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a  b  s  t  r  a  c  t

Biochar  incorporation  with  soil  could  increase  sorption  of  organic  contaminants,  thereby  reducing  their
bioavailability.  In  this  study,  the  effects  of wheat  straw  biochar  on the  sorption,  dissipation  and  bioavail-
ability  of  hexachlorobenzene  (HCB),  a  typical  persistent  organic  pollutant  (POP),  were investigated  in
laboratory  experiments.  We  observed  that HCB  sorption  by  biochar  was  42 times  higher  than  that  by  soil
and the  sorption  isotherm  was  linear  for the  concentration  range  studied.  Biochar  amendments  reduced
eywords:
iochar
ioavailability
hemical extraction
arthworm
CB

HCB  dissipation,  volatilization  and  earthworm  (Eisenia  foetida)  uptake  of  HCB  from  soil.  Hydroxypropyl-
�-cyclodextrin  extraction  correlated  better  with  the  earthworm  bioassay  than  butanol  extraction  of
HCB  in  biochar-amended  soil.  The  results  of both  chemical  extraction  and  earthworm  bioassay  indi-
cate  that  biochar  amendment  of  soil resulted  in  a rapid  reduction  in  the  bioavailability  of  HCB,  even  for
the 0.1%  biochar  application  rate. This  suggested  that  wheat  straw  biochar  could  potentially  be  used in
immobilizing  POPs  in contaminated  sites.

© 2012 Published by Elsevier B.V.
. Introduction

Application of biochar into soil has been shown to sequester C,
educe the emission of greenhouse gases, improve soil fertilization
nd thus plant growth [1–3]. Biochar has also been shown to have

 very high affinity and capacity for sorbing organic contaminants
ince it has a large surface area and high microporosity, among
ther physico-chemical properties [4,5]. The strong sorption affin-
ty of biochar influences the environmental fate and behavior of
rganic contaminants in soil [5],  especially their bioavailability.

Bioavailability of contaminants dominates their potential
egradation and uptake in soil, since organisms mostly utilize
ontaminants dissolved in soil water [5].  The fact that decreased
egradation of benzonitrile, atrazine and simazine has been
bserved in biochar-amended soil [6–10], and that reduced plant
ptake of chlorpyrifos and carbofuran occurred with increasing
iochar addition in soil [11], shows that sorption of contaminants

y biochar reduces their bioavailability in soil [6,11].  The decreased
ioavailability of the herbicides could also result in reduced herbi-
idal efficacy to weeds [6,12].  For example, barnyard grass survival

∗ Corresponding author. Tel.: +86 25 86881195; fax: +86 25 86881000.
E-mail address: jiangxin@issas.ac.cn (X. Jiang).

1 These authors contributed equally to this work.

304-3894/$ – see front matter ©  2012 Published by Elsevier B.V.
oi:10.1016/j.jhazmat.2012.03.055
rating increased with increasing biochar content at potentially
damaging diuron or clomazone application rates [6,12].  However,
studies have also reported that microbial activity could be stim-
ulated by the elemental nutrients in biochar, thereby enhancing
the biodegradation of pollutants such as PAHs and benzonitrile
in biochar-amended soil [13,14].  Therefore, assessing the bioavail-
ability of contaminants in biochar-amended soil is of importance.

To assess the effect of biochar on the bioavailability of contam-
inants in soil, bioassays such as microbial degradation and plant
uptake have been performed [7,10,11]. However, these methods
are time-consuming and laborious [15]. Chemical extraction meth-
ods, such as mild-solvent extraction, have proved to be suitable in
bioavailability assessment of contaminants in soils without biochar
[15,16]. However, whether chemical extractions are suitable for
biochar-amended soil needs to be evaluated.

