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Biochar application in agricultural soil for environmental remediation has received increasing attention,

however, few studies are focused on sewage sludge based biochar. The present study evaluated the

effect of raw sewage sludge and sewage sludge based biochars produced at different pyrolysis

temperatures (100–700 �C) on the adsorption–desorption of carbendazim in soil. Sewage sludge derived

biochar significantly enhanced the sorption affinity and limited the desorption capacity of the soil for

carbendazim. A maximum removal efficiency of 98.9% and a greatest value of 144.05 � 0.32 mg g�1

sorption capacity occurred in soil amended with biochar pyrolyzed at 700 �C (BC700). As the pyrolysis

temperature and the amendment rate of biochars increased, the sorption of carbendazim was promoted

and desorption was further inhibited. The adsorption–desorption hysteresis index of carbendazim was

consistently higher in soils amended with biochars (>0.85) than in the unamended soil (0.42–0.68),

implying that carbendazim could be immobilized in soil amended with sewage sludge derived biochars.

The partition effect was dominant in the sorption process for carbendazim in the biochar–soil mixtures.

This study will be helpful for the disposal of sewage sludge and its utilization, and it is the first report for

the study the sorption–desorption process of carbendazim in soil amended with sewage sludge derived

biochar. Furthermore, these findings may be also useful for understanding the distribution and transport

of carbendazim in the environment and will be of great significance in remediation strategies for

contaminated soil.
1. Introduction

Carbendazim is a widely used benzimidazole fungicide for plant
disease control,1 and has been identied as a toxic class IV
pesticide because of its toxic effects to human health and the
environment.2 Andrade et al. reported that carbendazim posed
developmental anomalies in zebrash embryos with EC50

values ranging from 0.85 to 1.6 mg L�1.3 Singh et al. found that
carbendazim can disrupt the structure of microbial communi-
ties in soil.4 Moreover, it was found to be very resistant to
degradation (t1/2 ¼ 154 d) in soil, leading to a high accumula-
tion in crops and extensive public concerns.5

Biochar is a carbon-rich material from biomass pyrolysis
under oxygen-limited conditions. Application of biochars in soil
is attracting worldwide interest and has been proposed as an
appealing approach for mitigating global warming, because
gineering, Shenzhen University, Shenzhen
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ater Group Co. Ltd., Shenzhen 518055,
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biochar has a great potential for sequestrating carbon, reducing
the emission of greenhouse gases (e.g., methane and nitrous
oxides). In addition, biochar can improve the soil fertility and
increase the crop yields and productivity. As a readily available
and environmental friendly sorbent, biochar showed high
potential to uptake and sequester organic contaminants in soil
and sediment to prevent the mobility of organic contaminants
in soil as well. Excellent removal efficiencies of soil contami-
nants were obtained by various plant-residue derived biochar.
For example, Alizadeh et al. found that soil-sowood-derived
biochar efficiently sorbed estrogens.6 Mandal et al. found that
agro-wastes biochars showed over 89% of atrazine and imida-
cloprid adsorption.7 Chen and Yuan found that sorption of
polycyclic aromatic hydrocarbon (e.g., naphthalene) was
enhanced by up to 1170 times aer the addition of pine needle
biochar in soil.8 Jia et al. reported that the post-harvest residue
derived biochar was more effective than pure soil in sorbing
petroleum pollutants.9

Sewage sludge is a growing concern due to its rapid
production during wastewater treatments. Up to 10.13 million
tons of dry sewage sludge was produced in 2010 in Europe.10

Yue et al. indicated that the sewage sludge produced in China
has reached 30 million tons each year.11 In addition to crop
residues, sewage sludge is another important biomass available
RSC Adv., 2019, 9, 35209–35216 | 35209
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for biochar production. Given that a biochar's sorption capacity
varies with the source of biomass, the sorptive behaviors of
sewage sludge derived biochars to organic compounds need to
be characterized. However, a greater proportion of research on
pyrolysis of sewage sludge have focused on energy and fuel
quality.12,13 Although several studies have considered the effects
of sludge-derived biochar on environmental behavior (e.g.,
bioavailability) of inorganic (e.g., arsenic, cadmium, chromium,
cobalt, copper, nickel, lead and zinc) and organic pollutants in
soil,14–17 to our knowledge few studies have been conducted to
ascertain the effect of sewage sludge derived biochar on pesti-
cides applied to agricultural soils and the mechanism was
largely unknown.

