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ABSTRACT: Biochar has shown great potential for immobilizing organic contaminants in soil. In this study,
pentachlorobenzene (PeCB), 1,2,4,5-tetrachlorobenzene (1,2,4,5-TeCB), and 1,2,4-trichlorobenzene (1,2,4-TCB) artificially
spiked soil was amended with wheat straw biochar at 0.1%, 0.5%, 1%, and 2% application rates, respectively. The sorption,
dissipation, and bioavailability of chlorobenzenes (CBs) in soil were investigated. The sorption of PeCB by biochar was
significantly higher than that of its sorption by both biochar-amended and unamended soil (p < 0.05). The dissipation and
volatilization of CBs from biochar-amended soil significantly decreased relative to unamended soil (p < 0.05). Bioavailability of
CBs, expressed as butanol extraction efficiency and earthworm (Eisenia fetida) bioaccumulation factor, significantly decreased
with increasing aging time and biochar application rate. The effect of biochar content in soil on the bioavailability of CBs was
more pronounced for 1,2,4-TCB relative to other CBs. This study suggested that wheat straw biochar, even at low application
rates, could effectively immobilize the semivolatile CBs in soil and thus reduce their volatilization and bioavailability.

KEYWORDS: biochar, bioavailability, butanol extraction, earthworm, POPs, volatilization

■ INTRODUCTION

Biochar, a form of charred organic matter, is an increasingly
utilized cost-effective soil amendment in agricultural and
environmental applications.1−3 Crop-residue-derived biochar,
which has variously been described as a “soil conditioner”, can
sequester C, reduce the emission of greenhouse gases, and
improve soil fertility and thus plant growth.4−6 Besides these
characteristics, biochar has a large surface area and high
microporosity, which results in a very high affinity and capacity
for sorbing and immobilizing organic contaminants.7,8 There-
fore, biochar lends itself as a good material for contaminant
immobilization, a kind of soil remediation strategy.8

It is increasingly recognized that the bioavailable concen-
tration, rather than total concentration, of contaminants in soil
dominates their potential risks, degradation, uptake by biota,
leaching, and other environmental fates.9,10 Therefore,
immobilization, which seeks to reduce the bioavailability and
mobility of contaminants in soil by applying different organic/
inorganic amendments, has become an increasingly popular in
situ soil remediation strategy.11−13 Meanwhile, a series of
chemical extraction methods, such as mild solvent extraction
and solid-phase extraction, have been developed to assess the
bioavailability of organic contaminants in soil.10,14,15 Applica-
tion of crop straw or hardwood-derived biochar, especially the
ones pyrolyzed at high temperature, to contaminated soil could
reduce the bioavailability of organic contaminants to soil
biota.16,17 For example, plant uptake of chlorpyrifos decreased
with increasing biochar addition in soil.16 The microbial
degradation of benzonitrile,18,19 atrazine,20 and simazine,21

etc., decreased in biochar-amended soil. Reduced earthworm
accumulations of polycyclic aromatic hydrocarbons (PAHs)22

and atrazine11 in biochar-amended soils have also been
reported. Most of the above studies were based on

immobilizing polar or less volatile organic contaminants with
biochar.16−21 However, reports on whether or not biochar
could immobilize semivolatile or volatile compounds are
limited.23

China is an important producer of chlorobenzenes (CBs) in
the world and accounts for more than 50% of the worldwide
production.24 A lot of vegetable fields are close to the CB
factories in the suburban areas of China. CBs can be released
into air from factories and then enter into soil through dry/wet
deposition and wastewater irrigation.25 It has been reported
that all the CB congeners, especially trichlorobenzenes (TCBs)
and tetrachlorobenzenes (TeCB), have been detected in the
soil of vegetable fields within 1 km from a CB factory.25

