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We investigated the effectiveness of two types of biochars in reducing the bioavailability of two soil-
applied insecticides (chlorpyrifos and carbofuran) to Spring onion (Allium cepa). The biochars prepared
from the pyrolysis of Eucalyptus spp. wood chips at 450 and 850 �C (BC850) were thoroughly mixed into
the soil to achieve 0%, 0.1%, 0.5% and 1% by soil weight. A spring onion crop was grown for 5 wk in the
biochar-amended soils spiked with 50 mg kg�1 of each pesticide. The loss of both pesticides due to deg-
radation and or sequestration in soils decreased significantly with increasing amounts of biochars in soil.
Over 35 d, 86–88% of the pesticides were lost from the control soil, whereas it was only 51% of carbofuran
and 44% of chlorpyrifos from the soil amended with 1.0% BC850. Despite greater persistence of the pes-
ticide residues in biochar-amended soils, the plant uptake of pesticides decreased markedly with increas-
ing biochar content of the soil. With 1% of BC850 soil amendment, the total plant residues for chlorpyrifos
and carbofuran decreased to 10% and 25% of that in the control treatment, respectively. The BC850 was
particularly effective in reducing phytoavailability of both pesticides from soil, due to its high affinity for
and ability to sequester pesticide residues.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Biochar is formed by incomplete combustion of biomass and
has been shown to be particularly effective in sorption and seques-
tration of organic contaminants in soil due to its greater surface
area, high microporosity and other physiochemical properties
(Chiou et al., 2000; Allen-King et al., 2002; Accardi-Dey and Gsch-
wend, 2003; Chun et al., 2004; Lohmann et al., 2005; Yu et al.,
2006). Biochars produced from burning of wheat and rice residues
were reported to be up to 2500 times more effective than soil in
sorbing diuron herbicide (Yang and Sheng, 2003). James et al.
(2005) evaluated sorption of phenanthrene on various wood chars
produced at varying heating temperature and concluded that in
addition to surface area, heterogeneous surface properties contrib-
ute to sorptive ability of biochars. Incorporation of a small amount
of biochar in a soil has also been shown to inhibit the microbial
degradation of benzonitrile (Zhang et al., 2005), and reduce herbi-
cidal efficacy of diuron to barnyard grass (Yang et al., 2006). Hydro-
phobic sorbents with nanoporosity have been reported to
sequester organic compounds and reduce their bioavailability.
For example, tests with model sorbents by Nam and Alexander
(1998) showed that with glass and polystyrene beads (with no
porosity) phenanthrene was rapidly mineralized whereas with
009 Published by Elsevier Ltd. All r
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porous polystyrene beads, containing 5- or 300–400 nm pores, lit-
tle of the compound was desorbed and only <7% of sorbed phenan-
threne was mineralized. We have also previously found (Yu et al.,
2006) that the sorption and desorption behaviour of diuron is
strongly influenced by the presence of biochars in soil. We noted
an increase in sorption–desorption hysteresis, which suggested
that sorption by biochar can facilitate sequestration of organic con-
taminants due to its nanoporosity.

In countries such as China and India, partially combusted resi-
dues are commonly added to soil through agricultural practices,
such as adding the burnt-residues from firewood and livestock
dung as fertilizer. Other practices such as direct burning of plant
residues (e.g. sugarcane trash) and natural combustion such as for-
est fires have contributed to the high level of biochar found in
some soils (Schmidt et al., 1996; Skjemstad et al., 1996; Young
et al., 2005; Lehmann et al., 2006), which may strongly influence
the environmental fate and behavior of organic contaminants in
soils. Despite increasing interest in biochar application into soil
for carbon sequestration to abate climate change (Lehmann et al.,
2006), currently little information exists in literature if biochar
amendment to soil can reduce the plant uptake of pesticide resi-
dues. Such a practice, if found effective, can assist in management
of contaminated agricultural and urban soils from past use of
pesticides.

The objectives of this study were therefore to investigate (i) the
effectiveness of biochars in reducing the bioavailability and plant
ights reserved.
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uptake of pesticides with different water solubility from soil, and
(ii) to compare the effects of the two types of biochars on their rel-
ative potential for sequestration of pesticides in soil. We assessed
this for two commonly used pesticides with contrasting properties
(carbofuran and chlorpyrifos) in soil amended with two kinds of
biochars by investigating (i) dissipation (degradation and/or
sequestration) of the two pesticides from soil and (ii) by assessing
the plant uptake of pesticide residues by spring onion (Allium cepa).