In this study, a series of biochars were produced by the
pyrolysis of sewage sludge under a wide range of temperatures
(100–700 �C). Sorption and desorption isotherms of carbenda-
zim by biochars and the raw sewage sludge in soils were
compared. Adsorption and partition effects were quantied
based on the biochar compositions. The objective of the present
study was to understand the effect of sewage sludge derived
biochar on soil sorption and desorption of pesticides, exem-
plied by carbendazim.
2. Experimental
2.1 Carbendazim, biochars, and soil

Carbendazim (chemical purity: 98%) was purchased from J & K
Chemical, China. A stock solution of carbendazim was prepared
by dissolving it in N,N-dimethylformamide to arrive at a nal
concentration of 1000 mg L�1. Soil samples were collected from
the top 10 cm at locations in Cixi, Zhejiang, China. The soils
were air-dried, homogenized by sieving (<1.5 mm) to remove
plant debris. The pH and cation exchange capacity of soil were
7.91 and 6.82 cmol kg�1, respectively. The organic carbon in soil
was 0.45%. The ratio of sand, silt, and clay was occupied 12.1,
71, and 16.9%, respectively. A sample of dewatered sludge was
collected from a local wastewater treatment plant (Shenzhen,
China). Biochars were produced with a heating rate of
10 �C min�1 to different pyrolysis temperatures (100–700 �C) at
a continuous purge of N2 for 2 h. The biochars are labeled
herein as BC100–BC700 with increasing pyrolysis temperature.
The biochars were ground and sieved to less than 1.5 mm. The
organic carbon (OC) content of the soil, sludge and biochars
was determined by a multi C/N 3100 analyzer (Analytik Jena,
Jena, Germany). Other characterization of sewage sludge
derived biochars including the element analysis, water soluble
metal ions, and specic surface area and pore volume was
described in Text S1 in the ESI.†
2.2 Adsorption–desorption experiments

Adsorption–desorption of carbendazim was measured using
a batch equilibrium method at 25 �C. Briey, an aliquot of 5.0 g
soil (dry weight equivalent) was weighed into a 40 mL crimp-top
glass vial sealed with poly tetra uoroethylene (PTFE)-lined
butyl rubber septa and 25 mL of 0.01 M CaCl2 solution was
added to reach a soil/solution ratio of 1 : 5. Sodium azide
35210 | RSC Adv., 2019, 9, 35209–35216
(200 mg L�1) was added into each treatment as a bioinhibitor to
prevent the biodegradation of carbendazim during sorption
measurements. The soil slurries were spiked with different
amounts of carbendazim stock solution to generate nominal
concentrations of 1, 2, 5, 10, 20, and 30 mg L�1, respectively.
The preliminary experiment showed that a time period of 24 h
was found to be sufficient to establish sorption/desorption
equilibrium (Fig. S1†), and no chemical degradation of car-
bendazim or adsorption to the vials was found during the
sorption/desorption cycles. The centrifuge tubes were wrapped
in aluminum foil and agitated on a shaker at 150 rpm for 24 h.
Aer shaking, three replicates of each treatment were centri-
fuged at 4000 rpm for 5 min. The supernatants were removed
for analysis of carbendazim concentrations in the aqueous
phase Ce (mg L�1), whereas the pellets were subjected to
desorption. To calculate the carbendazim concentration in the
soil phase Cs (mg g�1), a soil-free control was included for each
treatment. The adsorbed amount Cs of carbendazim was
calculated as the difference between the initial concentration
and the equilibrium solution concentration (Ce).

Aer the sorption experiment, the supernatant was replaced
with 25 mL of carbendazim-free 0.01 M CaCl2 solution. The
mixture was then allowed to equilibrate for 24 h on a shaker.
Samples were then centrifuged, ltered, and analyzed as
described for sorption experiments.