Therefore, it is of great importance to immobilize the detected
CBs in soil for safe vegetable production and to reduce their
revolatilization from soil into air. Our previous study
demonstrated that the bioavailability of hexachlorobenzene
(HCB) was significantly decreased by wheat straw biochar
addition into soil and established a mild solvent extraction
method, butanol extraction, to assess the bioavailability of
CBs.26 However, among CBs congeners, the lower chlorinated
CBs are more easily volatilized27 and less persistent28 than
HCB. The objective of the present study was therefore to
investigate whether wheat straw biochar could immobilize the
semivolatile CBs in soil thereby reducing their volatilization
losses and whether the immobilization efficiency of contami-
nants by biochar is dependent on the volatility of the chemicals.
CBs of different volatilities, pentachlorobenzene (PeCB),
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1,2,4,5-tetrachlorobenzene (1,2,4,5-TeCB), and 1,2,4-trichlor-
obenzene (1,2,4-TCB), which are listed as priority semivolatile
chemicals by US EPA, were selected as model compounds for
the study, and the results were compared with existing data on
HCB.26 The immobilization effectiveness was evaluated by
determining the residues, volatilization, butanol extraction, and
accumulation of the CBs by earthworms. The changes in
bioavailability of the CBs with aging time, as well as biochar
application rate in soil, were fitted into a prediction model.

■ MATERIALS AND METHODS
Chemicals. The CB standards (>99.5% purity) were purchased

from Dr. Ehrenstorfer (Augsburg, Germany). The physicochemical
properties of HCB, PeCB, 1,2,4,5-TeCB, and 1,2,4-TCB are shown in
Table 1.28 The solvents and all other chemical reagents, purchased

from Nanjing Chemical factory (Nanjing, China), were of analytical
grade. Anhydrous sodium sulfate was oven-dried at 400 °C for 4 h.
Soil Sampling and Biochar Preparation. An agricultural soil

collected from a vegetable field was used in this experiment. The soil
was sampled from the upper 20 cm, passed through a 2-mm sieve for
the incubation experiment, and air-dried and passed through a 0.15-
mm sieve for the sorption experiment. The soil had a pH of 7.56 and a
total carbon content of 3.10%, clay of 13.61%, silt of 63.11%, and sand
of 23.28%. The wheat straw biochar was produced under anoxic
conditions at 500 °C.26 The biochar had a pH of 10.51, total carbon
content of 48.53%, and specific surface area of 4.81 m2 g−1. Details of
soil and biochar properties are available in an earlier publication.26

Sorption of PeCB by Soil, Biochar, and Biochar-Amended
Soil. Due to the high volatility of 1,2,4,5-TeCB and 1,2,4-TCB, the
sorption experiment was conducted with PeCB only. The PeCB
solution, in acetone, was added to 10 mL of 0.005 M CaCl2 solution in
a 30 mL glass tube, giving initial concentrations ranging from 0.05 to 2
μg mL−1. The acetone concentration was 0.1% by volume to minimize
cosolvent effects.29 A total amount of 50 mg of soil was then amended
with 0%, 0.1%, 0.5%, 1%, and 2% each of biochar and added to the
tubes. Five milligrams of biochar was also used as a sorbent. The use of
these masses was to ensure that 60−80% of the added PeCB was
sorbed by the sorbents according to a preliminary experiment. The
tubes were immediately closed with Teflon-lined screw caps and
rotated on an overhead shaker at 40 rpm for 72 h at 25 °C. After
shaking, the suspensions were centrifuged at 4024g for 30 min. Then 5
mL supernatants were sampled and extracted twice with equal volumes
of n-hexane on a vortex shaker for 2 min. The extracts were pooled
together, dried with anhydrous sodium sulfate, and then concentrated
to 2 mL for further gas chromatographic (GC) analysis. All the
treatments were conducted in triplicate.
The sorption isotherms were fitted into the Freundlich model:29

=Q K Cn
e f e (1)

where Qe and Ce are the amounts of PeCB sorbed (μg g−1) and the
equilibrium solution concentration (μg mL−1), respectively, n is an

empirical exponent indicative of isotherm nonlinearity, and Kf is a
Freundlich unit capacity coefficient [(μg g−1)/(μg mL−1)n].

The solid/water distribution coefficients (Kd, mL g−1) at different
concentrations were calculated as:

=K Q C/d e e (2)