Most studies about the effects of biochar are based on polar
organic contaminants [6–12]. However, reports on the effect of
biochar on the bioavailability of non-polar persistent organic pollu-
tants (POPs) are limited [17,18]. The objectives of the present study
were therefore (1) to investigate the extent to which amendment of
soil with different levels of wheat straw biochar affects the bioavail-

ability of hexachlorobenzene (HCB) – a model non-polar POP and
(2) to evaluate the suitability of chemical extraction methods to
assess the bioavailability of contaminants in soil in the presence of
biochar.

dx.doi.org/10.1016/j.jhazmat.2012.03.055
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jiangxin@issas.ac.cn
dx.doi.org/10.1016/j.jhazmat.2012.03.055
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. Materials and methods

.1. Chemicals

Hexachlorobenzene (HCB) – a typical POP – was used as a model
ompound. The HCB standard (>99.5% purity) was obtained from
r. Ehrenstorfer (Augsburg, Germany). The solvents and all other
hemical reagents were of analytical grade and were obtained from
anjing Chemical factory (Nanjing, China). HPCD (>98% purity)
as obtained from Shanghai ANPEL Scientific Instrument Co. Ltd.

Shanghai, China). Anhydrous sodium sulfate was oven-dried at
00 ◦C for 4 h prior to use.

.2. Soil sampling

An agricultural soil (Ferri-Udic Argosols, as referred to in Chinese
oil Taxonomy) was collected from a vegetable field in Nanjing,
hina (32◦12′4.6′′N,118◦50′112.3′′E). The soil was  sampled from
he upper 20 cm,  passed through a 2-mm sieve for the incubation
xperiment and air dried and passed through a 0.15-mm sieve for
he sorption experiment, before storage at 4 ◦C. Analysis for the
oil physico-chemical properties was conducted by conventional
tandard procedures [19].

.3. Biochar preparation

Wheat straw (Triticum aestivum L.) was used to produce biochar
nder anoxic conditions by a patented biochar reactor (NO.: ZL 2009

 0232191.9). Prior to biochar production, the wheat straw was
ven-dried for 12 h at 80 ◦C, and then moved to the biochar reac-
or, which was heated by a step-wise temperature programme. The
tarting temperature was 200 ◦C, followed by consecutive elevation
o 250 ◦C, 300 ◦C, up to a maximum of 500 ◦C, and the tempera-
ure was maintained for 1.5 h at each point. The whole production
rocess, at the final temperature step, was stopped when no fur-
her smoke was emitted from the gas exit pipe. The biochar sample
as allowed to cool to room temperature, and sieved through a

.15-mm mesh.
The specific surface area was determined applying the

runauer–Emmett–Teller (BET) method to nitrogen adsorption
sotherms while the pore volume and size were determined using
arrett–Joyner–Halenda (BJH) adsorption and desorption analysis
4]. The biochar functional groups were determined using a Fourier
ransform infrared (FTIR) spectrometer (NEXUS 870, Thermo Nico-
et, USA). The samples for FTIR analysis were prepared in 2% KBr

agers. The infrared spectra were obtained with 2 cm−1 resolution
nd 64 scans between wave numbers of 400 cm−1 and 4000 cm−1

20].

.4. HCB sorption methodology

To compare the sorption affinities of soil and biochar, a batch
orption experiment was conducted. Due to the low water solu-
ility of HCB (6.2 �g L−1 at 25 ◦C), the HCB was firstly dissolved

n acetone, and then added to 10 mL  0.005 M CaCl2 solution in a
0 mL  glass tube. The initial concentrations of HCB ranged from 50
o 2000 �g L−1 in this experiment, which were higher than its water
olubility. Due to the fact that the acetone used could enhance the
ffinity of HCB for aqueous phase and thus affect the HCB sorp-
ion, the acetone concentration was 0.1% by volume to minimize
he cosolvent effect [21]. Then 5 mg  or 50 mg  of biochar or soil,
espectively, was added to the tubes. The use of these masses was

o ensure that 60–80% of the added HCB was sorbed by the sor-
ents [21]. The tubes were immediately closed with Teflon-lined
crew caps and rotated on an overhead shaker at 40 rpm for 72 h
t 25 ◦C. A preliminary experiment had shown that sorption could
terials 217– 218 (2012) 391– 397

reach equilibrium within 72 h. At equilibrium, the suspensions
were centrifuged at 4024 × g 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 triplicates.

The biochar, after sorbing HCB (2000 �g L−1 HCB concentra-
tion), was  dried in desiccators to produce the HCB-sorbed biochar
(Biochar-HCB). The Biochar-HCB and pure HCB powder samples
were analyzed by FTIR as described in Section 2.3.