To discern the inuence of biochars, subsamples of soil were
mixed with 2% biochars (BC100–700) (w/w, dry weight). The raw
sewage sludge was also used as amendments in the sorption
and desorption processes. In addition, the sorption and
desorption of carbendazim in soil amended with different rates
(0.5%, 1%, 2% and 10%) of BC700 or raw sludge were also
individually conducted at 25 �C. Samples were then centrifuged,
ltered, and analyzed as described above. All experiments were
conducted in triplicate.
2.3 Quantitative determination of carbendazim by UPLC-
MS/MS

The supernatants were ltrated through a 0.22 mm Millipore
lter and subjected to a Waters ACQUITY ultra high perfor-
mance liquid chromatography (UPLC) equipped with a micro-
mass triple quadrupole detector (MS/MS) (Xevo-TQD, Waters,
Milford, MA) for analysis of carbendazim. More details on
UPLC-MS/MS analysis are given in Text S2 in the ESI.†
2.4 Data analysis

The sorption isotherms were well tted to the Freundlich
model18–20 presented as follows:

log Cs ¼ 1/n log Ce + log Kf (1)

where Kf is the Freundlich sorption coefficient (mg1�n Ln g�1),
and 1/n is the degree of isotherm nonlinearity.

The Kd (L g�1) is the linear distribution coefficient for sorp-
tion and was calculated by the following equation:

Kd ¼ Ce/Cs (2)
This journal is © The Royal Society of Chemistry 2019
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where Cs and Ce are the equilibrium sorbed amounts in the soils
and the equilibrium concentration in the solutions,
respectively.

The hysteresis index (HI) was used to evaluate the adsorp-
tion–desorption hysteresis of carbendazim in soil and soil–
biochar mixtures. The equation was listed as follows:

HI ¼ (Cs,ads � Cs,des)/Cs,ads (3)

where Cs,ads and Cs,des are the sorbed and desorbed amounts (mg
g�1) in the soil treatments.

A previous study reported that themain sorptionmechanism
could be the partition and adsorption effects.21 The contribu-
tion of two sorption mechanisms could be quantied by an
equation QT ¼ QA + QP ¼ Qmax

A + KpCe,22 which the QT, QA and QP

represented for the total amount of carbendazim sorbed onto
the soil treatments, and the amounts contributed by adsorption
and partition, respectively. The Qmax

A is the estimated maximum
adsorption capacity of carbendazim by the soil or biochar
amended soil. Kp and Ce corresponded to the partition coeffi-
cient and the equilibrium concentration of carbendazim,
respectively.
Fig. 1 Carbendazim sorption (a) and desorption (b) isotherms in soil
amended with the sludge derived biochar pyrolyzed under different
temperatures. Lines are Freundlich-fitted curves.
3. Results and discussion
3.1 Characteristics of sewage sludge-derived biochars

The properties of sewage sludge-derived biochars pyrolyzed at
different temperatures are presented in Tables 1 and S1.† As
a result of the pyrolysis, materials with a more developed
surface were obtained compared to the initial sewage sludge.
The surface area of sewage sludge derived biochars increased
and the pore diameter decreased with increasing pyrolysis
temperature. For example, the specic surface area of sewage
sludge-based biochar increased from 1.93 m2 g�1 for BC100 to
45.60 m2 g�1 for BC700, whereas the pore diameter decreased
from 20.22 nm for BC100 to 8.39 nm for BC700 (Table 1). The C,
H, O, N and cation contents in the raw sewage sludge and
biochars decreased with increasing pyrolysis temperature
(Table S1†). The molar ratios of H/C, O/C, and (O + N)/C was
usually considered indicators for the aromaticity and polarity of
biochars.23 The pyrolysis of the sludges caused a reduction in
the molar ratios of H/C, O/C, and (O + N)/C (Table 1), suggesting
that biochars gradually turned to be less hydrophilic.24 The
lowest H/C value (0.05) was found in BC500, BC600 and BC700,
Table 1 The physio-chemical properties of sewage sludge-based bioch
indicate significant differences (p < 0.05) among the biochars produced

Sample

Molar ratios of elements in biochar

SurfH/C O/C (O + N)/C

BC100 0.19 � 0.00a 1.01 � 0.01a 1.14 � 0.01a 1.9
BC400 0.07 � 0.00b 0.71 � 0.00b 0.82 � 0.01b 34.1
BC500 0.05 � 0.00c 0.75 � 0.01b 0.86 � 0.01b 34.5
BC600 0.05 � 0.00c 0.88 � 0.05c 0.97 � 0.05c 53.2
BC700 0.05 � 0.00c 0.89 � 0.05c 0.94 � 0.05c 45.6

