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A B S T R A C T   

The dechlorination of polychlorinated biphenyl (PCB) has been studied intensively, while the comprehensive 
understanding of the electron transfer and selectivity pattern mechanism is still limited. Therefore, in this study, 
the reactivity of nickel/zero-valent iron (Ni/Fe) was investigated during the dechlorination of 2,2′,4,4′,5-pen
tachlorobiphenyl (PCB-99) at various temperatures. Gas chromatography-mass spectrometry analysis and 
quantum chemical calculations, including bond dissociation energy, C-Cl bond length, and the lowest unoccupied 
molecular orbital (LUMO), were used to explore the dechlorination pathways and the electron selectivity. Results 
showed that the reduction efficiency of PCB-99 (100 μg L− 1) did not increase monotonically with the temper
ature, but followed the order: 25 ◦C (75.9%) > 15 ◦C (62.5%) > 35 ◦C (51.6%), due to the thermodynamic 
evolution of Fe species to generate more Fe(II) and the abundance of oxygen vacancies at 25 ◦C. However, as the 
temperature continued raising to 35 ◦C, Ni/Fe was oxidized heavily and aggregated into large particles, 
significantly reducing the electron density of Fe(II) and inhibiting the electron transfer. The main dechlorination 
pathway was PCB-99 → PCB-47 → PCB-17 → PCB-8 → PCB-3 → biphenyl, indicating that electrons tended to 
attack C-Cl bonds following the order meta- > para- > ortho-position, which could be better explained by LUMO. 
Overall, this work is expected to improve the understanding of the dechlorination behavior of PCB-99 from both 
fundamental and applied perspectives.   

1. Introduction 

Zero-valent iron (ZVI, Fe0) has attracted extensive attention for the 
reduction of chlorinated organic compounds (COCs) in various envi
ronmental media due to its low price, strong reducibility, and the 
environmental benign of iron[1–3]. The core–shell structure of the Fe0 

core and the iron oxide layer leads to the unique ZVI surface for 
adsorbing and transforming pollutants[2]. As a heterogeneous catalysis, 
the interfacial reaction mediated by ZVI can be strongly influenced by 
the surficial properties. Typically, unmodified ZVI particles tend to 
agglomerate into large particles and generate an oxide layer on the 
surface, resulting in inferior reaction activity and low stability, as the 
electron transfer process is hindered[4,5]. Therefore, to overcome the 
abovementioned shortcomings, ZVI is usually modified with metal 
catalyst (such as Cu[6], Ni[7], and Pd[8], etc.) to form bimetals, which 

could accelerate the electron transfer effectively. 
Extensive studies have been conducted to understand the effect of 

reacting conditions on the reactivity of ZVI and bimetals, which is 
closely related to the electron transfer process. These parameters include 
pH, applied dosage and temperature. To the best of our knowledge, the 
research conclusions about pH and dosage are basically consistent. For 
example, larger dosage of ZVI (or bimetals) and lower pH usually lead to 
more efficient reduction as more electrons are generated under these 
conditions[9,10]. However, effects of temperature on the dechlorination 
by ZVI or bimetals remain controversial. Several researchers have 
proved that the kinetic rate constants increased with increasing tem
perature during the dechlorination, which is generally caused by the 
facilitation of electron transfer. To be specific, electron transfer to the 
target compounds from ZVI (or bimetals) surface is promoted due to the 
lower activation energy (Ea) for dechlorination and the increase in the 

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

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2023.144053 
Received 11 April 2023; Received in revised form 7 June 2023; Accepted 9 June 2023   

mailto:quanyunye@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.2023.144053
https://doi.org/10.1016/j.cej.2023.144053
https://doi.org/10.1016/j.cej.2023.144053
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.144053&domain=pdf


Chemical Engineering Journal 470 (2023) 144053

2

energy levels of the involved reactants[11,12]. In contrast, other re
searchers argued that temperature had little effect on the dechlorination 
[13]. Moreover, high temperature will lead to the rapid formation of 
passivation layer and then significantly inhibit the electron transfer[14]. 
Consequently, a systematic study on ZVI reactivity, especially on the 
electron transfer process at different temperatures is urgently needed 
from both fundamental and applied points of view. Further, the trans
ferred electrons do not react indiscriminately with the target com
pounds. Normally, electrons react with the C-Cl bonds following a 
stepwise dechlorination process with certain selecting patterns of posi
tions. However, there is limited knowledge regarding the mechanisms of 
this selectivity, which greatly hinders the needed process for reasonably 
assessing and controlling the potential environmental risks. Therefore, 
an accurate quantum descriptor is desperately needed for explaining the 
selectivity and predicting the dechlorination pathways. 