Immobilization of CBs in Soil by Biochar. Artificially
contaminated soil was used in this experiment. The mixed CB
(PeCB, 1,2,4,5-TeCB, and 1,2,4-TCB) standards were dissolved in
acetone and then applied to an aliquot of 15 g (dry weight) of soil in a
50-mL glass beaker. After evaporation of acetone, the 15 g of spiked
soil was mixed and then transferred to a 1000-mL glass beaker which
already contained 284.7 g (dry weight) of equilibrated soil (20% soil
moisture content, 25 °C for 1 week) and 0.3 g of biochar (0.1%
amendment) to give a total amount of 300 g (dry weight). This was
mixed by stirring carefully and thoroughly with a spatula and
transferred to a 1000-mL incubation flask, and the water content
was adjusted to 28% soil moisture content. Then 2 g of the spiked soil
was sampled to analyze the initial concentrations of CBs in the soil.
The remaining soil was compacted to a volume equivalent to 1.3 g
cm−3 of soil density. The flask was closed tightly with a rubber plug
which contained inlet and outlet tubes, and incubated at 25 °C for 24
weeks in the dark. The set-ups for the 0.5%, 1%, and 2% biochar
content were conducted in the same way as outlined above for the
0.1% treatment. The unamended treatment, without addition of
biochar, was used as control. There were therefore a total of five
treatments: 0% biochar, 0.1% biochar, 0.5% biochar, 1% biochar, and
2% biochar, all conducted in triplicates.

During the incubation period, the flasks were aerated once per week
for 20 min at an exchange rate of 0.4 L min−1, in a closed laboratory
trapping system,30 to flush out and trap the volatilized CBs. After
aeration, 10 g of soil was sampled for CB residues and butanol
extraction analysis. For the earthworm bioassay experiment, 25 g soil
was sampled after 1 week, and again after 24 weeks, of incubation.

Residues and Volatilizations of CBs in Soil. The residues of
CBs in soil were extracted by accelerated solvent extraction (ASE 200,
Dionex, Sunnyvale, CA) and were expressed as total concentrations of
CBs.31 Briefly, 2 g soil samples were homogenized with 5 g of
diatomaceous earth and extracted with hexane/acetone (4:1, v/v) at a
temperature of 100 °C and a pressure of 1500 psi. The extracts were
rotary evaporated at 45 °C to about 2 mL and then applied to a silica
gel/anhydrous sodium sulfate column, followed by elution with 15 mL
of hexane/dichloromethane (9:1, v/v). Finally, the eluate was
concentrated to 1 mL for subsequent GC analysis (details on GC
detection conditions are available in a previous publication31).

At the various sampling points, the volatile fractions of CBs were
trapped in two trapping bottles, each containing 15 mL of hexane.30

The two hexane trapping solvents were then pooled together, dried
with anhydrous sodium sulfate, and concentrated to 1 mL for
subsequent GC analysis.

The dissipation of CBs in soil was fitted into a modified first-order
kinetics equation:26

λ λ= + − −C C e[ (1 ) ]kt
0 (3)

where C (μg g−1) and C0 (μg g
−1) are the concentrations of CBs in soil

at time t and time 0 (initial concentration), respectively, λ is the
coefficient of nonbioavailable fraction of CBs in soil, k is the first-order
rate constant (week−1). The data on CBs in this study were compared
with existing data on HCB.26

Butanol Extraction. To assess the immobilization effectiveness of
biochar, butanol extraction31 was used and expressed as bioavailable
fractions. Generally, 2 g of soil was extracted with 15 mL of butanol in
a glass centrifuge tube by shaking on an orbital shaker at 200 rpm for 2
h, followed by centrifugation at 1448g for 30 min. The butanol
supernatants were discarded, and the extracted soil was washed with
10 mL of deionized water followed by exhaustive ASE extraction as
described above. The CB concentrations in the butanol extract were
calculated by subtracting the concentration in soil after butanol
extraction from the total concentration in soil before extraction.

Table 1. Physicochemical Properties of Chlorobenzenes
Studied

melting
point
(°C)

boiling
point
(°C)

vapor
pressure at
25 °C (Pa)

Sa

(mg L−1)

Hb

(kPa·M3

mol−1) Kow
c

1,2,4-
TCB

−17.00 213.50 45.30 45.30 0.439 3.98

1,2,4,5-
TeCB

139.50 243.60 0.72 2.16 0.261 4.51

PeCB 86.00 277.00 0.29 0.83 0.977 5.03
HCB 230.00 322.00 0.0023 0.02 0.005 6.18
aAqueous solubility at 25 °C. bHenry’s Law constant. cLog octanol/
water partition coefficient.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf400412p | J. Agric. Food Chem. 2013, 61, 4210−42174211



The regression of butanol extraction of CBs with aging time as well
as biochar application rate was expressed using the model:

= α β− +B B e0
( t f)