2.5. Dissipation of HCB in soil affected by biochar

Prior to the start of the experiments, the soil samples were wet-
ted to 20% of soil moisture content and equilibrated for 1 wk at
25 ◦C in the dark. 0.55 mg  of HCB standard, dissolved in 10 mL  ace-
tone, was applied to an aliquot of 15 g (dry weight) of soil in a
50-mL glass beaker. After evaporation of acetone, the soil aliquot
was mixed and transferred into a glass beaker which already con-
tained 284.7 g (dry weight) of equilibrated soil and 0.3 g (0.1%) of
biochar. The total 300 g of soil amended with biochar was mixed
by stirring carefully and thoroughly with a spatula, transferred to
a 1000-mL incubation flask, and adjusted to 28% soil moisture con-
tent. Then 2 g of the spiked soil was sampled with a stainless steel
soil borer to analyze the initial concentration of HCB 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 wk
in the dark. The setups for the 0.5%, 1% and 2% biochar content were
conducted in the same way outlined above for the 0.1% treatment.
The unamended treatment, without addition of biochar, was  used
as control. There were therefore a total of 5 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 lab-
oratory trapping system, to flush out and trap the volatilized HCB
(for details on the trapping system, see [22]). After aeration, 10 g of
soil was  sampled for HCB residues and chemical extraction analy-
sis. For the earthworm bioassay experiment, 25 g soil was  sampled
after 1 wk, and again after 24 wk,  of incubation.

2.6. Residues and volatilization of HCB in soil

The residues of HCB in soil, which means total concentration
in soil, were extracted by accelerated solvent extraction (ASE 200,
Dionex, USA) [16]. Briefly, 2 g soil samples were homogenized with
5 g diatomaceous earth. The extraction was  performed at a temper-
ature of 100 ◦C and a pressure of 1500 psi with hexane/acetone (4:1,
v/v). The extracts were rotary evaporated at 45 ◦C to about 2 mL  and
then applied to a silica gel/anhydrous sodium sulfate column, fol-
lowed by elution with 15 mL  hexane/dichloromethane (9:1, v/v).
Finally, the eluate was  concentrated to 1 mL for subsequent GC
analysis.

During the experimental period, the volatile fraction of HCB was
trapped with hexane, dried with anhydrous sodium sulfate and
concentrated to 1 mL  for subsequent GC analysis.

2.7. Bioavailability assessment of HCB in soil

2.7.1. Chemical extraction

Butanol extraction and HPCD extraction – which have been

shown to be effective in bioavailability assessment of HCB in soil
[16] – were evaluated for their suitability in assessing the bioavail-
ability of HCB in the biochar-amended soil. Generally, 2 g soil was
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Table 1
Physico-chemical properties of soil and wheat straw biochar.

Soil Biochar

pH 7.56 10.51
Organic matter (%) 3.61 –a

Total C (%) 3.10 48.53
Total N (%) 0.14 0.46
Total P (%) 0.09 0.11
Total K (%) 2.31 5.24
Clay  (%) 13.61 –
Silt  (%) 63.11 –
Sand (%) 23.28 –
Specific surface area (m2 g−1) – 4.81
Pore volume (cm3 g−1) – 0.0051
Y. Song et al. / Journal of Hazardo

xtracted with 15 mL  n-butanol or 25 mL  HPCD (50 mM)  in a glass
entrifuge tube by shaking on an orbital shaker at 200 rpm for 2 h
butanol) or 24 h (HPCD), followed by centrifugation at 1448 × g for
0 min. Then, 10 mL  of the HPCD supernatants was  sampled and
xtracted twice with 10 mL  hexane, followed by drying with anhy-
rous sodium sulphate and concentration to 1 mL  for GC analysis.
he butanol supernatants were discarded and the extracted soil
as washed with 10 mL  deionized water followed by exhaustive
SE extraction as described in Section 2.6.  The HCB concentration

n the butanol extract was calculated by subtracting the concentra-
ion in soil after butanol extraction from the total concentration in
oil before extraction [16].