This journal is © The Royal Society of Chemistry 2019
indicating that they were highly carbonized and had highly
aromatic structures. This trend was similar to observations
found by Wei et al. that biochar produced at higher tempera-
tures had lower molar H/C ratio and higher surface area.25
3.2 Inuence of biochars on adsorption–desorption of
carbendazim in soils: effect of pyrolysis temperature

The adsorption–desorption of carbendazim in soils amended
with biochars produced at different pyrolysis temperatures were
conducted. Approximately 32.3–37.4% of carbendazim was
sorbed by pure soil during the rst 2 h and sorption equilibrium
was achieved within 24 h (Fig. S1†), which may be a result of
sorptive attenuation processes or a limited capacity of envi-
ronmental sorption sites for carbendazim. Adsorption and
desorption isotherms of carbendazim in the soils with or
without biochar amendments were evaluated via the Freundlich
ars produced at different temperatures. The data with different letters
at different temperatures

ace area (m2 g�1) Pore volume (cm3 g�1) Pore diameter (nm)

3 9.73 � 10�3 20.22
9 1.05 � 10�1 12.26
1 8.41 � 10�2 9.74
1 1.16 � 10�1 8.71
0 9.56 � 10�2 8.39

RSC Adv., 2019, 9, 35209–35216 | 35211
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model and a linear model (Fig. 1). The soil without amend-
ments showed low potential for sorption of carbendazim with
a Kf value of 0.0239 mg1�n Ln g�1 and a distribution constant Kd

of 0.0019 L g�1. The amendments in soil signicantly enhanced
the adsorption of carbendazim (p < 0.05). For example, the Kd

value of carbendazim was 0.010 L g�1 in soils amended with 2%
raw sludge, which was signicantly higher than that in the pure
soil. Similarly, the sorption of carbendazim in soils was
consistently enhanced by the addition of biochars. The Kd

values were increased from 0.0019 L g�1 for the non-amended
soil to 0.0128 L g�1 in soil amended with BC100, which was
consistent with the sorption enhancements of carbendazim by
superabsorbent polymers.5 Generally, the biochar treatments
(BC100–BC700) displayed a stronger enhancement on carben-
dazim adsorption than the sewage sludge treatments.
Compared with sewage sludge (0.0112 L g�1), the biochar
treatments (0.0128–0.1225 L g�1), particularly the BC700
(0.1225 L g�1), demonstrated a markedly enhancing effect on
the adsorption of carbendazim in soil (see Table S2†). The
organic matter content of raw sewage sludge and biochar
amended soil were 29.6% and 31.8%, respectively, as compared
to 0.61% in un-amended soil.26 Therefore, the increased sorp-
tion in soil amended with raw sewage sludge or biochar may be
attributed to the higher organic matter contents.27 As the
pyrolysis temperature of biochars increased, the sorption of
carbendazim in soil–biochar mixture increased. For example,
carbendazim had the highest sorption in soil amended with
BC700 with an adsorption efficiency of 98.9% as compared to
77.0% in soil amended with BC100 (Fig. S2†). Generally, both k
and 1/n values affect the sorption isotherm, and the larger the k
and 1/n value, the higher the sorption capacity of the sorbents.28

The Kf values for carbendazim in biochar–soil mixtures (0.0478–
0.2691 mg1�n Ln g�1) and raw sludge–soil mixtures (0.0308 mg1�n