2. Materials and methods

2.1. Biochars

The biochars were produced from Red gum wood (Eucalyptus
spp.) at two different temperatures (450 and 850 �C) as described
previously (Yu et al., 2006). Briefly, air dried red gum woodchips
were pyrolyzed at 450 and 850 �C under limited oxygen in a muffle
furnace to make two types of biochars (referred to as BC450 and
BC850). The prepared biochar materials were hand-ground to a
fine powder in a grinder and roller and passed through a 200 lm
sieve. The specific surface area (SSA) and pore size distribution of
the two biochars were evaluated using BET nitrogen adsorption
techniques at 77 K and have been reported earlier (Yu et al.,
2006). The SSA of BC850 and BC450 were 566 m2 g�1 and
27 m2 g�1, respectively. BC850 was a microporous material with
all pores being essentially less than 1 nm in pore width and the
maximum peak occurring at pore widths of about 0.49 nm,
whereas BC450 had a lower level of microporosity with the peak
maxima occurring at a pore width of about 1.1 nm (Yu et al., 2006).

2.2. Soil and pesticides

A sandy loam soil locally known as red-brown earth (a Xeralf)
was collected from the Roseworthy Campus of the University of
Adelaide. The soil consisted of 87.8% sand, 1.3% silt, 8.3% clay and
1.4% organic matter. The soil had a pH of 6.8 (1:5, soil:water), a
maximum water holding capacity (MWHC) of 35% (v/v) and a cat-
ion exchange capacity of 9.3 cmol (+) kg�1. After air drying, the soil
was passed through a 2 mm sieve. Biochar-amended soils were
prepared by thoroughly mixing the soil with accurately weighed
biochar on a rotary shaker for 7 d. The percentages of two biochar
materials in the amended soils were: 0%, 0.1%, 0.5%, and 1.0% (w/
w), respectively.

Carbofuran (>99%) and chlorpyrifos (>99%) were obtained from
Sigma–Aldrich (Sydney, Australia). Carbofuran and chlorpyrifos
were selected in this study because the two pesticides are widely
used to control soil insect pests and their residues have been found
in some vegetables in China (Chen et al., 2006). Carbofuran is a
nonvolatile carbamate compound with a vapor pressure of
0.031 mPa at 20 �C, a water solubility of 320 mg L�1 at 20 �C, and
a log Kow of 1.52 (Tomlin, 2000). Chlorpyrifos is an organophos-
phate pesticide with a low water solubility (1.4 mg L�1 at 25 �C)
and high hydrophobicity (log Kow of 4.70) (Tomlin, 2000). Solvents
of HPLC grade (acetonitrile, acetone, dichloromethane, and hexane)
used in the extraction and instrumental analysis were all obtained
from Merck Pty Limited (Victoria, Australia). Sodium sulphate
dehydrates and florisil used in the extraction and clean-up pro-
cesses were obtained from Sigma–Aldrich (Sydney, Australia).

2.3. Plant growth experiment

Spring onion (A. cepa) planted in vermiculite (procured from a
local nursery in Adelaide) was used as the test plant in this study.
Seedlings of about 20 cm in height were selected to conduct plant
experiments using plastic containers (10 cm in diameter and 10 cm
in height) as a closed system allowing no leaching loss of water or
pesticides. Each container was filled with 500 g of the biochar-free
soil or biochar-amended soils, and then 2.5 mL of 10 mg mL�1

pesticides solution in acetone was added into each container,
resulting in a spiked concentration of 50 mg kg�1 for each
pesticide. We chose a relatively high insecticide concentration in
this research as these two insecticides are used as direct soil
application to control soil insect pest, and may produce temporary
elevated concentrations in the rhizosphere. The seven biochar
amendments used in this experiment were control (0% biochar),
three amendments with BC450 (0.1%, 0.5% and 1.0% BC450) and
other three with BC850 (0.1%, 0.5% and 1.0% BC850). The combina-
tion of seven biochar treatments and two pesticides, together with
a pesticide blank (biochar-free soil) resulted in a total of 15 treat-
ments. Each treatment was carried out in five replicates. The soils
were thoroughly mixed and shaken for 24 h in a rotary shaker,
which was followed by evaporation in acetone for another 2 d.