(4)

where B (%) is the butanol extraction efficiency for CBs, B0 (%) is the
butanol extraction at aging time (t) 0 and biochar application rate ( f)
0, and α (week−1) and β are constant coefficients. The data on CBs in
this study were compared with existing data on HCB.26

Earthworm Uptake. The earthworm (Eisenia fetida) uptake of
CBs in biochar-amended soil was conducted as a bioassay experiment.
Briefly, 10 adult worms with a clitellum were exposed to 25 g (dry
weight) of soils, adjusted to 30% soil moisture content with deionized
water in a 100-mL glass jar, and covered with aluminum foil having
several holes. The soils were kept under constant room light at 25 °C
for 14 d. After exposure, the worms were rinsed and allowed to purge
their gut contents for 48 h on moistened filter papers. The worms
were weighed, freeze-dried, and ground with 7 times their weights of
anhydrous sodium sulfate and equal weights of quartz sand, followed
by ASE extraction and GC analysis using the method for soil described
above.
The extent of earthworm accumulation of CBs was expressed using

a bioaccumulation factor (BAF):13

= C CBAF /worm soil (5)

where Cworm (μg g−1) and Csoil (μg g
−1) are the concentrations of CBs

in earthworms (dry weight) and in soil (dry weight), respectively. The
data on CBs in this study were compared with existing data on HCB.26

Quality Control and Data Analysis. To estimate the recoveries
of PeCB in the sorption experiment, blank samples without sorbents
were prepared and analyzed using the same procedure above. The
average recovery of PeCB in blank samples was 76.08 ± 6.7%. To
estimate the recoveries of CB residues in soil and in earthworms, a
recovery study was carried out by spiking CBs (20 ng) to 10 g of soil
or 2 g of earthworms. The extraction and purificiation of the samples
were performed using the same procedure as described above. The
average recoveries for three replicates were 82.46−88.06% in soil and
77.18−87.55% in earthworms. All statistical data analysis was
performed with SPSS 17.0, and the significance level was p < 0.05.

■ RESULTS AND DISCUSSION
Sorption of PeCB by Soil, Biochar, and Biochar-

Amended Soil. The Freundlich sorption isotherms and solid/
water distribution coefficients of PeCB to soil, biochar, and
biochar-amended soil are shown in Figure 1 and Table 2. On
the basis of the Kf and Kd values, the sorption affinity of PeCB
to biochar was significantly higher than that to soil (p < 0.05).

Therefore, the amendment of biochar to soil resulted in higher
sorption affinity of PeCB to biochar-amended soil than
unamended soil, even with 0.1% biochar amendment. More-
over, with increasing biochar content, the coefficient n values
increased progressively to 1, indicating a changed in sorption
dynamics from nonlinear to linear. This linearization of the
process could mean that biochar dominates the sorption of
PeCB in soil at high amendment ratios. A linear isotherm has
also been observed for sorption of HCB to biochar,26 and this
was ascribed to partitioning of CBs into the noncarbonized
organic phase32 and entering into the micropores of biochar.29

Therefore, PeCB, and by extension other lower chlorinated
CBs which are more volatile and smaller, could more easily
enter into the biochar micropores relative to HCB. Therefore, it
may be inferred that the effect of biochar on the sorption of
CBs to biochar-amended soil is more significant for the lower
chlorinated and hence more volatile CBs.

Immobilization of CBs in Biochar-Amended Soil. To
check whether biochar could immobilize semivolatile CBs in
soil, the changes in residues and volatilization of CBs over time
were monitored. As shown in Figure 2, the dissipations of
PeCB, 1,2,4,5-TeCB, and 1,2,4-TCB in the biochar-amended
treatments were lower relative to the 0% treatment, throughout
the whole incubation period, which could be confirmed by the
dissipation rate k values (Table S1, Supporting Information).
The k values in biochar-amended treatments were significantly
lower than in the unamended soil for different CBs (p < 0.05).
The more biochar was added to soil, the more the residues of
CBs were formed. Owing to its higher volatility, higher initial
concentration of 1,2,4-TCB - relative to PeCB and 1,2,4,5-
TeCB - was used in this study. Nevertheless, 2% biochar
addition effectively immobilized this high 1,2,4-TCB concen-
tration, resulting in 75.32% of 1,2,4-TCB residues in soil after
24 weeks of incubation (Table S1, Supporting Information).
The lower the chlorination level of CBs, the more