Ln g�1) were signicantly higher than that in pure soil (0.0239
mg1�n Ln g�1), which is consistent with the results reported by
Cabrera et al. that the Kf values of herbicides (e.g., uometuron
and 4-chloro-2-methylphenoxyacetic acid) in biochar–soil
mixture (13.1 mg1�1/n L1/n kg�1) and organo clay–soil mixture
(17.2 mg1�1/n L1/n kg�1) were higher than that in pure soil (0.44
mg1�1/n L1/n kg�1).29 Furthermore, the Kf value for carbendazim
in soil amended with BC700 (0.2691 mg1�n Ln g�1) was approx-
imately 10 orders of magnitude higher than in soil amended
with BC300 (0.0478 mg1�n Ln g�1) and pure soil (0.0239 mg1�n Ln

g�1). This nding is inconsistent with the results reported by
Yavari et al. that lower adsorption of imazapic was obtained in
soil amended with rice husk based biochars produced at higher
pyrolytic temperature with Kf value decreased from 4.385 for
BC300 to 2.123 for BC700.30 Chen et al. also reported that the
sorption of polar herbicides was more efficient by biochars
produced under lower temperatures (<400 �C).22 It is likely due
to the fact that polar compounds are more likely to be inu-
enced by higher oxygenated and polar functional groups of the
biochars.31 Carbendazim has a low Kow (log Kow ¼ 1.5) and
therefore can be considered as a polar compound. However, the
higher affinity of carbendazim was observed in soil amended
with biochars produced at higher pyrolysis temperature. Simi-
larly, Kearns et al. reported that the Kf value for 2, 4-D was much
35212 | RSC Adv., 2019, 9, 35209–35216
higher in soil amended with wood chips-based biochar
produced at 700 �C (8.72) than that in soil added with biochar
produced at 400 �C (0.31).32 Chen et al. reported that the surface
area and pore volume of sewage sludge-based biochar increased
from 48.51 to 73.28 m2 g�1 and from 0.097 to 0.136 cm3 g�1 with
the pyrolysis temperature increased from 550 to 750 �C,
respectively.33 In the present study, the surface area and pore
volume of sewage sludge-based biochars increased from 1.93
m2 g�1 and 9.73 � 10�3 cm3 g�1 for BC100 to 45.60 m2 g�1 and
9.56 � 10�2 cm3 g�1 for BC700, respectively. Thus, the stronger
sorption of carbendazim in soils amended with biochar pro-
ducted at higher pyrolysis temperatures may be mainly attrib-
uted to the greater surface area and the pore volume of
biochars, and the active groups of biochars were not the major
factors inuencing the sorption of carbendazim.

Desorption isotherms of carbendazim in different soil
treatments were also well described by the Freundlich equation,
with R2 > 0.92. Carbendazim was gradually desorbed when the
equilibrium concentrations of carbendazim increased in all
treatments. The desorption isotherm of carbendazim showed
that the sorption process of carbendazim was irreversible in
soils amended with biochars (Fig. 1b). The desorption concen-
tration of carbendazim in 2% biochar amended soil was lower
than that in raw sewage sludge–soil mixture. For instance, the
desorption amounts of carbendazim were 10.75 and 7.23 mg g�1,
respectively, in soils amended with 2% BC100 and BC700, as
compared to the 11.77 mg g�1 in 2% raw sewage sludge–amen-
ded soil. However, the highest desorption concentration of
carbendazim was found in un-amended soils (21.65 mg g�1)
(Fig. 1b), indicating the amendments, in particular the bio-
chars, could decrease the desorption capacity of soils. The
thermodynamic index of irreversibility (TII) was usually used to
quantify the irreversibility in the desorption processes, i.e., TII
¼ 1 � nads/ndes.34 The TII values ranged from 0 to 1, with
0 indicating a completely reversible sorption, whereas 1 repre-
sented a complete irreversibility. The TII value of carbendazim
in un-amended soil was 0.353, whereas in BC100, BC200,
BC300, BC400, and BC500-amended soils were 0.232, 0.259,
0.038, 0.085, and 0.003, respectively, implying that the sorption
was more reversible in soils amended with biochar produced at
low temperatures (<500 �C). The TII value of carbendazim in
BC700-amended soil was determined to be 0.524 (Table S2†),
indicating that the biochars produced at 700 �C resulted in an
irreversible sorption of carbendazim in soil. Previous studies
have reported that the organic amendments (e.g., sewage sludge
and humic acid) in soil could limit the transport of pesticide
(e.g., methiopyrisulfuron, penconazole) and thus decrease the
concentration of pesticides in soil leachates.35,36 In the present
study, the addition of BC700 facilitated the sorption irrevers-
ibility of carbendazim in soil. Sotelo et al. reported that the
chemisorption process may be the main mechanism for the
sorption of organic molecule onto activated carbon because of
the large activation energy, and the chemisorbed species
formed a layer over the pore surface to limit the desorption of
organic molecule.37 Therefore, the BC700 could increase the
sorption capacity of carbendazim in soil and limit the release of
carbendazim back into the soil.
This journal is © The Royal Society of Chemistry 2019
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The adsorption–desorption hysteresis indexes (HI) of car-
bendazim with a serial of initial concentrations in soil amended
with biochars and raw sludge were presented in Fig. S3.† The HI
values were signicantly higher in soils amended with biochars
and raw sludge than that in pure soil (p < 0.05). For example,
under the exposure of 30 mg L�1 carbendazim, the HI increased
from 0.44 � 0.03 for un-amended soil to 0.88 � 0.003 in soils
amended with 2% raw sludge and to 0.90 � 0.002 in 2% BC100-
soil mixtures. The maximum HI value (0.99) was obtained from
the soil-BC700 treatment, indicating that the sorbed carben-
dazim showed high persistence and was difficult to release back
into the sorbent (i.e., BC700-soil mixture). Higher HI values for
BC700 indicated the lower desorption rates of chemicals in soil,
which was likely due to the stronger immobilization of chemical
molecules by enhanced active binding sites or porous structure
or pore deformation with the increasing pyrolysis
temperature.38,39
Fig. 2 The adsorption (a) and desorption (b) of carbendazim by BC700
and raw sewage sludge–amended soil at different addition rates.
3.3 Inuence of biochars on adsorption–desorption of
carbendazim in soils: effect of application rates