To understand the electron transfer process during the dechlorina
tion mediated by ZVI (and bimetals), the hydrophobic and recalcitrant 
polychlorinated biphenyls (PCBs)[15–17] are selected as the model 
target compounds in this study. They are a group of persistent organic 
pollutants that, up until the early 1970 s, were widely used in a variety 
of commercial and chemical industries[18,19] and had negative effects 
on both the environment and human health[20]. Despite the ban or 
restriction of PCBs in most countries, there still left an environmental 
legacy[21–24]. To make it worse, illegal dismantling of e-waste and 
incineration of PCB-containing waste contribute continuously to the 
release of large quantities of PCBs into the environment[25,26]. Once 
released, PCBs can spread in almost all environmental media, raising an 
urgent need for efficient dechlorination, such as biological[27–29] and 
chemical methods[30]. To be specific, 2,2′,4,4′,5-pentachlorobiphenyl 
(PCB-99) was selected as the target pollutant because it possesses 
chlorine substituents at ortho-, meta-, and para- positions on benzenes, 
making it possible to identify the selectivity of electrons at different 
positions. A total of 24 dechlorinated congeners can be derived from 
PCB-99, of which the physicochemical characteristics may vary greatly. 
Their molecular orbital information was obtained by three common 
quantum chemistry methods, including bond dissociation energy, C-Cl 
bond length, and the lowest unoccupied molecular orbital (LUMO), 
which could measure the difficulty for cleavage of chemical bonds and 
characterize the electron acceptance characteristics of the compound. 
Moreover, the dechlorinated products were determined by gas 
chromatography-mass spectrometry (GC–MS) to confirm the selecting 
patterns of electron. 

Overall, this study aims to elucidate the electron transfer process in 
the dechlorination mediated by Ni/Fe as a representative of bimetals. 
The objectives of this study are (i) to investigate the influence of tem
perature on Ni/Fe reduction efficiency and the mechanism; (ii) to pro
pose the electron selecting pattern by identifying the dechlorination 
products and pathways of PCB-99 based on GC–MS analysis and quan
tum chemistry calculation. The findings are expected to improve the 
understanding of the electron transfer process during the dechlorination 
mediated by Ni/Fe. 

2. Materials and methods 

2.1. Materials 

Carbonyl iron was obtained from D-BASF Company, Germany. 
Standard solution of PCB-99 (≥99.6%), 2,2′,3,3′,4-pentachlorobiphenyl 
(PCB-82, ≥ 99.7%), 2,3,5,6-tetrachlorobiphenyl (PCB-65, ≥ 99.7%), 
and other mentioned PCB congeners in this study were purchased from 
Dr. Ehrenstorfer, Germany. Nickel sulfate hexahydrate (NiSO4⋅6H2O, ≥
99.9%), ethanol (CH3CH2OH), normal hexane (n-hexane, C6H14), 
acetone (CH3COCH3), aluminum oxide (Al2O3), silica gel (SiO2), and 
anhydrous sodium sulfate (Na2SO4) were purchased from Shanghai 
Aladdin Biochemical Technology Co., LTD, China. All the chemicals and 
reagents were used without further purification. 

2.2. Synthesis and characterization of Ni/Fe 

The synthesis of Ni/Fe was shown in Text S1, Supporting Information 
(SI). Details of Ni/Fe characterizations before and after reactions, such 
as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), field 
emission scanning electron microscopy (FESEM) with energy-dispersive 
X-ray (EDX) were described in Text S2, SI. 

2.3. Dechlorination experiments 

In the anaerobic chamber, batch experiments for PCB-99 dechlori
nation were carried out in a Teflon bottle with 100 mg of freshly pre
pared Ni/Fe samples and 50 mL of PCB-99 solution (100 μg L− 1), based 
on the results of our previous optimization experiments[31]. Dechlori
nation experiments were conducted in shaking incubator with a con
stant temperature of 15, 25, or 35 ℃, and a rotation speed of 15 rpm. 
The temperature setting range was similar to the temperature range of 
actual PCBs contamination remediation, which was more significant for 
research. All experiments in this study were carried out in triplicate. As 
PCBs are hydrophobic, to extract all of them from both solid and liquid 
phases at scheduled time intervals, totally 15 mL of n-hexane was added 
to each vial in 3 batches and mixed thoroughly before collection. PCB-99 
on both solution and the surface of Ni/Fe could be extracted to avoid the 
interference of adsorption on dechlorination results. The collected n- 
hexane solutions were then combined and concentrated to 1 mL before 
purification by neutral aluminum oxide and neutral silica gel, and 
dehydrated by anhydrous sodium sulfate. Afterward, the solution was 
concentrated to 500 μL before determination[32]. Detailed parameters 
of determination were described in Text S2, SI. The method detect limit 
of PCB-99 was 1 ppb. 