.7.2. Earthworm bioassay
Earthworm (Eisenia foetida)  was used in a bioassay experiment

o evaluate the effectiveness of chemical extraction methods (Sec-
ion 2.7.1) to predict the bioavailability of HCB, according to the
rocedure of [16,23]. Briefly, 10 adult worms with a clitellum
ere exposed to 25 g (dry weight) soils sampled in Section 2.5,

djusted to 30% soil moisture content with deionized water in a
00-mL glass jar, and covered with aluminum foil with several
oles. The soils were kept under constant room light at 25 ◦C for
4 d. After exposure, the worms were rinsed and allowed to purge
heir gut contents for 48 h on moistened filter papers. The worms
ere weighed, freeze-dried, and ground with 7 times their weights

f anhydrous sodium sulphate and equal weights of quartz sand,
ollowed by ASE extraction using the method described for soil
xtraction in Section 2.6.

.8. GC analysis

The concentrations of HCB in all the samples were measured by a
as chromatograph (Agilent 6890, USA) equipped with a DB-5 cap-
llary column (30 m length × 0.32 mm inside diameter × 0.25 �m
lm thickness), a 63Ni electron capture detector and an HP 7683
uto-sampler. Nitrogen (purity > 99.999%) was used as the carrier
as at a flow rate of 1.5 mL  min−1. The column temperature was
rogrammed from 60 ◦C (1 min) to 140 ◦C at 20 ◦C min−1 and then
o 280 ◦C (5 min) at 8 ◦C min−1. The injector and detector temper-
tures were 220 ◦C and 300 ◦C, respectively. The injection volume
as 1 �L in the splitless mode. The detection limit was  1 pg �L−1.

.9. Quality control and data analysis

To estimate the recovery of HCB in the sorption experiment,
lank samples without sorbents were prepared and analyzed using
he same procedure in Section 2.3. The average recovery of HCB in
lank samples was 96.2 ± 2.1%. To estimate the recoveries of HCB
esidues in soil and in earthworm, a recovery study was carried
ut by spiking HCB (2 �g) to 10 g of soil or 2 g of earthworm. The
xtraction and purificiation of the samples were performed using
he procedure described in Section 2.6. The average recoveries for

 replicates were 91.6 ± 4.3% in soil and 99.9 ± 2.5% in earthworm.
o estimate the recovery of HCB extracted by hexane from HPCD,
0 �g mL−1 HCB (2.5 �g in 250 �L acetone) was spiked to 25 mL
PCD, followed by extraction with hexane as described in Section
.7.1. The average recovery for 3 replicates was 96.2 ± 5.2%.

The sorption isotherms of HCB, for both biochar and soil, were
enerated by fitting the data into the Freundlich model [21]:

e = Kf Cn
e (1)
here Qe and Ce are the amounts of HCB sorbed (�g g−1) and the
quilibrium solution concentration (�g L−1), respectively; n is an
mpirical exponent indicative of isotherm nonlinearity and Kf is a
reundlich unit capacity coefficient [(�g g−1)/(�g  L−1)n].
Pore  width (nm) – 5.00

a (–) not determined.

The dissipation of HCB in soil was  evaluated by fitting the data
into a modified first-order kinetics equation [22]:

C = C0[� + (1 − �)e−kt] (2)

where C (�g g−1) and C0 (�g g−1) are the concentrations of HCB in
soil at time t and time 0 (initial concentration), respectively; � is
the coefficient of non-bioavailable fraction of HCB in soil; k is the
first-order rate constant.

The extent of earthworm accumulation of HCB was expressed
using a biota-soil accumulation factor (BSAF) [23]:

BSAF = Cworm

Csoil
(3)

where Cworm (�g g−1) and Csoil (�g g−1) are the concentrations of
HCB in earthworm (dry weight) and in soil, respectively.

All statistical data analysis was  done with SPSS 17.0 and the
significance level was p < 0.05.

3. Results and discussion

3.1. Biochar properties

The physico-chemical properties of biochar and soil are shown
in Table 1. The pH of the biochar was 10.51, which is in agreement
with other reported values in literature [2].  The biochar had a total
carbon content of 48.53%, which was higher than that reported
for wheat ash [24,25]. The specific surface area of biochar was
4.81 m2 g−1, which is similar with that reported for wheat ash [24].