To better explore the inuence of sewage sludge derived biochar
on sorption and desorption of carbendazim in soil, different
rates of BC700 were added to the soil and different amount of
raw sewage sludge were included as a comparison. The sorption
of carbendazim increased with increasing amendment rates of
BC700 while kept almost unchanged when different rates of raw
sludge was added (Table 2 and Fig. S4†). For example, the sor-
bed amount of carbendazim in raw sludge amended soils
fortied with 30 mg L�1 carbendazim increased slightly from
88.92 � 2.47 to 100.01 � 0.69 mg g�1 when the amendment rate
of sewage sludge increased from 0.5% to 10%. Accordingly, the
Kd values for carbendazim in soil amended with 0.5% and 10%
raw sewage sludge were 0.0095 � 0.00005 L g�1 and 0.0119 �
0.00005 L g�1, respectively (Table 2). For biochar treatments, the
data clearly indicated that the addition of BC700 enhanced the
sorption of carbendazim and the sorption increased when the
amendment rates of BC700 was increased. The sorbed amounts
Table 2 Adsorption–desorption parameters of carbendazim in soil am
different percentage

Samples Addition rate (%)

Linear parameters Adsorption

Kd
a (L g�1) R2 Kf,ads

b (mg1

Raw sewage sludge 0.5 0.0095 � 0.00005 0.987 0.052
1 0.0090 � 0.00003 0.965 0.070
2 0.0112 � 0.00002 0.975 0.035

10 0.0119 � 0.00005 0.996 0.041
BC700 0.5 0.070 � 0.00005 0.730 0.221

1 0.097 � 0.00002 0.945 3.328
2 0.316 � 0.00002 0.748 0.269

10 8.546 � 0.00001 0.979 13.81

a Kd indicated the distribution coefficient for the sorption of carbendazim
sorption coefficient for the sorption of carbendazim in soil amended with
for the desorption of carbendazim in soil amended with/without biochar
carbendazim in soil amended with/without biochar.

This journal is © The Royal Society of Chemistry 2019
of carbendazim in BC700-soil mixture increased by 32.5% as the
ratio of BC700 increased from 0.5% to 10% (Fig. 2a). Similarly,
the Kd value for carbendazim in the 10% BC700 amended soil
ended with raw sewage sludge, activated carbon, and biochar with