Quality assurance and quality control was achieved by adding PCB- 
65 as surrogate to each sample before extraction. The quantification of 
PCB-99 was calculated using PCB-82 as an internal standard. The re
covery of PCB-65 ranged 72.3–83.0%, while the recovery rate of PCB-99 
in the blank controls (treatments containing PCB-99 and deoxidized 
deionized water but without Ni/Fe) was 84.9–94.1%. 

2.4. Quantum chemistry calculation 

All calculations of PCB-99 and dechlorinated congeners were per
formed by the Gaussian 16 quantum chemistry software[33]. At the 
level of B3LYP/6-311G+(d, p), the structure of each PCB monomer was 
optimized in the ground and excited states. On the basis of structure 
optimization, frequency calculation and analysis were carried out to 
ensure that each structure did not contain virtual frequency. GaussView 
6 software was used to image the molecular orbitals of PCB congeners in 
the ground and excited states. The molecular structures were optimized 
to obtain the LUMO configuration, and the relationship between the 
molecular structure, LUMO configuration, and energy was analyzed 
[34,35]. 

The reaction of C-Cl bond breaking is as follows: 

PCB = PCB • +Cl• (1) 

The bond dissociation energy (ΔEr) of C-Cl bonds can be calculated 
using the following formula: 

ΔEr = EPCB• +ECl• − EPCB (2)  

where EPCB• is the single point energy of PCB• for removing a Cl• free 
radical, ECl• is the single point energy of Cl• free radical, and EPCB is the 
single point energy of PCB. The calculation process includes the 
correction of zero-point energy. 
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3. Results and discussion 

3.1. Characterization of Ni/Fe 

The morphology of as-synthesized samples was analyzed using SEM 
(Fig. 1(a) and (b)) coupled with EDX to confirm the composition of Ni/ 
Fe (Fig. 1(c)). ZVI particles were generally spherical in shape with 
diameter sizes ranging from 0.5 to 4 μm, while no obvious difference in 
both particle size and shape was observed after Ni loading. Spherical 
particles tended to stick together due to the interaction of geomagnetic 
forces and surface tension between small particles[36]. The EDX result 
revealed that the compositional distribution of three elements (Fe, Ni, 
and O) in Ni/Fe, among which the loading of Ni was approximately 
0.5%, further proving the successful synthesis of Ni/Fe. Compared with 
ZVI particles, Ni/Fe could form electric couples, which would lead to an 
increase in electron transfer through the difference in corrosion poten
tial between Fe and Ni, thus improving the dehalogenation efficiency 
[37,38]. 

The crystal structures of ZVI and Ni/Fe were determined by wide- 
angle XRD (10◦~80◦), as shown in Fig. S1. ZVI exhibited character
istic diffraction peaks at 2θ = 44.68◦ and 65.30◦, corresponding to the 
(110) and (200) lattice facets of Fe0, respectively (JCPDS 06–0696). Ni/ 
Fe also exhibited similar diffraction peaks at 2θ = 44.68◦ and 65.06◦, 
which corresponded to the (110) and (200) lattice planes of iron nickel, 
respectively (JCPDS 65–7251). It was demonstrated that the charac
teristic peaks of Fe and Ni were close to each other and difficult to 
distinguish[39,40]. A broad amorphous peak could be seen at 2θ ranging 
from 20◦ to 30◦, which was the amorphous peak of the hydroxides of 
iron. Additionally, the average particle size of ZVI and Ni/Fe could be 
calculated by Scherrer equation (Text S3, SI) as 6.88 nm and 6.55 nm 
(Table S1 and S2), respectively, indicating that the particle size of ZVI 
was hardly affected by Ni loading. 

XPS was employed to analyze the oxidation state of the freshly 
prepared Ni/Fe. The wide-scan survey was shown in Fig. 2(a), and the 

