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Introduction

Since HCB was first introduced in 1933 (Barber et al. 
2005), the compound was used in pyrotechnic com-
positions for military purposes, and as porosity con-
troller in the manufacture of electrodes, and in chemi-
cal industries, and also as a selective fungicide for 
seed treatment in agriculture (Starek-Swiechowicz 
et al. 2017). HCB is classified as one of the 12 per-
sistent organic pollutants controlled in the first phase 
by United Nations Stockholm Convention and poses 
adverse effects on human health and environment 
(Dhaibar et  al. 2021; Drysdale et  al. 2021; Umulisa 
et  al. 2020). Although the commercial production 
of HCB has been prohibited for decades all over the 
world, it is still produced as an industrial by-product 
during synthesis of some chlorinated organic solvents 
and pesticides (Bailey, 2001; Jiang et al. 2018a).

HCB and low-chlorinated benzenes have been 
found in various matrixes, such as air, soil, water 
(Brahushi et  al. 2017), wastewater (Yuan et  al. 
2020), sediment (Gao et  al. 2015), vegetation and 
breast milk with concentration levels of approxi-
mately 105  ppm (Wang et  al. 2010; Zhou et  al. 
2013). The concentration of HCB in soil was 
8.01 ng/g in Anhui, China (Song et al. 2017; Wang 
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et  al. 2010). Generally, soil was known to per-
form as the final acceptor (Liu et  al. 2015) for the 
majority mass of HCB, because that HCB in the 
troposphere can be removed from the gas phase via 
atmospheric deposition to water and soil, as well as 
its lower octanol/water partition coefficients, soil/
air partition coefficients (Meijer et  al. 2003) and 
adsorption capacity on particulate matter. So, HCB 
pollution in soil poses a serious challenge around 
the world, including the USA, Germany, Australia, 
Japan, Brazil (Jiang et  al. 2018b) and China. The 
removal of HCB from soil is of great concern and 
attracts considerable scientific and regulatory inter-
ests, due to the high toxicity, great bioaccumulation 
and persistence of HCB in the environment.

In the past several years, a number of studies have 
been carried out to explore the treatment operations 
for removal of HCB, such as electrokinetic remedia-
tion (Oonnittan et al. 2008, 2009; Yuan et al. 2006a), 
microwave remediation (Yuan et  al. 2006b), base-
catalyzed dechlorination (Huang et al. 2014), ozone-
based processes (Derco et  al. 2015), photo-catalytic 
degradation (Pan et  al. 2020), microbial aerobic 
mineralization (Matheus et  al. 2000; Takagi et  al. 
2009) and microbial anaerobic degradation (Jiang 
et al. 2015; Liu et al. 2010a, 2010b; Yan et al. 2015). 
Although anaerobic degradation is believed to be a 
competitive and efficient method for decomposing 
HCB for the past few years and HCB can be dechlo-
rinated to low-toxic chlorinated benzenes under the 
anaerobic condition by inducing the native microbial 
activity (Chen et al. 2010; Wu et al. 2002), anaerobic 
microorganisms and desirable degradation time are 
hard to acquire. It has been proved that zero-valent 
iron could increase the efficiency of HCB degradation 
and could be used for remediation of HCB-contami-
nated sites (Chen et al. 2014; Garbou et al. 2019; Shih 
et al. 2009, 2011; Su et al. 2012; Wan et al. 2010; Zhu 
et al. 2010). However, in the real HCB-contaminated 
soil, there are a lot of chlorobenzene congeners, such 
as PeCB, 1,2,4,5-TeCB and 1,2,4-TCB, coexisting 
with HCB and the effect on the degradation capacity 
of HCB is poorly known.

This work aims to investigate the degradation 
behaviors of three coexisting chlorobenzene conge-
ners PeCB, 1,2,4,5-TeCB and 1,2,4-TCB and their 
accumulative effects on the reductive dechlorina-
tion of HCB by nanoscale zero-valent iron in HCB-
contaminated soil under different environmentally 

relevant conditions such as initial pH and reaction 
temperatures.