hydrophilic and degradable they are in soil under aerobic
conditions.33 In this study, the percentage of PeCB residues
was significantly higher than that of 1,2,4,5-TeCB and 1,2,4-
TCB, regardless of treatment (Table S1, Supporting
Information). The relative concentrations of CB residues in
biochar-amended treatments, compared to the 0% treatment,
after 24 weeks of incubation are shown in Figure 4a. The
relative concentrations of the four compounds were similar in
the 0.1% treatment, increased slightly for HCB and PeCB with
increasing biochar content (HCB data source from previous
research26), but increased greatly for 1,2,4,5-TeCB and 1,2,4-
TCB. At biochar content of 2%, the relative concentration was
highest for 1,2,4-TCB, followed by 1,2,4,5-TeCB, PeCB, and
HCB. This shows that with increasing biochar application rate,
the immobilization of CBs becomes more apparent, especially
for the lower chlorinated (hence volatile) 1,2,4-TCB. This is
not surprising because the higher chlorinated CBs such as HCB
are less volatile and therefore their immobilization by biochar
would not have such a pronounced effect. It can therefore be
inferred that the biochar immobilization effect increased with
decreasing chlorination of CBs.
The lower the chlorination of CBs, the faster the

volatilization from soil occurs.28 As shown in Figure 3, the
volatilization ratio of CBs was in the order of 1,2,4-TCB >
1,2,4,5-TeCB > PeCB, regardless of treatment. Significantly
lower volatilizations of CBs were detected in biochar-amended
treatments, indicating that sorption reduced the volatilization.
Decreased volatilization of CBs from soil results in lower

Figure 1. Sorption isotherms of pentachlorobenzene by soil and
biochar (dots: measured data; curves: Freundlich model fitted).
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concentrations of CBs in air, and therefore the uptake of CBs
by leafy vegetables could be reduced because leaf−air transfer
of the semivolatile compounds has been shown to be the main

CB accumulation pathway in these crops.34 The more biochar
added to the soil, the lower the volatilization of CBs from the
soil. Moreover, the reduction of volatilization in all biochar-

Table 2. Freundlich Sorption Parameters and Solid/Water Distribution Coefficient for PeCB

Freundlich constants log Kd

log Kf (μg g−1)/(μg mL−1)n n R2 0.05 μg mL−1 0.5 μg mL−1 1 μg mL−1 2 μg mL−1

soil (0%) 2.45 ± 0.05 0.79 ± 0.04 0.98 2.87 (4.55)a 2.76 (4.44) 2.58 (4.26) 2.42 (4.10)
0.1% 2.65 ± 0.12 0.90 ± 0.11 0.94 2.92 2.86 2.76 2.59
0.5% 2.86 ± 0.10 0.87 ± 0.08 0.96 2.93 3.12 3.07 2.81
1% 2.95 ± 0.15 0.96 ± 0.11 0.94 2.93 3.12 3.09 2.87
2% 3.01 ± 0.25 1.01 ± 0.20 0.86 3.08 3.14 3.08 2.94
biochar 5.12 ± 0.09 1.07 ± 0.04 0.99 4.94 5.03 5.06 4.95

aLog organic carbon normalized sorption constant (Koc).

Figure 2. Time course of chlorobenzenes residues in soils amended
with different percentages of biochar (a: PeCB; b: 1,2,4,5-TeCB; c:
1,2,4-TCB, dots: measured data; curves: model fitted).

Figure 3. Volatilization of chlorobenzenes from soils amended with
different percentages of biochar (a: PeCB; b: 1,2,4,5-TeCB; c: 1,2,4-
TCB).
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amended treatments, relative to the 0% treatment, was highest
for 1,2,4-TCB, followed by 1,2,4,5-TeCB, PeCB, and HCB
(Figure 4b) (HCB data source from previous research26). Even
for the 0.1% biochar amendment, there was nearly a 90%
reduction in volatile loss of 1,2,4-TCB (Figure 4b). These
results confirmed the hypothesis that biochar amendment is
effective at immobilizing more volatile CBs.
Butanol Extractions of CBs from Soil. As shown in

Figure 5, the butanol extraction efficiencies of CBs in each
treatment decreased with increasing aging period, indicating
that aging reduced the bioavailability of CBs in soil. The

butanol extraction efficiencies after 24 weeks of incubation
decreased to 16−34% of the extraction after 1 week of
incubation, among all treatments. With aging, organic
compounds can be strongly sequestered by soil organic matter
or enter into the nanopores.9 Therefore, part of the compounds
could not be extracted by a mild solvent such as butanol.10