high-resolution spectra of Ni 2p, Fe 2p, and O 1 s were presented in Fig. 2 
(b), (c) and (d), respectively. It could be seen that Ni/Fe was mainly 
composed of iron, nickel, and oxygen, which was consistent with the 
previous EDX results. For Ni 2p, the peaks at 856.3 eV in Ni 2p3/2 orbit 
and 873.7 eV in Ni 2p1/2 orbit correspond to Ni0, while the peaks at 
862.2 eV and 879.6 eV were the satellite peaks[39,41], indicating that 
the Ni on the surface of Ni/Fe was mainly in the form of Ni0. For Fe 2p, 
two main peaks at approximately 710.7 eV (Fe 2p3/2) and 724.5 eV (Fe 
2p1/2), and a shoulder peak at 718.3 eV (shake-up satellite of Fe 2p3/2) 
could be observed[42]. The peaks at ~ 713.0 eV and ~ 725.7 eV were 
ascribed to Fe(III), while the peaks at ~ 710.3 eV and ~ 723.6 eV were 
assigned to Fe(II)[43]. Fe(II) was formed due to either oxidation of the 
underlying Fe0 and/or (Fe0-mediated) reduction of the Fe(III) passiv
ating layer[44]. Consistent with previous reports[45], the peak at 
approximately 706.1 eV corresponding to Fe0 2p3/2 was barely 
observable because Ni/Fe was coated with iron oxide shell and Fe0 

existed below the surface. The thickness of this shell would likely in
crease with the progress of the Fe0 oxidation. The O 1 s spectrum showed 
three contributions, the peak at ~ 529.1 eV (O1) was assigned to the 
lattice oxygen (O2− ), the peak at ~ 530.7 eV (O2) could be ascribed to 
surface-adsorbed oxygen species (O2

− ,O2
2− , or O− ), while the peak at ~ 

532.3 eV (O3) was caused by the surface-adsorbed water[46]. It was 
reported that the content of the surface-adsorbed oxygen species was 
related to surface oxygen vacancies[47], which would greatly affect the 
redox activity of Ni/Fe. 

3.2. Effects of temperature on PCB-99 dechlorination 

Effects of temperature on PCB-99 dechlorination were studied at 
15–35 ◦C, which were similar to those in the actual remediation process. 
The kinetic curves of PCB-99 dechlorination by Ni/Fe at different tem
peratures were shown in Fig. 3. At 15 ◦C and 25 ◦C, the content of PCB- 
99 decreased rapidly in the first 2 h of reaction. However, the reaction 
slowed down afterward and gradually reached equilibrium after 48 h. 

Fig. 1. The SEM photographs of (a) ZVI: magnification of 10 K×; (b) Ni/Fe: magnification of 10 K×; (c) The EDX image of Fe, Ni, and O in Ni/Fe.  
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This could be attributed to the oxidation of Fe0 and the formation of 
oxide coating on the surface of Ni/Fe[45]. Within 120 h, the dechlori
nation efficiency of PCB-99 at 25 ◦C could reach 75.9%, which was much 
higher than that (62.5%) at 15 ◦C (p = 0.0006). This might be attributed 
to the enhanced electron transfer by temperature, as the process was 
thermodynamic. However, the reactivity of Ni/Fe did not increase 
monotonically, but decreased with further increase of temperature. At 
35 ◦C, the dechlorination process was accelerated. The content of PCB- 
99 decreased rapidly in the first 1 h, then the reaction slowed down and 
reached equilibrium after 24 h. The dechlorination efficiency of PCB-99 
within 120 h was only 51.6%. This finding was somewhat unexpected 
regarding the previous studies of ZVI applications that high temperature 
increased the efficiency of reduction[48]. Since high temperature 

promoted both the electron transport to PCBs and the Fe oxidation 
simultaneously, this unusual trend could not be simply demonstrated by 
the molecular motion theory. One possible explanation for the reduced 
reactivity of Ni/Fe at 35 ◦C might be the rapidly forming oxide layer 
significantly inhibited the electron transfer from the Fe0 core to the 
outermost surface. 

3.3. Mechanism underlying the influence of temperature on PCB-99 
dechlorination by Ni/Fe 

As known, heterogeneous dechlorination mediated by ZVI and bi
metals depended on both mass transfer and electron transfer processes. 
Previously, we confirmed that almost 100% of the hydrophobic PCB-99 
distributed on the Ni/Fe particles in this system throughout the entire 
course[49]. Therefore, the oxide layer did not significantly influence the 
mass transfer process. The influence on reactivity therefore was mainly 
ascribed to the electron transfer process. In order to better explain the 
influence mechanism of temperature, the morphology changes, degree 
of oxidation, and iron oxide species of Ni/Fe were analyzed. 