After the solvent acetone was evaporated, 90 mL of deionized
water was added into each container to adjust the content of water
in the soils to about 50% of MWHC. An aliquot of 5 g soil were ta-
ken out from each container to determine the pesticide concentra-
tions. The five replicates were then divided into two subgroups,
three were used for uptake experiment with plants, and the other
two were used as degradation experiments without plants. Spring
onion seedlings were removed from the vermiculite and carefully
washed with water and 30 seedlings were planted in each plastic
container. The growth chamber was maintained at 28/20 �C day/
night temperatures with a 12 h lighting cycle. The plants were wa-
tered every 2 d to maintain the soil moisture.

At the end of the experiment (5 wk after planting), the plants
were cut at the soil level and weighed to obtain the fresh weights
of the above-ground biomass. The underground parts of the plants
were removed from the substrate and carefully and thoroughly
washed with tap water to remove the substrate on the surface of
the roots, then air-dried under the room temperature for 24 h. Par-
ticular care was exercised to remove soil particles from the root
mass to avoid soil contamination. The underground parts were also
weighed to obtain the fresh biomass weights. After all the plants
were removed, small quantity (5 g) of the soil samples was col-
lected for analysis after thorough mixing.

2.4. Residue extraction and clean up

To evaluate the influence of biochars on the degradation of car-
bofuran and chlorpyrifos in unplanted soils, 5 g of soils were taken
out from the containers on the 7th, 14th, 21st and 35th day after
treatment to determine the amounts of the pesticides remaining.
Soil samples were dried at 40 �C for 12 h and 1 g of soil was ex-
tracted with 10 mL acetone/hexane (1:1, v/v) mixture for chlor-
pyrifos, and acetonitrile for carbofuran, by the procedure as
follows: Vortex mixed for 1 min, ultrasonically extracted for 2 h,
and shook in a rotary shaker for 12 h. Following phase separation
by centrifuging at 1300g for 15 min, 1 mL of supernatant was dried
under N2 gas and redissolved in 1 mL of HPLC mobile phase. The
pesticide concentration was measured by HPLC. The recoveries
were 89–98% and 86–94% for carbofuran and chlorpyrifos in the
soil and biochar-amended soils, respectively, with the fortified
concentrations of 1–50 mg kg�1.

An aliquot of 5 g plant sample was mixed with 20 g of sodium
sulphate dehydrates and ground in mortar and pestle. The mix-
tures were then extracted with 30 mL of solvents (acetone/hexane
(1:1, v/v) for chlorpyrifos, and acetone for carbofuran). The extrac-
tion procedures were the same as that for the soil samples. After
centrifugation at 1300g for 15 min, 25 mL supernatant were col-
lected and dried under N2 gas, then redissolved in 1 mL of hexane.
The extracts were subjected to florisil clean-up with the procedure
as follows.
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A mass of 1 g florisil was placed in a 0.5 cm diameter glass pip-
ettes with acid washed glass wool at the bottom. The column was
washed with 2 mL hexane, and then the sample extraction solution
was put on the top of the column. For chlorpyrifos, the clean up
procedure was as follows: 5 mL of hexane passed through the col-
umn and discarded, and then another 5 mL of hexane/dichloro-
methane (1:1, v/v) was used to wash out chlorpyrifos sorbed by
the florisil, collected and dried under N2, and then dissolved in
1 mL hexane for determination of chlorpyrifos by GC–MS. For car-
bofuran, after the column was washed with 5 mL of hexane and
5 mL of hexane/dichloromethane (1:1, v/v), the pesticide was
eluted with another 5 mL of dichloromethane. The extract was col-
lected and dried under N2 gas, and then dissolved in 1 mL of mobile
phase for determination of carbofuran by HPLC. The recoveries
were 65–80% for carbofuran and 73–90% for chlorpyrifos in plant
materials, respectively, with the fortified concentrations of 0.01–
10 mg kg�1.