Materials and methods

Soil materials and chemicals

Real HCB-contaminated soil was sampled from a site, 
producing certain chlorinated organic solvent, located 
in Beijing, China, where HCB was used as intermedi-
ate for more than 30 years. The soil was dried, ground 
and sieved with a 2  mm sieve to remove debris, 
then stored in the dark at 4 ◦C. In all soil samples, 
the initial concentrations of HCB, PeCB, 1,2,4,5-
TeCB and 1,2,4-TCB were quantified in the range of 
2.00–2.80  mg/g  d  w soil, 0.10–0.35  mg/g  d  w soil, 
0.14–0.49 mg/g d w soil and 0.25–0.90 mg/g d w soil, 
separately. The pH of soil measured is 7.6 by the mix-
ing of soil and water (1:1, w/w).

The nanoscale zero-valent iron was provided 
by Guangzhou Hongwu New Material Technol-
ogy Co., China., with the average particle sizes of 
102.4 ± 20.8 nm. Acetic acid was selected as a nutri-
ment. NaOH and  H2SO4 were used to adjust pH of 
the reaction system.  Na2SO4 was oven-dried at  400◦C 
for 4 h before use. Dichloromethane and acetone were 
used for the extraction of HCB. All the reagents men-
tioned above were analytical grade. Each vial includ-
ing 15  mL HCB sample was mixed with 0.1  g of 
nanoscale ZVI particles.

Batch dechlorination experiments

The 200 g treated real HCB-contaminated soil sample 
was added to the jar and mixed with a certain propor-
tion of deionized water to form slurry. 0.8 g acetic acid 
and 0.2 g iron nanoparticles were added, respectively. 
Then, the pH of slurry was adjusted using NaOH and 
 H2SO4 solution and the initial pH was measured with 
a pH meter (PHSJ-4A, Shanghai ShengCi Instrument 
Company, China). The bottle was sealed, with  N2 gas 
sparged, and was incubated under the set temperature 
in the biochemical incubator for 23  days. At the end 
of each experiment, the supernatant of the mixture 
was separated from the solid residue using suction fil-
ter device. The quantification and structural confirma-
tion of all four chlorobenzenes in the mud phase were 
analyzed using gas chromatograph–mass spectrometer 
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(Thermo Fisher ITQ 1100). Each experiment was con-
ducted in triplicate. The structure and surface morphol-
ogy of nanoscale zero-valent iron was characterized 
using a Hitachi S-4800 Field Emission Scanning Elec-
tron Microscope (SEM).

Separation and analysis of chlorinated aromatic 
compounds

20  g mud sample was mixed with 20  g anhydrous 
 Na2SO4 thoroughly, in order to remove the moisture. 
The HCB in dried mud sample was extracted with 
100  mL dichloromethane/acetone (1:1, v/v) by 2  h 
ultra-sonication. After the sample was filtered and 
cleaned repeatedly with dichloromethane, the superna-
tant was concentrated to about 2 ml in a parallel vac-
uum evaporator. Then, the evaporated sample was fur-
ther concentrated to below 1 ml by a nitrogen stream 
and finally was diluted to 1  ml with dichloromethane 
for analysis.

The gas chromatograph was equipped with a HP-5 
capillary column (30 m length × 0.32 mm inside diam-
eter × 0.25  μm film thickness). The temperature pro-
gram of the GC started at 40 °C and was held for 4 min. 
Then, the column was sequentially heated to 160  °C 
at rate 10  °C/min (1  min), 280  °C at rate 10  °C/min 
(4 min), 300 °C at rate 10 °C/min (5 min). The flow rate 
of carrier gas (nitrogen 99.999%) was 1.5 mL/min. The 
inlet temperature was 270 °C and the injection volume 
of extract was 1.00 μL in a splitless mode.

The mass spectrometer was equipped with an elec-
tron ionization (EI) source and operation conditions 
were ion source temperature 275 °C, quadropole tem-
perature 150 °C and mass scan range 35–500 amu.

Chlorobenzenes were identified by comparing their 
varied retention times corresponding to reference sub-
stances. All the analyses were conducted in duplicate 
soil samples. The result of internal standard recovery 
experiment showed that the average recoveries of HCB, 
PeCB, 1,2,4,5-TeCB and 1,2,4-TCB were, respectively, 
104.1%, 103.9%,102.4% and 101.1%.