3.3.1. Effects of temperature on the morphology and structure of Ni/Fe 
Stability is critical for Ni/Fe because the enhanced reactivity is 

imparted by its large specific surface area. However, bimetallic mate
rials inevitably reacted with water and oxygen during the reaction[50], 
and the reactivity of the bimetallic materials could be affected by surface 
morphology, particle size, and particularly the degree of oxidation, most 
likely as a result of the ability for electrons to diffuse more easily to the 
surface of the bimetallic materials and the larger available reactive 
surface area[51]. To understand the effects of temperature on the re
action, the morphology and structure of Ni/Fe were characterized. It 
could be seen from Fig. 4(a) that the surface of fresh Ni/Fe was smooth, 
which became rough after 48 h of reaction (Fig. 4(b)-(d)), indicating the 
oxidation of Ni/Fe. As expected from the above-mentioned results, the 
surface of Ni/Fe was the coarsest after the reaction at 35 ◦C, it was 
explained that the reaction of Ni/Fe with water or oxygen was greatly 
accelerated at 35 ◦C due to the enhancing thermal motion of molecules 
and the galvanic effect between Fe and Ni[37]. Certain amount of Ni/Fe 

Fig. 2. (a) XPS wide-scan survey of Ni/Fe; (b) Ni 2p high-resolution spectrum; (c) Fe 2p high-resolution spectrum; (d) O 1 s high-resolution spectrum.  

Fig. 3. Kinetic curves of the PCB-99 dechlorination by Ni/Fe at different 
temperatures. Reaction conditions: 50 mL of PCB-99 solution (100 μg L− 1), 100 
mg of Ni/Fe and initial pH unadjusted. 
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aggregated to form many larger particles and even converted into 
layered iron oxide, which significantly reduced the active sites for PCB- 
99 dechlorination and was detrimental to the ability of particles to 
remain suspended for a prolonged period[52]. Similarly, the reductive 
reactivity of Ni/Fe was also influenced by its aggregation state, with the 
larger aggregates imparting the lower reactivity. The results indicated 
that increasing the temperature from 25 ◦C to 35 ◦C could only increase 
the electron production of Ni/Fe, rather than effectively improve the 
electron selectivity. Temperature rise would cause more electrons to 

react with oxygen or other oxidizing substances, resulting in greater 
oxidation degree of Ni/Fe surface, which in turn would hinder the re
action with target compounds. 

3.3.2. Effects of temperature on the iron oxide species of Ni/Fe 
As previously reported[53,54], the reduction efficiency could be 

significantly influenced by the iron oxide species on ZVI surface, as they 
provided distinct site density, surface speciation, and Fe(II) contents. 
Therefore, the high-resolution spectra of Fe 2p and O 1 s at different 

Fig. 4. SEM images of Ni/Fe before reaction (a) and after reaction at 15 ◦C (b), 25 ◦C (c) and 35 ◦C (d) for 48 h.  

Fig. 5. (a) Fe 2p and (b) O 1 s spectra of Ni/Fe after 48 h reaction at different temperatures.  
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temperatures after 48 h of reaction were analyzed. Fig. 5(a) revealed 
that the peak intensity of Fe(II) decreased compared with that of fresh 
Ni/Fe (Fig. 2(c)) after 48 h, indicating the decrease of the Fe(II) content. 
Moreover, the peak intensity of Fe(II) at different temperature was in the 
order of 25 ◦C > 15 ◦C > 35 ◦C. Surface-bound Fe(II) on the oxide surface 
could play an important role in enhancing PCB-99 reduction by Ni/Fe 
due to the increase in electron density of Fe(II)[54,55]. Therefore, the 
larger amount of Fe(II) on Ni/Fe surface was one of the reasons for the 
better reactivity at 25 ◦C. This is consistent with an aging study under 
strictly anoxic conditions at both distinct temperatures. It was reported 
that nearly 70% of the Fe0 was transformed to Fe(OH)2 after 3000 h at 
25 ◦C, while it only took 200 h to transform to Fe3O4 at 80 ◦C[56]. The 
thermodynamic Fe evolution process could be accelerated by higher 
temperature. However, as the process continued, Fe(II) would be further 
oxidated and converted to Fe(III), which passivated the Ni/Fe surface, 
leading to the inhibition of electron transfer from the Fe0 core to the 
outermost surface[57,58]. More importantly, a decrease in the amount 
of surface Fe(II) would reduce the electron density[54], thus causing the 
decrease of PCB-99 dechlorination efficiency, as in the case of 35 ◦C. 

Likewise, Fig. 5(b) showed that the peak intensity of surface- 
adsorbed oxygen species (O2) decreased after 48 h compared with 
that of the fresh Ni/Fe (Fig. 2(d)), proving that the content of surface 
oxygen vacancies decreased after the reaction. As expected, the surface 
oxygen vacancies were still the most abundant at 25 ◦C. The oxygen 
vacancies provided the most extra catalytic sites and accelerated the 
electron transfer[59], as they could alter the electric state of iron on the 
surface of iron oxide and lead to enhanced conductivity[60]. To be 
specific, these vacancies were able to localize electrons and benefited 
the reduction reaction[47]. Moreover, the peak intensity of O3 was in 
the order of 35 ◦C > 15 ◦C > 25 ◦C, which might also positively correlate 
with the oxidation degree of the Ni/Fe surface, further confirming that 
temperature at 35 ◦C increased the electron production rather than 
improve the electron selectivity. More electrons competitively reacted 
with oxygen or other oxidizing substances (instead of PCB-99) on Ni/Fe 
at 35 ◦C, resulting in greater oxidation degree of Ni/Fe surface, which in 
turn inhibited the electron transfer and hindered the reaction with PCB- 
99. 