3.2. Sorption of HCB by soil and biochar

The sorption isotherms of HCB to soil and biochar fitted well into
the Freundlich model (R2 was 0.96 and 0.93 for soil and biochar,
respectively) and are shown in Fig. 1. The Freundlich coefficient, n,
for soil and biochar were 0.70 ± 0.05 and 0.98 ± 0.09, respectively,
indicating that the sorption of HCB to biochar for the concentra-
tions examined was  linear. The Kf values for soil and biochar were
2.01 ± 1.27 and 86.16 ± 1.26, respectively, indicating that biochar
was 42 times more effective in HCB sorption compared to soil.

For biochar sorption, both non-linear and linear sorption
isotherms of organic compounds have been reported and were
attributed to surface-adsorption dominant and partition-dominant
processes, respectively [4,21].  The linear sorption of HCB by biochar
(Fig. 1) might be ascribed to partitioning into the noncarbonized
organic phase since the surface area of biochar in this study was not
so high (Table 1). Linear partitioning of atrazine to biochar derived

at low temperature of 350 ◦C has also been reported [26]. Besides
the surface area, porosity, aromatic components and surface func-
tional groups are also important factors affecting the sorption
affinity of biochar [21]. The HCB molecule could enter into the
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ig. 1. Sorption isotherms of HCB by soil and wheat straw biochar (dots: measured
ata; curves: Freundlich model fitted).

esopores of biochar given that the biochar used had large pore
olumes and enough pore width (Table 1). The pore-filling could
lso result in a linear isotherm [21]. The observed linear isotherm,
n spite of the high HCB concentration used in the experiment, indi-
ates the high sorption affinity of the sorbents for HCB. This implies
hat much higher HCB concentrations would be required for non-
inear sorption to occur. The higher Kf values for biochar further
mphasize the strong sorption ability of biochar for HCB, and by
xtension non-polar organic compounds.

.3. FTIR analysis

The FTIR spectra of biochar before and after reaction with HCB
re shown in Fig. 2. Different bands in the spectra represented dif-
erent vibrations of functional groups in biochar [20]. The broad
and at 3600–3100 cm−1 was assigned to O H stretching [27].
he bands at 2967, 2924, 2856 and 1370 cm−1 were assigned
o aliphatic CH2 stretching, indicating that the original organic
esidues – such as polymeric and fatty acids – existed in the biochar
20]. Other bands represent stretches due to C O in carboxylic
nd ester groups (1704 cm−1), C C and C O in aromatic rings

1590 cm−1), COOH and CHO (1437 cm−1) and aromatic C H (1200

 1110 cm−1 and 876, 812, 754 cm−1) [4,28].  The benzene skele-
on vibration (1340 and 1290 cm−1) and bending vibration of C Cl
696 cm−1) of HCB were also detected in the biochar-HCB sample,
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ig. 2. FTIR spectra of wheat straw biochar before and after reaction with HCB.
Fig. 3. Time course of HCB residues (a) and volatilization (b) in soils amended with
different percentages of wheat straw biochar (dots in (a): measured data; curves in
(a): modified first-order kinetics model fitted).

without chemical shift, indicating that physical sorption of HCB to
biochar might have occurred.

3.4. Dissipation of HCB from soil

The residues and volatilization of HCB with time in biochar-
amended and unamended (0%) treatments are shown in Fig. 3. In
the first 2 wk,  faster dissipation of HCB was  observed in the 0.1% and
0.5% biochar-amended treatments compared to the 0% treatment.
This might be due to nutritional stimulation of biochar applica-
tion for native microorganisms. The nutrients in biochar could be
released into soil within 1 wk  after application [23] and thereby
stimulate soil microbial activity [13]. However, after 4 wk, a signifi-
cant decrease in HCB dissipation was noted in the biochar-amended
soils (Fig. 3a). The HCB residues in soil increased with increas-
ing biochar content while the volatilization of HCB decreased with
increasing biochar content (Fig. 3). The 0% treatment showed the
highest volatilization at each sampling point and this led to the
highest accumulated volatilization losses after 24 wk  of incuba-
tion. In contrast, significantly lower volatilizations were detected
in biochar-amended treatments (p < 0.05).