Results and discussion

SEM characterization

Figure  1 shows the structure and surface morphol-
ogy of nanoscale zero-valent iron. SEM micrographs 

reveal that nanoparticles are spherical, with a chain 
structure, probably because of the static magnetism 
and surface force between small particles, and the 
agglomeration phenomenon is also seen in the image. 
The chain structure can increase the adsorption space 
and then improve reduction effectiveness.

Degradation behaviors of HCB and coexisting 
chlorobenzene congeners under different initial pH

Figure  2 is plot of residual concentrations of HCB 
and three coexisting chlorobenzene congeners versus 
reaction time under different initial pH. As shown in 
Fig. 2a, the residual concentrations of HCB decreased 
with the increase in initial pH. The lower residual 
concentrations of HCB were found under acidic 
conditions (pH = 3) and slightly acidic conditions 
(pH = 5), whereas higher residual concentrations were 
found under alkaline conditions (pH = 9 and pH = 11), 
within the initial pH range of 3.0–11.0. These indi-
cate that the higher degradation rate of HCB can be 
obtained under acidic and slightly acidic reaction sys-
tem and the degradation rate of HCB is lower under 
alkaline reaction system. The lower degradation rate 
of HCB under alkaline reaction system could be 
attributed to the feedback inhibition caused by accu-
mulation of low-toxic chlorinated benzenes. In the 
process of degradation, degradation activity of sub-
strate can be inhibited because of decline of enzyme 
activity, resulting from accumulation of intermediate 
metabolite (Zhou, 2002).

The degradation activity of three coexisting chlo-
robenzene congeners in real HCB-contaminated soil 

Fig. 1  SEM image of nanoscale zero-valent iron
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was investigated with the initial pH in the range of 
3.0–11.0. As depicted in Fig. 2b, the residual concen-
trations of PeCB decreased rapidly, within reaction 
time of 23 days, and then increased slowly, following 
with decreasing under all initial pH condition, which is 
lower under acidic conditions and slightly acidic con-
ditions. The same results are also observed for 1,2,4,5-
TeCB and 1,2,4-TCB. The dechlorination of HCB fol-
lowed usually a stepwise pathway: 

HCB → PeCB → 1,2,4,5 - TeCB/1,2,3,4 - TeCB
→ Trichlorobenzene → Dichlorobenzene
→ Monochlorobenzene

H C B  →  P e C B  →  1 , 2 , 4 , 5 -T e C B / 1 , 2 , 3 , 4 -
TeCB →  Tr i ch lo robenzene  →  D ich lo roben-
zene → Monochlorobenzene(Chen et  al. 2014; Deng 
et  al. 2017). Thus, the reason for the discontinuous 
decreasing and the different degradation behaviors of 
three chlorobenzenes is that there is accumulation of 
three kind of dichlorobenzene intermediates, depend-
ing on reaction rate under different initial pH, existed 
in the process of degradation by nanoscale zero-
valent iron.

The reaction rate equation and pseudo-first-order 
model were applied to describe the dechlorination of 
HCB as follows:

Fig. 2  Concentration versus time in real HCB-contaminated soil sample under different initial pH
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Reaction rate equation : � = − dC∕dt where ν is 
reaction rate per unit biomass, C is time-dependent 
concentration of HCB, C0 is the initial concentration 
of HCB, k is the pseudo-first-order rate constant  (d−1) 
and t is the reaction time. A nonlinear regression pro-
cedure was based on the Marquardt–Levenberg algo-
rithm and the goodness of correlation was evaluated 
with the correlation coefficient.