In summary, the better reactivity of Ni/Fe under the reaction con
dition of 25 ◦C could be attributed to the enhanced electron transfer due 
to the thermodynamic evolution of Fe(II) and the abundance of oxygen 
vacancies. Also, the efficiency of electron transfer varied with the 
properties of the Ni/Fe surface, which would significantly change during 
the dechlorination process. Temperature was a parameter to accelerate 
or postpone the course, rather than alter the route of electron transfer. 
The lower temperature (15 ◦C) extended the longevity of Ni/Fe by 
slowing down the surface oxidation, but was not conducive to dechlo
rination efficiency (Fig. 3). However, at 35 ◦C, the surface of Ni/Fe 
would be heavily oxidized within a short period and the particles ag
gregation occurred, which reduced the electron density and transfer 
because of the decrease in the amount of surface Fe(II), thus hindering 
the further reaction. 

3.4. Quantum chemistry calculation 

The stepwise dechlorination mediated by ZVI or bimetals would 
facilitate the understanding of the dechlorination pathway. Previous 
studies have identified the preferential dechlorination routes (namely 
the selectivity of electron), while the mechanism remained unclear. The 
quantum chemistry calculation was able to provide an insight. This 
method was considered as an important supplement to predict the re
action mechanism of organic pollutants, and the theoretical results were 
well verified by experimental studies[61,62]. In this study, 5 congeners 
of tetrachlorobenzene (PCB-74, PCB-66, PCB-49, PCB-48, and PCB-47), 
8 congeners of trichlorodiphenyl (PCB-37, PCB-33, PCB-31, PCB-29, 
PCB-28, PCB-25, PCB-18, and PCB-17), 8 congeners of dichlorinated 
biphenyls (PCB-15, PCB-13, PCB-12, PCB-9, PCB-8, PCB-7, PCB-6, and 

PCB-4), 3 congeners of monochlorinated biphenyls (PCB-3, PCB-2, and 
PCB-1) and biphenyl might be produced during the dechlorination of 
PCB-99, as shown in Table S3. 

3.4.1. Calculation of dissociation energy of C-Cl bond 
The C-Cl bond dissociation energies of PCB-99 and the other 24 

dechlorinated products were shown in Table S4, which measured the 
difficulty for cleavage of chemical bonds[63]. Among them, the disso
ciation energy of ortho-position C-Cl on PCBs with only one adjacent 
substituent was the lowest because the ortho-position C-Cl bond would 
increase the dihedral angle of PCBs and reduce the conjugation of the 
two benzene rings, indicating that the ortho-position C-Cl bond was the 
most prone to fracture[64]. But no obvious regularity was found in 
asymmetric PCBs with two ortho substituents (PCB-99, PCB-49, PCB-48, 
PCB-18, and PCB-17). For example, the dissociation energy of ortho C-Cl 
on the benzene ring of PCB-48 with more chlorine substituents (87.2101 
kcal mol− 1) was lower than that with less chlorine substituents 
(87.9229 kcal mol− 1); however, the dissociation energy of C-Cl bond on 
the benzene ring of PCB-99 with more chlorine substituents (87.1436 
kcal mol− 1) was greater than that with less chlorine substituents 
(86.9817 kcal mol− 1). For PCBs with chlorine substituents in meta- and 
para-position (such as, PCB-37, PCB-13, and PCB-12), the dissociation 
energy of meta-position C-Cl was lower, demonstrating that the fracture 
occurred preferentially in meta-position than in para-position. 

According to the dissociation energy of C-Cl bond in different posi
tions, the possible dechlorination pathways of PCB-99 were predicted as 
shown in Fig. 6(a). First, the chlorine was removed at the ortho-position, 
then the chlorine was removed at the meta-position, and finally removed 
at the para-position to generate biphenyl. As could be seen that the C-Cl 
bond dissociation energy at 2′ position of PCB-99 was the lowest 
(86.9817 kcal mol− 1), which was the most easily broken. As a result, 
PCB-74 was produced after removing the chlorine at the 2′ position of 
PCB-99, and subsequently decomposed into PCB-37 after removing the 
chlorine at the 2 position (85.7241 kcal mol− 1). Afterward, as the 
chlorine at the 3 position (87.7497 kcal mol− 1) and 4 or 4′ position 
(87.7497 kcal mol− 1) was removed successively, PCB-37 was first 
transformed into PCB-15, then formed PCB-3, and finally degraded into 
biphenyl. 