2.5. Residue analysis

For both pesticides, the amounts of residues in soils were ana-
lyzed by HPLC. However, the residues of chlorpyrifos in plant sam-
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Fig. 1. Natural log of concentrations of chlorpyrifos and carbofuran remaining over tim
represent biochars that were produced at 450 and 850 �C, respectively. Unamended
0.5% BC850; 1.0% BC850.
ples were analyzed by GC–MS and of carbofuran by HPLC. Analysis
of chlorpyrifos residue in soil samples and carbofuran residue in
soil and plant samples was carried out on an Agilent 1100 series
HPLC equipped with a diode array detector and a SGE C18 RS col-
umn (250 � 4.6 mm, 5 lm). Acetonitrile/water (3:7, v/v) was used
as the mobile phase at a flow rate of 1 mL min�1 for carbofuran.
The UV wavelength for detection of carbofuran was 210 nm. The
injection volume was 50 lL. Analysis of chlorpyrifos by HPLC
was the same as carbofuran, except for the mobile phase, which
was acetonitrile/water (7:3, v/v), and the UV wavelength for detec-
tion of chlorpyrifos was 270 nm. The detection limit for carbofuran
and chlorpyrifos was set to 0.01 mg L�1. Standard curves were gen-
erated freshly with each analytical batch using solutions within the
measured concentration range (from 0.1 to 5.0 mg L�1) and was
found to be stable during the analytical period.

GC–MS was used to analyze chlorpyrifos in plant samples. The
instrumental conditions were as follows: inlet temperature
250 �C, splitless injection mode with split vent 30 mL min�1 at
1 min and gas saver 20 mL min�1 at 2 min and helium flow rate
at 1 mL min�1. Oven temperature program was: 70 �C (2 min) to
150 �C at 25 �C min�1, to 280 �C at 10 �C and then hold for
10 min. The MS interface temperature was 280 �C, MS source
21 28 35
e (day)

e in the original soil and the soil amended with two biochars. BC450 and BC850
soil; 0.1% BC450; 0.5% BC450; 1.0% BC450; 0.1% BC850;



Table 1
Half-lives of carbofuran and chlorpyrifos in soil as affected by the presence of biochar.

Content of biochar Carbofuran Chlorpyrifos

DT50 (d) Correlation coefficient (r) DT50 (d) Correlation coefficient (r)

Unamended soil 11.9 0.992 12.1 0.966
0.1% BC450 13 0.997 12.5 0.977
0.5% BC450 17.5 0.982 17.5 0.972
1.0% BC450 21.7 0.968 15.6 0.999
0.1% BC850 18.6 0.957 14.3 0.992
0.5% BC850 25.1* 0.973 24.8** 0.944
1.0% BC850 33.3** 0.998 42.8** 0.961

* (p < 0.05) represent statistical difference between DT50 in soil amended with biochar and in unamended soil.
** (p < 0.01) represent significant difference between DT50 in soil amended with biochar and in unamended soil.
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230 �C, and MS Quad 150 �C. Selected ion mode was used in detec-
tion and quantification for chlorpyrifos (12.8 min) with a target ion
of m/z 314.
2.6. Data analysis

To assess the statistical differences among the plant uptake of
pesticides from biochar-amended soils, pesticides residue in bio-
char-amended soils, and the plant biomass, a Duncan’s multiple
range test was conducted with Statistical Analysis System Version
6.12. The differences between the dissipations rates of pesticides
from soils amended with biochars and the control were analyzed
using a t-test.
3. Results and discussion

3.1. Dissipation of pesticides from soils in the presence of biochar

The losses of chlorpyrifos and carbofuran residues with time
from unamended soils and those amended with biochars are
shown in Fig. 1. The amendment with biochars caused a marked
decrease in the dissipation of pesticide residues from soil. Since
the leaching was not allowed from soil, this loss has been ascribed
to mainly degradation and/or sequestration of pesticides. The
residue dissipation decreased with increasing content of both
biochars, however the BC850 was most effective in reducing the
loss of pesticide. At the end of 35 d of incubation, a total of 86%
of applied chlorpyrifos and 88% of carbofuran residue was lost from
the unamended soil. In contrast, only 44% chlorpyrifos and 51% of
carbofuran degraded/sequestered from the soil amended with 1.0%
BC850. BC450 inhibited the rate of decay to a much lesser degree.

