states. The C(1)eCl(13) bond
had a MBO value of 1.1196 in the reactants and showed no corre-
sponding bond order in the products. While, the C(1)eO(7) bond ex-
hibited an inverse tendency. Those changes indicated the cleavage of
C(1)eCl(13) and the formation of C(1)eO(7) gradually. It could also be
found that the MBO values of other CeCl bonds remain basically un-
changed in the PeCB-O% formation process.

Moreover, the topological analysis in terms of (3, −1) was per-
formed to indicate the electron and energy density at the bond critical
points between attractive atom pairs, including: 1) electron density
ρ(r), 2) Laplacian of electron density ▽2ρ(r), 3) Lagrangian kinetic en-
ergy density G(r), 4) potential energy density V(r) and 5) total energy

density H(r). Among them, ρ(r) has a close relationship with the
bonding strength in analogous bonding type and a higher ρ(r) indicates
a stronger interaction between certain atoms. The gradually decreasing
ρ(r) value of C(1)eCl(13) in Table 2 underlined a weakening trend of
bond strength along the radical formation. Conversely, the increasing
ρ(r) value indicated the bonding process of C(1) and O(7). The pro-
gressive decrease of G(r) and increase of V(r) for C(1)eCl(13) also
demonstrated that the electrons between C(1) and Cl(13) were less
stable localized in the process. Both▽2ρ(r) and H(r) refer to the bond
type and a negative value corresponds to a covalent bond. The more
negative the value of ▽2ρ(r) or H(r), the stronger the covalent bond. The
break of C(1)eCl(13) and formation of C(1)eO(7) covalent bond were
verified by the raising of ▽2ρ(r) and H(r) along the pathway.

3.4. Dechlorinaiton pathway of HCB dominated by CBeO% in the
mechanochemical remediation

Fukui function analysis was designated to identify the roles of CBeO
% radicals and judge whether the mechenochemical dechlorination was
induced by radical or nucleophile reactions [35,65]. The detailed de-
finition of Fukui function was described in the SM and it is a general-
ization of Fukui frontier molecular orbital concept for exploration of
regioselectivity and interpretation of the reaction pathway. In brief,
f+(r) and f°(r) can respectively indicate the active sites of nucleophilic
and free-radical attack.

The more positive the f°(r) of a site, the more susceptible to be at-
tacked by free radicals [66]. With regard to the free-radical induced
dechlorination of PeCB to MCB, Fig. 7(a1–d1) depicts the f°(r) of PeCB-
O%, TeCB-O%, TrCB-O% and DCB-O% to indicate the preferred sites for
free-radical reactions. It can be seen from Fig. 7(a1) that the f°(r) values
of two ortho-C sites were more positive than that of other C sites.
Therefore, ortho-Cl atoms were easier to be removed compared to other
sites and 2,3,4,5-TeCB-O% was the main tetra-Cl intermediate, which
would produce 1,2,3,4-TeCB after the extraction in solvent. Then, the
preferable tri-Cl and di-Cl substitute sites should be meta- and para-

Fig. 5. Transition states and energy diagram of PeCB-O% formation in the mechanochemical process (Energy: kJ/mol). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article).
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Fig. 6. LOL profiles of reactants, intermediates and final products along the PeCB-O% formation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
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sites, respectively. Accordingly, the major intermediates should be the
3,4,5-TrCB-O% and 3,4-DCB-O%. 1,2,3-TrCB and 1,2-DCB should be the
primary intermediates after dissolving in the solvent. The CBeO% based
radical-attack dechlorination pathway predicted by f°(r) was HCB→
PeCB→ 1,2,3,4-TeCB→ 1,2,3-TrCB→ 1,2-DCB→MCB, agreed well
with the experimental results.

In terms of the nucleophilic dechlorination, Fig. 7(a2–d2) depicts
the f+(r) of PeCB-O%, TeCB-O%, TrCB-O% and DCB-O% radicals, re-
spectively. The f°(r) value of para-C (atom 4) was more positive than
that of other C sites, so it was susceptible to be attacked by nucleophiles
and para-Cl was the most probable place for substitution, as shown in
Fig. 7(a2). 2,3,5,6-TeCB-O% would be the dominating TeCB-O% and
1,2,4,5-TeCB would be the dominating TeCB after extraction. Then, the
ortho-C of 2,3,5,6-TeCB-O% would be attacked to produce 2,3,5-TrCB-O
% (1,2,4-TrCB in the solution). Para-C of 2,3,5-TrCB-O% would be at-
tacked to produce 3,5-DCB-O% and 1,3-DCB as dichlorinated inter-
mediates. Fig.7(a2–d2) shows the nucleophile reaction induced de-
chlorination pathway HCB→ PeCB→ 1,2,4,5-TeCB→ 1,2,4-TrCB→
1,3-DCB (3,5-DCB) →MCB, which is quite different from the one de-
monstrated in the experimental results.