3.4.2. Length changes of neutral molecules and anionic C-Cl bonds 
The structures of neutral molecules and anions of PCBs were listed in 

Table S5. No imaginary frequency was showed in all the optimized 
structures, indicating that they were the minimum energy structures. 
The results showed that the neutral molecules of PCBs were significantly 
different from anions, and the C-Cl bond of anions were elongated and 
even broken. The length changes of C-Cl bond between neutral mole
cules and anions were calculated, as shown in Table S6. The elongated C- 
Cl bond of the PCB anion was located on the benzene ring side of the 
chlorine substituted group, and the order of the elongated C-Cl bond was 
generally as followed: meta- > ortho- > para-position. The longer the C- 
Cl bond length was, the easier it was to fracture. Therefore, the possible 
dechlorination products and pathways of PCB-99 according to the 
changes of the C-Cl bond length were predicted, as shown in Fig. 6(b). 
The length of C-Cl bond at the 5 position was 1.748 Å in the neutral state 
and 2.999 Å in the anionic state, which was more prone to be broken. 
Therefore, the chlorine at the 5 position of PCB-99 was removed to form 
PCB-47. After that, the C-Cl at the 2 or 2′ position of PCB-47 was broken 
to form PCB-28. As for PCB-28, the length of C-Cl bond at the 2 position 
was 1.763 Å in the neutral state and 4.617 Å in the anionic state, it was 
more fragile and prone to be broken, resulting in the generation of PCB- 
15. Finally, PCB-15 was dechlorinated at the para-position, and further 
degraded into PCB-3 and biphenyl. 

3.4.3. The LUMO configuration 
The energy of LUMO could characterize the electron acceptance 

characteristics of the compound. The lower the absolute value of the 
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LUMO energy value, the easier PCBs was to accept electrons and be 
dechlorinated[65]. The LUMO configurations of PCB-99 and other 24 
dechlorination products were optimized, as shown in Fig. S2. It could be 
seen that more LUMO was distributed on the side of the benzene ring 
with more chlorine, thus there were more active sites and dechlorination 
was more likely to occur[66]. Chlorine substituents at different positions 
had different effects on the energy of LUMO. According to the energy of 
LUMO: PCB-1 (ortho-position) > PCB-3 (para-position) > PCB-2 (meta- 
position), it could be inferred that chlorine at the meta-position made the 
LUMO energy of PCBs lower. The same regularity could be applied to 
dichlorinated biphenyls (PCB-8 > PCB-15 > PCB-13), as well as tri
chlorodiphenyl (PCB-17 > PCB-28 > PCB-25). 

Moreover, the neutral molecules of PCBs received electrons provided 
by Ni/Fe to form PCBs anions. Electrons entered LUMO and resulted in 
obvious C-Cl anti-bonding orbital characteristics of LUMO, facilitating 
the breakage of C-Cl bond. Therefore, the dechlorination pathway could 
be effectively predicted by the LUMO of the anion[8]. As could be seen 
in Fig. 6(c), the LUMO of PCB-99 anion had greater C-Cl anti-bonding 
characteristics at the 5 position than at other positions, which should 
be preferentially removed, resulting in the removal of chlorine from 5 
position of PCB-99 and the generation of PCB-47. The LUMO distribu
tion of PCB-47 anion was relatively uniform, and the chlorine sub
stituents of both ortho- and para-positions were likely to break. However, 
as previously discussed, it could be concluded that C-Cl at para-position 
was relatively easier to remove than at ortho-position. Therefore, PCB-47 
might be degraded into PCB-28 or PCB-17 (the latter might generate 
more). The LUMO of PCB-28 and PCB-17 anions had a larger C-Cl anti- 
bonding characteristics at the 2 position, thus they might be preferen
tially removed. As a result, PCB-28 and PCB-17 mainly degraded to PCB- 
15 and PCB-8, respectively. PCB-8 was prone to degrade into PCB-3 
because the LUMO of PCB-8 anion had a large C-Cl anti-bonding char
acteristics at the 2 position, while the chlorine substituent at the 4 po
sition of PCB-15 was also easy to break and resulted in the generation of 
PCB-3. Finally, PCB-3 was further dechlorinated to biphenyl. 