The data were fitted to a first-order equation to estimate half-
lives of the two compounds in different treatments (Table 1). In
all but two cases the data fitted well (r > 0.96/p < 0.009) to the
first-order decay. The data for 0.5% BC850 for chlorpyrifos and
0.1% BC850 treatment for carbofuran showed poorer but still sta-
tistically significant fit at 5% level (r > 0.94/p < 0.015). For chlor-
pyrifos the half-life increased from 12.1 d in unamended soil to
42.8 d for soil amended with 1.0% BC850 (a statistically significant
increase at p < 0.05). The corresponding increase for carbofuran
was from 11.9 d to 33.3 d (significant at p < 0.05). The key mecha-
nism for this effect was most likely due to strong sorption of pes-
ticides and reduced desorption from biochars surface (Yu et al.,
2006) leading to poorer bioavailability of pesticides. Similar results
about the reduced biodegradation of diuron and benzonitrile by se-
lected microorganisms in the presence of wheat char have been re-
ported by other workers (Zhang et al., 2005; Yang et al., 2006).

We also compared the pesticide dissipation (through degrada-
tion and/or sequestration) from the various treatments in the pres-
ence and absence of plants. The data for both pesticides essentially
showed similar effects and therefore only carbofuran data are
shown here (Fig. 2). The loss of the pesticide residues was faster
in the presence of plants in most treatments (including una-
mended soil) and especially in the case of biochar BC850. The final
residue concentrations of both carbofuran and chlorpyrifos
remaining in all plant/soil treatments with or without biochar
amendment were all lower than that of the corresponding treat-
ment without plants. The increased loss of pesticides from the soils
in the presence of plants was due to the combined effect of uptake
and increased degradation of the pesticides. Plants could stimulate
both microbial and biochemical activity in surrounding soil and
mineralization of pollutants in the rhizosphere through release of
exudates and enzymes (Fang et al., 2001; Sun et al., 2004). We only
measured the final concentration of carbofuran and chlorpyrifos in
the biochar-amended soils and control soils with and without
plants. Therefore, we cannot offer any mechanistic explanation
on the pesticides transformation reactions under the different
treatments. The effect of biochar amendments on plant uptake of
these pesticides is described below.

3.2. Plant uptake of pesticides from soil in the presence and absence of
biochars

Spring onion cultivated in the soils amended with biochars pro-
duced higher biomass than those cultivated in the control soils
(Fig. 3). The biomass fresh weights of spring onion from BC850
amended soils were all higher than those from BC450 amended
soils. Spring onion cultivated in the soils containing carbofuran
produced greater biomass than those in the soils spiked with chlor-
pyrifos. This was true for each level of biochar amendment (Fig. 3).
The average fresh weight of spring onion (including above-ground
and below-ground parts) harvested from the soils with carbofuran
and different levels of biochar treatment was 28 ± 5 g 30 plants�1,
in comparison with only 21 ± 6 g 30 plants�1 for those from chlor-
pyrifos treatments. Biochars produced from incomplete combus-
tion of vegetation generally comprise of a range of compounds
and could indirectly enhance plant growth through nutrients and
trace elements and improving soil physical and biological proper-
ties (Lehmann et al., 2003; Lehmann et al., 2006).

After 5 wk of growth in the treated soils, the residues of carbo-
furan and chlorpyrifos were determined in the above-ground and
underground parts (onion bulb and roots) separately. The data in
Fig. 4 show that the pesticide residues in both above-ground parts
as well as below-ground parts for both pesticides were lower in the
plants that were grown in soils amended with biochars. For exam-
ple, the concentration of carbofuran in the under-ground plant
parts decreased from 14.4 ± 0.8 in control soil to only
1.8 ± 0.4 mg kg�1 in the soil amended with 1.0% BC850. Similarly
the corresponding decrease of chlorpyrifos uptake was from
14.1 ± 1.7 to 0.8 ± 0.1 mg kg�1 in the presence of 1.0% BC850. The
residues in the above-ground parts were found to be 20–250 times
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lower than those in the underground parts for both pesticides
(Fig. 4). The residues of carbofuran were higher than those for
chlropyrifos for any treatment, presumably due to the differences
in their hydrophobicities.