Figure 3 shows the reaction rate of four coexisting 
chlorobenzene congeners HCB, PeCB, 1,2,4,5-TeCB 
and 1,2,4-TCB under different initial pH. As shown, 
the reaction rate of three coexisting chlorobenzene 
congeners had a “V” type change. For PeCB, 1,2,4,5-
TeCB and 1,2,4-TCB, the calculated value of reaction 
rate may not be “positive” or “negative” invariably, 
because that the production and degradation of three 
coexisting chlorobenzene congeners proceed simulta-
neously (Jiang et  al. 2015). So, when the calculated 
value of ν is positive, the degradation of low-toxic 
chlorinated benzenes is predominant and the concen-
trations of chlorobenzenes decrease constantly, that 
is, there is no accumulation in the degradation. Oth-
erwise, when the calculated value of ν is negative, the 
production of low-toxic chlorinated benzenes is pre-
dominant and the concentrations of chlorobenzenes 
increase constantly and there is accumulation. It is 
evident that the reaction rate of HCB is higher than 
other three coexisting chlorobenzene congeners, espe-
cially in the acidic (pH = 3) and slightly acidic condi-
tions (pH = 5), and PeCB comes second.

For every single curve, the figure area under the 
“0” calibration can be calculated with the method of 
calculus and results are shown in Table  1. The size 
of the area reflects the amount and extent of accu-
mulated coexisting chlorobenzenes. It is also evi-
dent that the accumulative amount and the extent 
of 1,2,4-TCB are the most in the acidic and alkaline 
condition, especially, acidic conditions (pH = 3) and 
slightly acidic conditions (pH = 5). The results indi-
cate that the degradation reaction rate of congeners of 
high-chlorinated isomer is higher in the acidic condi-
tion during the degradation process with nanoscale 
zero-valent iron. The reason is that the dissolution of 
the passivating hydroxide layer on nanoscale zero-
valent iron was facilitated at low pH, which increased 
the reactivity, and at higher pH, ferrous and ferric 
hydroxides were formed, which could have resulted 
in hydroxide covering the  Fe0 surfaces and hampering 
the electron transfer (Chen et  al. 2014). It has been 

proved that HCB can be dechlorinated to low-toxic 
chlorinated benzenes under the anaerobic condition 
by inducing the native microbial activity, which fol-
lowed the dechlorination pathway (Brahushi et  al. 
2004; Chen et  al. 2010) described above. So, the 
degradation of HCB by nanoscale zero-valent iron is 
predominant under acidic condition, and the role of 
native microbial is predominant under alkaline condi-
tion when the dechlorination of nanoscale zero-valent 
iron is weakened.

In Fig. 4, the degradations of HCB under different 
initial pH ran well with the pseudo-first-order model, 
which can be observed from the  R2 coefficients in 
Table  2. The results of data correlation and fitting 
parameters are reported in Table 2. Pseudo-first-order 
reaction rate constants were estimated for dechlorina-
tion of HCB by nanoscale zero-valent iron particles 
in different initial pH ranging from 0.2685  d−1 at pH3 
to 0.0211   d−1 at pH11. The rate constant increases 
with initial pH decrease, which is in accord with that 
reported by Shih et  al. In addition, rate constants 
under acidic and slightly acidic conditions were one 
order of magnitude higher than alkaline condition. 
It is proved again that the dechlorination of HCB by 
nanoscale zero-valent iron is favorable under acidic 
and slightly acidic reaction system.

Degradation behaviors of HCB and coexisting 
chlorobenzene congeners under different reaction 
temperature

Figure  5 is plot of residual concentrations of HCB 
and three coexisting chlorobenzene congeners versus 
reaction time under different reaction temperature.

It is obvious that the residual concentrations of 
HCB decrease with increasing reaction temperature, 
within a temperature range of 15−55  °C. When the 
reaction temperature was up to 45  °C, the residual 
concentration of HCB was almost the lowest dur-
ing the degradation of 23 days. This implies that the 
degradation rate of HCB was almost the highest with 
a reaction temperature of  45◦C. Similarly, it can be 
concluded that the lower degradation rate of HCB in 
room temperature is due to accumulation of the large 
amount of 1,2,4-TCB, according to the degradation 
behaviors of coexisting chlorobenzene congeners 
under different reaction temperatures. It is observed 
from Fig. 5 that the concentrations had a “wave” type 
change within a temperature range of 15 − 55 °C for 
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Fig. 3  The reaction rate of HCB and three coexisting chlorobenzene congeners under different initial pH
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two coexisting chlorobenzene congeners 1,2,4,5-
TeCB and 1,2,4-TCB. The residual concentrations 
were almost the lowest when the reaction tempera-
ture is 45 °C, comparing with other reaction tempera-
ture. The reason of increasing reaction temperature 
could facilitate the degradation of HCB is that higher 
temperature is helpful to the desorption of organic 