3.5. Dechlorination pathway confirmed by GC–MS 

The dechlorination of PCB-99 on Ni/Fe surface could be explained by 
the mechanism of electrophilic aromatic substitution. To be specific, 
PCB congeners accepted electrons from Ni/Fe to form aromatic anions 
with the loss of Cl− , and then aromatic anions were hydrogenated[67]. 
In order to confirm the chemical dechlorination pathway of PCB-99 over 
Ni/Fe, GC–MS chromatograms at different reaction times (2, 6, 12, 48, 
and 120 h) at 25 ◦C were investigated. The amount of electron transfer of 
Ni/Fe was different under different temperatures, but the reaction sites 

where these electrons attack PCB-99 should be the same. So the optimal 
condition of 25 ℃ was selected for GC–MS analysis, which could help to 
judge the accuracy of different quantum calculations in predicting the 
dechlorination pathways of PCB-99. Fig. S3 showed the chromato
graphic diagram of PCBs mixed solution. The chromatographic peaks of 
PCBs were separated well and the composition of dechlorination prod
ucts could be determined. 

Fig. S4 presented the GC–MS chromatograms during the catalytic 
dechlorination of PCB-99 at different reaction times. PCB-99, PCB-37, 
PCB-15, and PCB-3 existed after 2 h of reaction. PCB-99, PCB-47, PCB- 
37, and PCB-15 were presented after 6 h of reaction. PCB-99, PCB-37, 
PCB-28, PCB-17, and PCB-15 existed after 12 h of reaction. PCB-99, PCB- 
37, PCB-15, and PCB-3 were shown after 48 h of reaction. PCB-99, PCB- 
15, PCB-8, and biphenyl existed after 120 h reaction. The reason for the 
failure to detect PCB-74 might be its transitory existence during the 
dechlorination process, but the detection of PCB-37 indicated the pres
ence of PCB-74 indirectly. According to the semi-quantitative analysis, 
the characteristic peak area of PCB-47 and PCB-17 were relatively 
higher than that of other PCB congeners, indicating that the dechlori
nation of PCB-99 showed obvious selectivity. It could be inferred that 
the main dechlorination pathway was PCB-99 → PCB-47 → PCB-17 → 
PCB-8 → PCB-3 → biphenyl, which also implied that electrons tended to 
attack C-Cl bonds following the order meta- > para- > ortho-position. In 
summary, the possible dechlorination pathways of PCB-99 based on 
GC–MS were shown in Fig. 7. These results were in good agreement with 
the dechlorination pathways predicted by quantum chemistry calcula
tion, especially LUMO calculation, showing that the reduction path 
mediated by electron transfer was more consistent with the process of 
PCB-99 dechlorination, compared to C-Cl bond dissociation energy or 
bond length. 

4. Conclusions 

In this study, the catalytic dechlorination of PCB-99 by Ni/Fe was 
investigated, focusing on the electron transfer process. We specifically 
demonstrated that the reduction efficiency of PCB-99 did not always 
increase with the temperature increased from 15 ◦C to 35 ◦C, but fol
lowed the order: 25 ◦C > 15 ◦C > 35 ◦C. These unexpected results were 
related to the electron transfer process, and might be explained through 
one and/or a combination of the following reasons: (i) At 35 ◦C, the 
surface of Ni/Fe was heavily oxidized and particles aggregation 
occurred, hindering the electron transfer; (ii) Ni/Fe under the reaction 
condition of 25 ◦C could be attributed to the enhanced electron transfer 
due to the thermodynamic evolution of Fe species to generate more Fe 
(II) and the abundance of oxygen vacancies. Reaction temperature is 

Fig. 6. Possible dechlorination pathways of PCB-99 based on (a) bond dissociation energy (kcal mol− 1); (b) the C-Cl bond length; (c) the LUMO of PCBs anions.  
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critical to investigate the kinetics of decontamination by Ni/Fe. In the 
actual application of ZVI-based materials to repair PCB pollution, it is 
necessary to control the appropriate temperature, which should be 
carefully considered from the aspects of remediation effect and cost. 
Additionally, the phenomenon of electron selectivity was elucidated by 
the quantum chemistry methods, which was consistent with the results 
of GC–MS, especially LUMO calculation. Electrons tended to attack C-Cl 
bonds in the order of meta- > para- > ortho-position. As a result, the 
dechlorination products of PCB-99 were PCB-74, PCB-47, PCB-37, PCB- 
28, PCB-17, PCB-15, PCB-8, PCB-3, and biphenyl. Particularly, the 
dechlorination of PCB-99 showed obvious selectivity and the main 
dechlorination pathway was PCB-99 → PCB-47 → PCB-17 → PCB-8 → 
PCB-3 → biphenyl. The dechlorination pathways and mechanism of 
PCB-99 can greatly improve our understanding of the electron transfer 
and dechlorination behaviors. 
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