The detailed dechlorination pathways of HCB dominated by radical
and nucleophilic reactions were also described in Fig. S3 in the SM,
which clearly demonstrates that the dechlorination was dominated by
free-radical attack in the MCD process. It should be also specified that
hydrogenation was proposed after the chlorine expulsion in the above-
mentioned calculations, aiming to simplify the dechlorination process
and quantum chemical calculations. The free-radical dominated reac-
tion can also be the evidence suggesting that dechlorination mainly

proceed with a two-step SN1 reaction mechanism. First chlorine re-
moval happens for HCB and low-chlorinated intermediate products,
and then hydrogenation occurs in the MCD remediation.

4. Conclusions

The current study explored the mechanochemical formation of CB-O
% and their roles in the remediation of HCB contaminated soil by both
experiments and quantum chemical calculations. The main results can
be concluded as follows:

(1) More than 95% of the HCB in contaminated soil could be degraded
after 210min milling in the mechanochemical process;

Table 2
Topological properties calculated at (3, −1) bcps for the minima and transition
states involved in the PeCB-O% formation process.

Bonds Parameters Reactant TS1 IM TS2 Product

C(1)eCl
(13)

ρ(r) 0.2045 0.1995 0.1294 0.0749 –
▽2ρ(r) −0.3023 −0.2814 −0.0423 0.0628 –

G(r) 0.0690 0.0664 0.0483 0.0346 –
V(r) −0.2137 −0.2031 −0.1073 −0.0535 –
H(r) −0.1446 −0.1367 −0.0589 −0.0189 –

C(6)eCl
(12)

ρ(r) 0.2048 0.2085 0.2087 0.2100 0.2131
▽2ρ(r) −0.3031 −0.3153 −0.3132 −0.3189 −0.3282

G(r) 0.0692 0.0712 0.0722 0.0722 0.0743
V(r) −0.2143 −0.2212 −0.2226 −0.2241 −0.2307
H(r) −0.1450 −0.1500 −0.1505 −0.1519 −0.1564

C(5)eCl
(11)

ρ(r) 0.2058 0.2040 0.2042 0.2057 0.2043
▽2ρ(r) −0.3059 −0.2996 −0.2999 −0.3052 −0.2995

G(r) 0.0696 0.0688 0.0691 0.0697 0.0691
V(r) −0.2156 −0.2124 −0.2132 −0.2157 −0.2131
H(r) −0.1460 −0.1437 −0.1441 −0.1460 −0.1440

C(4)eCl
(10)

ρ(r) 0.2049 0.2068 0.2093 0.2092 0.2105
▽2ρ(r) −0.3031 −0.3101 −0.3165 −0.3167 −0.3212

G(r) 0.0692 0.0705 0.0724 0.0719 0.0726
V(r) −0.2143 −0.21085 −0.2239 −0.2231 −0.2255
H(r) −0.1450 −0.1408 −0.1515 −0.1511 −0.1529

C(3)eCl
(9)

ρ(r) 0.2045 0.2039 0.2042 0.2057 0.2045
▽2ρ(r) −0.3023 −0.2996 −0.2999 −0.3052 −0.3302

G(r) 0.0690 0.0688 0.0691 0.0697 0.0692
V(r) −0.2137 −0.2145 −0.2132 −0.2157 −0.2134
H(r) −0.1446 −0.1437 −0.1441 −0.1460 −0.1442

C(2)eCl
(8)

ρ(r) 0.2046 0.2086 0.2087 0.2100 0.2114
▽2ρ(r) −0.3028 −0.3155 −0.3132 −0.3189 −0.3233

G(r) 0.0691 0.0712 0.0722 0.0722 0.0732
V(r) −0.2138 −0.2213 −0.2226 −0.2241 −0.2272
H(r) −0.1448 −0.1501 −0.1505 −0.1519 −0.1540

C(1)eO
(7)

ρ(r) 0.0158 0.0769 0.3180 0.3289 0.3825
▽2ρ(r) 0.0564 0.1597 −0.5089 −0.3812 0.0146

G(r) 0.0119 0.0516 0.3803 0.4400 0.6464
V(r) −0.0098 −0.0634 −0.8928 −0.9754 −1.2892
H(r) 0.0022 −0.0117 −0.5125 −0.5354 −0.6427

Fig. 7. Dechlorination pathway of PeCB-O% induced by radical attack (a1–d1)
and nucleophilic reactions (a2–d2) through Fukui function analysis (Red and
blue colors characterize the positive and negative phases of f°(r) and f+(r).).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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(2) CB-O% could be produced in a milling process and they played a
vital role in the HCB dechlorination;

(3) 2 transition states were identified along the formation of PeCB-O%
radical, with the energy barriers of 39.4 and 3.4 kJ/mol, respec-
tively;

(4) Mechanochemical dechlorination was mainly dominated by radical-
attack reactions in the remediation of HCB contaminated soil.

Novelty statement

The mechanochemical formation mechanism of chlorinated phe-
noxy radicals (CB-O%) was innovatively investigated by both experi-
mental analysis and quantum chemical calculations. ESR and XPS
characterization identified the formation of CB-O % in the process.
Transition states were searched by first principle calculations and their
bonding evolution aspects in the course were probed in detail. Fukui
function analysis demonstrated that free-radical attack was the domi-
nated dichlorination pattern of mechanochemical reactions. This study
would be of particular interest and significance for readers focusing on
mechanochemical remediation and free radical mechanism in a solid
state reaction system.
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