Fig. 3  (continued)

Table 1  The accumulation of three coexisting chlorobenzene 
congeners (mg/kg)

pH = 3 pH = 5 pH = 7 pH = 9 pH = 11

PeCB 0.0083 0.0054 0.03136 0.04963 0.0205
1,2,4,5-TeCB 0.0122 0.0336 0.02761 0.05063 0.0135
1,2,4-TCB 0.0473 0.0682 0.02458 0.05223 0.0396

Fig. 4  The nonlinear regression fit of the HCB data to the 
pseudo-first-order model under different initial pH
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pollutants from soil (Jiang et al. 2018a) and sterilize 
the microbes that influence decomposition of pollut-
ants in the soil (Liu et al. 2014).

The plots of the reaction rate of three coexist-
ing chlorobenzene congeners under different reac-
tion temperature are presented in Fig.  6. It can be 
observed that the reaction rate of three coexisting 
chlorobenzene congeners had a “V” type change sim-
ilarly and indicate that the accumulation exists in the 
process of degradation within reaction temperature 
ranging from 15 to 55  °C. The accumulation period 
of 1,2,4-TCB was longer, compared with the that of 
PeCB and 1,2,4,5-TeCB. Additionally, the size of the 
area calculated and shown in Table 3 reflects that the 
amount of 1,2,4-TCB is more than the other two chlo-
robenzenes under any reaction temperature.

A plot (Fig.  7) of HCB degradations under 
different reaction temperature shew good cor-
relation similarly. It is observed in Table  4 that 

Table 2  Rate constants of HCB by nanoscale zero-valent iron 
under different initial pH

Initial pH Rate constant(k) correlation 
coefficient 
(R2)

3 0.2685 0.973
5 0.2336 0.964
7 0.0340 0.983
9 0.0243 0.952
11 0.0211 0.965

Fig. 5  Concentration versus time in real HCB-contaminated soil sample under different reaction temperature
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Fig. 6  The reaction rate of HCB and three coexisting chlorobenzene congeners under different reaction temperature
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pseudo-first-order reaction rate constants ranged 
from 0.0166   d−1 at 15  °C to 0.1920  d−1 at 15  °C. 
The rate constants under higher reaction tempera-
ture were one order of magnitude higher than lower 
reaction temperature. These reveal that 45–55  °C 
are more favorable for fast degradation of HCB.

Fig. 6  (continued)

Table 3  The accumulation of three coexisting chlorobenzene 
congeners (mg/kg)

15 °C 25 °C 35 °C 45 °C 55 °C

PeCB – – – 0.0019 0.0077
1,2,4,5-TeCB – 0.0496 0.0146 0.0339 0.0486
1,2,4-TCB – 0.1280 0.1471 0.1274 0.1070

Fig. 7  The nonlinear regression fit of the HCB data to the 
pseudo-first-order model under different reaction temperature
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Conclusions

This study investigated the degradation behaviors 
of coexisting chlorobenzene congeners and the 
influence of them on the dechlorination of HCB in 
HCB-contaminated soil by nanoscale zero-valent 
iron under different environmental conditions. 
Parameters that may affect the degradation behav-
iors of coexisting chlorobenzene congeners and 
HCB, such as initial pH and reaction temperature, 
were studied. From this study the following conclu-
sions can be drawn: (1) there exist accumulations of 
coexisting chlorobenzene congeners in the degrada-
tion and the accumulated amount and extent vary 
with environmentally relevant conditions. (2) degra-
dation activity of HCB was reduced due to the feed-
back inhibition caused by accumulation of coex-
isting chlorobenzene congeners and the feedback 
inhibition varies from environmental conditions. (3) 
1,2,4-TCB exhibited the strongest inhibitive effect 
under different initial pH and reaction temperature.
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