The dissipation of HCB in soil fitted well into the modified first-
order kinetics model (Table 2). The non-bioavailable coefficient,
�, increased with increasing content of biochar in soil, indicating
decreased bioavailability of HCB in biochar-amended treatments
and further indicating that sorption inhibition of HCB bioavail-
ability – rather than nutritional stimulation – was the dominant

factor affecting the dissipation of HCB in biochar-amended soil. This
could be confirmed, firstly, by the strong sorption affinity of biochar
(Fig. 1) and, secondly, by the phenomenon that the lesser the dis-
sipation of HCB, the lesser the volatilization of HCB that occurred
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Table 2
Residues of HCB in soils amended with different percentages of wheat straw biochar after 24 wk of incubation and their regression equations fitted into the modified
first-order kinetics model.

Biochar amendment Residue (%) Modified first-order kinetics model fitted

C0
a �b kc R2

0% 25.86 ± 3.02 1.78 ± 0.21 0.18 ± 0.06 0.13 ± 0.03 0.98
0.1%  35.99 ± 3.64 1.67 ± 0.31 0.23 ± 0.10 0.08 ± 0.02 0.98
0.5%  55.38 ± 2.31 1.64 ± 0.13 0.53 ± 0.04 0.14 ± 0.03 0.97
1%  63.72 ± 3.89 1.68 ± 0.08 0.61 ± 0.02 0.12 ± 0.02 0.99
2%  85.99 ± 2.56 1.69 ± 0.25 0.76 ± 0.08 0.04 ± 0.02 0.97

(
z
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a C0: concentrations of HCB in soil at start time.
b �: coefficient of non-bioavailable fraction of HCB in soil.
c k: first-order rate constant.

Fig. 3). Reports have shown that high biodegradation of chloroben-
enes in soil results in decreased volatilization of chlorobenzenes,
henever biodegradation is the dominant process [22,29]. This

ontrasts with our findings in this study and it can therefore be
nferred that HCB was getting sorbed to biochar and becoming
on-available for degradation and volatilization processes.

.5. Butanol and HPCD extractions of HCB from soil

As shown in Fig. 4, the butanol- and HPCD-extraction efficien-
ies of HCB in soil, expressed as percentages of the HCB extracted by
SE at each sampling time, decreased with increasing aging period.
mendment with biochar significantly reduced the extractability of

CB in soil, indicating the strong sorption ability of biochar. Even for

he 0.1% biochar-amended treatment, significantly lower (p < 0.05)
hemical extraction efficiencies, relative to the 0% treatments, were
bserved. The HPCD extraction efficiency showed the same trend as
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ercentages of the HCB extracted by ASE at each sampling time.
the butanol extraction efficiency for different treatments, but was
lower than the butanol extraction efficiency over the whole incuba-
tion period, regardless of treatment or aging period. This could be
explained by the fact that butanol is a mild-extraction solvent while
HPCD acted as a sink in the extraction procedure, and this resulted
in different interaction mechanisms during extraction [15]. Butanol
could directly contact soil or biochar particles during extraction
while in HPCD extraction HCB is first desorbed from soil or biochar
particles, dissolved into water and then captured by HPCD [30].

3.6. Earthworm accumulation of HCB in soil

Strong sorption of contaminants by biochar may  result in the
formation of hot spots, containing significantly higher concentra-
tions of contaminants relative to the surrounding soil [7].  Therefore,
soil mesofauna such as earthworm might ingest the biochar par-
ticles and thus result in high accumulation of contaminants.
However, as shown in Fig. 5, both the BSAF and concentrations
of HCB in earthworm decreased markedly with increasing biochar
application rate and decreased after 24 wk – compared to 1 wk – of
incubation, for both biochar-amended and unamended treatments
(p < 0.05). Li et al. [31] reported that earthworm avoidance, which
occurs in soil amended with as low as 10% biochar, could be miti-
gated by wetting. In the present study, earthworm avoidance might
not occur due to the low content of biochar and the high soil water
content in the bioassay experiment. Bioaccumulation of hydropho-
bic organic pollutants by E. foetida is an equilibrium process and

mainly occurs through their outer epidermis [32]. Therefore, the
low earthworm accumulation of HCB in biochar-amended soils
could be explained by the reduced concentration of HCB in the soil
liquid phase as a result of the strong sorption by biochar, and this
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ould demonstrate that biochar reduces the risk of HCB transporta-
ion in the food chain.