As shown in Figure 5, the butanol extraction efficiencies at
each incubation time point decreased with increasing soil
biochar content, and this was consistent with the dissipation of
CBs from soil. In fact, the initial butanol extraction efficiencies
after 1 week were linear correlated to the dissipation ratios of
CBs after 24 weeks of incubation (R2 = 0.60−0.98). The more
biochar added to the soil, the lower the CB dissipation rates
and the lower the butanol extraction efficiencies that were
observed. Moreover, the low butanol extraction efficiencies in
biochar-amended treatments lasted throughout the incubation
period, indicating that the sorbed CBs may not be released
from biochar. It has been reported that biochar aged in soil for
2 years still had a high sorption affinity.21,35 With aging in soil,
biochar could sorb the dissolved organic carbon,35 which has

Figure 4. The concentrations of chlorobenzenes (CBs) (a), the
reduction of volatilization of CBs (b), and the reduction of earthworm
uptake of CBs (c) in biochar-amended treatments relative to 0%
treatment after 24 weeks of incubation. (HCB data source from
previous research26).

Figure 5. Changes in butanol extraction percentages of chloroben-
zenes with incubation time and biochar application rate in biochar-
amended soils (a: PeCB; b: 1,2,4,5-TeCB; c: 1,2,4-TCB, dots:
measured data; plane: model fitted).
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the most influence on the mobility of hydrophobic organic
compounds in soil.36 Moreover, mineral surfaces may cover the
surfaces of biochar over time, and the compounds sorbed in the
pore spaces would therefore not be released, resulting in long-
lasting reduced bioavailability.8 Reports in the literature have
shown that reduction in the available amount of a pollutant in
soil reduces its uptake by both flora and fauna.10 The effect of
this is to reduce the movement of the pollutant in the food
chain or food web. Therefore, the reduced bioavailability of
CBs in soil, as demonstrated in this study, results in a reduction
of uptake by plant roots. This, subsquently, reduces the
accumulation of the pollutant by root vegetables such as carrots
and other crops.37

Because butanol extraction was affected by both aging time
and biochar application rate in soil, a model (eq 4) containing
the two factors was used to fit the butanol extraction data. The
reductions in butanol extraction of CBs fitted into the
exponential curve, and this is consistent with other reports.11

The exponential curve indicates that the rate of reduction in
butanol extractable residues slowed with increasing biochar
content in soil. However, applying higher amounts of biochar
does not necessarily lead to better results; higher rates of
biochar amendment may result in decreased soil fertility due to
sorption of plant nutrients38 and increased toxicity to soil
organisms due to an abundance of unpalatable substrates in
biochar, such as PAHs.39 From this point of view, low biochar
application rates to soil would be better than high application
rates where such low amounts could effectively “grab” the lower
chlorinated CBs and thereby reduce their volatility.
As shown in Table 3, the B0 value was on the order of HCB

> PeCB > 1,2,4,5-TeCB > 1,2,4-TCB and was positively
correlated with the Kow of CBs (R2 = 0.80) (HCB data source
from previous research26). This could be explained by the fact
that butanol is a mild solvent. The higher the Kow of the
compound, the higher the butanol extraction efficiencies.40 The
α values were similar for the different CBs, indicating that the
effect of aging time on butanol extraction of the different CBs
was similar. However, the β values were on the order of 1,2,4-
TCB > 1,2,4,5-TeCB > PeCB > HCB and correlated negatively
with the Kow of CBs (R2 = 0.69), indicating that the effect of
biochar amendment on butanol extraction was more significant
for the more volatile lower chlorinated CBs. This result is
consistent with the high immobilizing effect of biochar on lower
chlorinated CBs (Figure 4) and confirms that the soil biochar
content plays an important role in affecting the environmental
fate of the semivolatile CBs.
Earthworm Accumulation of CBs in Soil. During the

accumulation experiments, no mortality was observed. As
shown in Figure 6, the BAFs of CBs to earthworms decreased
with increasing biochar content, after 1 week of incubation.
After aging for 24 weeks, although there were significantly

higher residues of CBs in biochar-amended soils (Figure 2), the
BAFs of PeCB, 1,2,4,5-TeCB, and 1,2,4-TCB in biochar-
amended treatments were significantly lower than in the 0%
treatment (p < 0.05) and with a value of less than 1.
The relative percentages of the reduction in earthworm