Root concentration factor (RCF) is generally expressed as the
concentration of a pesticide in underground parts divided by the
concentrations in soil (Calamari et al., 1987). In this study, the
RCF were calculated by dividing the pesticide concentration in un-
der-ground plant parts by the concentration remaining in soils at
the end of experiment. The RCF of carbofuran and chlorpyrifos in
the soils amended with different rates of the two kinds of biochar
progressively declined as the content of biochar in the soils in-
creased. For the plants cultivated in the untreated soil, the RCF of
carbofuran and chlorpyrifos were 9.4 and 3.4, respectively. With
the biochar BC850 in the soils at 0.1%, 0.5% and 1.0%, the corre-
sponding RCF values for carbofuran were 1.8, 0.3 and 0.1, and for
chlorpyrifos these were 1.2, 0.2 and 0.04, respectively.

Clearly the BC850 biochar was particularly effective in reducing
the uptake of both pesticides by plants, and this treatment also
showed higher biomass production. To assess the effect of dilution
due to greater biomass, the total amounts of pesticides residues ta-
ken up by plants were calculated by residue concentration multi-
plied with the plant biomass (Table 2). The total amounts of
plant uptake of the pesticides in the whole plant, or in the plant
parts (underground or the above-ground part) all decreased with
the increasing char content of soil. After taking the biomass varia-
tions in consideration, 1.0% BC850 treatment was still most effec-
tive and it reduced the total plant uptake of carbofuran by 75%
and of chlorpyrifos by 90% of that in the control treatment.

The lack of bioavailability of two pesticides in char amended
soils is supported by (i) the reduced degradation and increased
sequestration of pesticides (reflecting reduced bioavailability to
microorganisms) and (ii) the reduced uptake of pesticide residue
in plant parts (reflecting reduced phytoavailability). In previous
studies (e.g. Yang and Sheng, 2003; Yu et al., 2006) sequestration
of pesticides in the presence of biochar in soil due to nanoporous
nature of the biochars have also been observed. The nature and
properties of biochar is strongly affected by the temperature expe-
rienced during combustion (Yuan et al., 2004; Sheng et al., 2005;
Yu et al., 2006). Under relatively high pyrolysis temperatures
(500–700 �C), the biochar derived from wheat was found to be well
carbonized and had a relatively high surface area and low oxygen
content (Yuan et al., 2004). Such biochars have been reported to
show high affinity for organic compounds (Yuan et al., 2004; Sheng
et al., 2005), especially for polar solutes (Yuan et al., 2004; Zhu
et al., 2005). Biochar derived from Eucalyptus tree wood under rel-
ative higher temperatures had higher microporosity and showed
higher sequestration of organic compounds (Yu et al., 2006; Borne-
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Table 2
Total amount of plant uptake of pesticide residue in different parts (lg) measured at the end of 35-d experiment.

Charcoal Content in soil (%) Carbofuran Chlorpyrifos

MT MP MR MT MP MR

Original soil 98 a 2.9 a 95 a 64 a 0.7 bc 63 a
BC450 0.1 97 a 3.0 a 94 a 58 ab 0.4 d 57 ab

0.5 87 a 1.8 c 85 a 63 a 0.7 bc 63 a
1.0 66 b 1.3 d 65 b 45 bc 1.0 ab 44 bc

BC850 0.1 99 a 2.5 b 97 a 65 a 1.1 a 64 a
0.5 53 c 1.5 cd 51 c 32 c 1.0 ab 31 c
1.0 25 d 1.5 cd 24 d 7.1d 0.6 cd 6.4 d

MT represents the total amount of pesticides uptake in the whole plants. MR and MP represent the amount of pesticide, which were calculated by plant concentration
multiplied with plant biomass taken up by the underground parts and above-ground parts of spring onion, respectively. The different letters after the values of the same
column represent statistical difference (p < 0.05).
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mann et al., 2007). The current study shows that incorporation of
biochars in soil could directly reduce the bioavailability of pesti-
cides in soils, and thus can significantly reduce their plant uptake
from a contaminated soil.

4. Conclusions

This study showed that incorporation of biochar in soil could
markedly reduce the bioavailability of pesticides and, in particular,
this phenomenon can potentially be harnessed to reduce the plant
uptake of pesticides from contaminated soils. Biochar produced at
a relatively high temperature (850 �C) is likely to be more effective
than that those produced at lower temperatures, mainly due to its
higher surface area, nanoporosity and greater ability to sequester
organic compounds. The increasing interest in soil amendment
with biochars for carbon sequestration purposes may be further
enhanced due to the potential role that biochar can play in mini-
mizing the pesticide residue in agricultural produce. The applica-
tion of the findings from this study should be explored under
field conditions.
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