.7. Evaluation of chemical extractions

The earthworm bioassay experiment was used to evaluate the
uitability of chemical extractions to predict bioavailability of HCB
n soil. As shown in Fig. 6a, the earthworm-accumulated concen-
rations of HCB correlated poorly with the total concentration of
CB in soil, but correlated well with butanol and HPCD extrac-

ions, indicating that chemical extractions are more reliable than
xhaustive extraction in bioavailability assessment. However, the
orrelation coefficients of both concentrations, and the percentages
etween HPCD extraction and earthworm uptake of HCB from soil,
ere not only higher but also closer to the 1:1 line, compared to the

utanol extraction (Fig. 6). The correlation coefficient between the
arthworm-accumulated concentration and the butanol-extracted

oncentration of HCB in biochar-amended soil (0.69) was lower
han that in soil without biochar (0.98) in our previous experiment
16]. These results indicate that HPCD extraction is more reliable
han butanol extraction in bioavailability assessment of HCB in
terials 217– 218 (2012) 391– 397

biochar-amended soil and that the suitability of chemical extrac-
tions might be specific for soil with and without biochar. Therefore,
the selection of chemical extraction methods to assess the bioavail-
ability of contaminants in soil in the presence of biochar needs
rethinking.

3.8. Bioavailability of HCB in soil affected by biochar

The reduced dissipation (Fig. 3), reduced HPCD extraction
(Fig. 4) and reduced earthworm accumulation (Fig. 5) of HCB
in biochar-amended treatments, all indicate that application of
biochar reduced the bioavailability of HCB in soil, and this resulted
from the strong sorption affinity of biochar [6,10].  The sorption
affinity of biochar, after amendment with soil, was different from
that in liquid solution medium due to biochar interaction with soil
organic matter and minerals over time [2].  The sorption of HCB
in biochar-amended soil could be divided into two parts: a part
sorbed by soil organic matter and another sorbed by biochar. Com-
pounds sorbed by dissolved organic carbon (DOC) could increase
their mobilization and thus bioavailability [33]. However, the DOC
released from soil could also be sorbed by biochar [25]. Similarly,
the DOC released from biochar could be sorbed by soil, resulting in
competition with HCB for sorption sites or even provision of addi-
tional sites for HCB sorption on the soil surface [34]. Moreover,
the mineral surfaces may  cover the surfaces of biochar over time
and, therefore, the compounds sorbed in the pore spaces would
not be released, resulting in long-lasting reduced bioavailability
[5]. Therefore, the sorption and interaction between biochar and
soil resulted in reduced bioavailability of HCB.

Both the HPCD extraction and earthworm bioassay results
showed the reduction of HCB bioavailability in biochar-amended
soil of over half a year, even at the 0.1% application rate
(Figs. 4 and 5). On average, the production of wheat straw biochar
from field burning would result in a char content of 0.024–0.066%
in the soil [4,6]. A higher content may  occur in agricultural soils
due to the annual burning of wheat residues, and the biochar aged
in soil for 2 years still had a high sorption affinity [7,25].  There-
fore, biochar in agricultural soils may  play an important role in
affecting the bioavailability of pesticides or POPs, such as reducing
plant uptake [11]. Moreover, the 50 mM HPCD solution could not
efficiently extract HCB from biochar-amended soil (Fig. 4b), indicat-
ing that biochar not only reduced the bioavailability of HCB in soil,
but also reduced the risk of HCB leaching to ground water. There-
fore, biochar showed great potential for use in immobilization or
stabilization technologies to minimize plant uptake, leaching and
transport along the food chain of POPs in contaminated sites. The
length of time the pollutants remain strongly sorbed by biochar in
soil is of importance and needs more systematic research.

4. Conclusions

Wheat straw biochar has great sorption capacity for HCB, and
its sorption for the compound is stronger than that of the soil used
in the study. HPCD extraction is more reliable than butanol extrac-
tion in bioavailability assessment of HCB in soil, in the presence
of biochar. Amendment of soil with biochar significantly decreases
the dissipation and volatilization of HCB from soil and thus results
in reduced bioavailability of HCB, even for low biochar applica-
tion rates. Therefore, wheat straw biochar has great potential for
immobilizing POPs in soil.
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