uptake of CBs in biochar-amended soils, relative to the 0%
treatment, are shown in Figure 4c. Compared to the 0%
treatment, the 0.1% biochar amendment reduced the earth-
worm uptake of HCB and PeCB by 33% and 44%, respectively
(HCB data source from previous research26), and by 94% for
both 1,2,4,5-TeCB and 1,2,4-TCB. This indicates that a low
level of biochar application can effectively reduce the
earthworm accumulation of 1,2,4,5-TeCB and 1,2,4-TCB.
Moreover, as shown in Figure 4c, the relative reduction in
percentages of CBs in each biochar treatment was on the order
of 1,2,4-TCB ≈ 1,2,4,5-TeCB > PeCB > HCB. This can be
explained two ways: First, earthworm E. fetida accumulation of
hydrophobic pollutants is an equilibrium process that mainly
takes place through the outer epidermis.40 In fact, the BAF was
on the order of HCB > PeCB > 1,2,4,5-TeCB > 1,2,4-TCB and
was positively correlated with the Kow of CBs in the different
treatments (R2 = 0.71−0.99), indicating that higher chlorinated
CBs could be more easily accumulated by earthworms. Second,
as discussed above, 1,2,4-TCB could more easily enter into the
micropores of biochar, thereby becoming less bioavailable to
the earthworms. These arguments are supported by the findings
of this study in that (i) biochar effectively immobilized the
lower chlorinated and therefore more volatile CBs, and (ii)
even a low content of biochar in soil significantly reduced the
volatilization and bioavailability of CBs, especially the lower
chlorinated ones.

Table 3. Regression Curves To Predict the Earthworm Uptake of Chlorobenzenes in Biochar-Amended Soil

regressions

B vs (t and f)a R2 E vs Bb R2 E vs (t and f)c

HCBd B = 86.87e−(0.006t+0.259f) 0.93 E = 0.38B − 16.63 0.89 E = 33.01e−(0.006t+0.259f) −16.63
PeCB B = 82.10e−(0.012t+0.288f) 0.82 E = 0.09B − 3.06 0.78 E = 7.39e−(0.012t+0.288f) − 3.06
TeCB B = 72.52e−(0.016t+0.328f) 0.87 E = 0.06B − 1.88 0.77 E = 4.35e−(0.016t+0.328f) − 1.88
TCB B = 55.05e−(0.011t+0.501f) 0.73 E = 0.05B − 0.87 0.83 E = 2.75e−(0.011t+0.501f) − 0.87

aRegressions between butanol extraction percentages of CBs in soil (B) and aging time (t) and biochar application rate ( f). bCorrelations between
earthworm uptake percentages of CBs from soil (E) and butanol extraction (B). cRegressions between earthworm uptake percentages of CBs (E)
and aging time (t) and biochar application rate ( f). dHCB data source from previous research.26

Figure 6. Bioaccumulation factors (BAF) of chlorobenzenes in
earthworm from soils amended with different percentages of biochar
after 1 week and 24 weeks of incubation.
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Prediction of Earthworm Uptake of CBs in Soil.
Chemical extraction was developed to mimic biota utilization
of contaminants in soil, in bioavailability assessment studies,
due to its advantages of time-saving, cost-effectiveness etc.10

Butanol has proved to be a good mimic of the passive uptake of
chemicals by organisms through their outer epidermis,14 such
as the accumulation process of E. fetida.40 Therefore, the
earthworm uptake of CBs in this study was modeled by butanol
extraction. As shown in Table 3, the earthworm uptake of CBs
correlated well with butanol extractions. In fact, the trend of
earthworm uptake of CBs was consistent with the butanol
extraction trend of CBs: HCB > PeCB > 1,2,4,5-TeCB > 1,2,4-
TCB (HCB data source from previous research26), indicating
that butanol extraction is reliable in assessing the bioavailability
of a series of CBs in soil.
The earthworm uptake of CBs in biochar-amended soil could

therefore be predicted by the different aging times and biochar
contents. As shown in Table 3, on the basis of regression
analysis, it is possible to calculate how much biochar is needed
to effectively immobilize CBs over a certain period in a given
soil. However, bioavailability is also soil and compound
specific.10 Therefore, to extrapolate the regression results to
different soils and compounds, more systematic research should
be conducted.
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