Desorption Irreversibility

�n Ln g�1) 1/n R2 Kf,des
c (mg1�n Ln g�1) 1/n R2 TIId

0.795 0.991 0.0016 0.934 0.999 0.149
0.777 0.980 0.0028 0.845 0.995 0.080
0.831 0.996 0.0035 0.831 0.996 0
0.852 0.986 0.0015 0.933 0.995 0.087
0.663 0.987 0.0002 1.113 0.990 0.113
0.404 0.991 9.444 � 10�7 1.615 0.971 0.386
0.885 0.996 3.994 � 10�8 1.861 0.999 0.524
0.820 0.980 4.302 � 10�6 0.619 0.967 —

in soil amended with/without biochar. b Kf,ads indicated the Freundlich
/without biochar. c Kf,des indicated the Freundlich desorption coefficient
. d TII denoted hysteresis index for adsorption–desorption hysteresis of

RSC Adv., 2019, 9, 35209–35216 | 35213
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(8.546 L g�1) was 122.1 times that in soil amended with 0.5% of
BC700 (0.07 L g�1) (Table 2), implying that the increased
amount of biochars could facilitate the sorption of carbendazim
in soil. In addition, the sorption of carbendazim in soil amen-
ded with BC700 were consistently higher than in soil amended
with raw sludge, implying that the addition of biochars, in
particular the biochars produced at higher temperature, shower
higher sorption capacity than raw sludge. For instance, the
sorbed amount in 1% BC700-soil mixture and 1% raw sludge–
soil mixture spiked with 30 mg L�1 carbendazim was 117.13 �
3.07 and 93.95 � 0.22 mg g�1, respectively. When the 2% BC700
was added to the soil mixed with 30 mg L�1 carbendazim, the
sorbed carbendazim concentration in soil increased by 18.7%,
but only 4.2% of increase was observed in soils amended with
raw sludge. Fig. 2a was also showed the sorption of carbenda-
zim in soil amended with biochars at different rates. The
addition of biochar could signicantly improve the sorption as
compared to that in soil amended with sludge. It was also
indicated that the sorbed carbendazim concentration increased
with the initial concentration and the addition rate of biochar
increased. Similarly, Deng et al. reported that the sorption of
atrazine increased when the addition rates of cassava wastes-
based biochars produced at 750 �C was increased,40 which was
likely due to the increased organic carbon and more sorption
sites for atrazine introduced by biochars in soil. Khorram et al.
also reported that the Kf values in biochar–soil mixtures
increased when the percentages of biochars were increased,
indicating an enhanced sorption capacity of fomesafen in soils
amended with higher rates of biochars.41

The desorption of carbendazim in soil amended with BC700
was lower than that in soil amended with raw sludge, especially
at high addition rate. Furthermore, the desorbed carbendazim
concentration decreased as the addition rate of biochar
increased, but no signicant difference of desorption was found
in soil with different addition rates of raw sludge (Fig. 2b). For
instance, when soil was fortied with 30 mg L�1 carbendazim,
the desorbed amount was 12.98 � 0.029 and 11.77 � 0.257 mg
g�1 in 0.5% and 2% raw sludge–soil mixtures, respectively. In
addition, the TII values of carbendazim in raw sludge–amended
soil treatments were all lower than 0.15 (Table 2), while it was
0.353 in soils without sludge, implying that the addition of raw
sludge resulted in a more reversible sorption of carbendazim in
soil. The desorbed amounts of carbendazim in raw sludge–soil
mixtures was much higher than that in BC700-soil mixtures
(Fig. 2b). For example, when soil was spiked with 30 mg L�1

carbendazim, the desorption concentration in soil amended
with 10% BC700 and 10% raw sludge was 0.0025 and 13.78 mg
g�1, respectively. Desorption of carbendazim decreased when
the amendment rates of biochar was increased in all biochar
treatments. For instance, the TII value of carbendazim in 0.5%,
1%, and 2% BC700-amended soils were 0.113, 0.386, 0.524,
respectively, indicating a transition of reversible to irreversible
sorption when the percentages of BC700 was increased. These
results were opposite with the results found by Khorram et al.
that the desorption capacities of the biochar-amended soils for
fomesafen increased as the percentages increased from 0.5% to
2%.41
35214 | RSC Adv., 2019, 9, 35209–35216
3.4 Possible sorption mechanism of carbendazim in biochar
amended soils

Previous studies have shown that sorption of organic
compounds in soils strongly depends on the organic carbon
(OC) content of the soil.42–44 Consequently, the Kd values in
conjunction with OC content of the soil treatments were usually
used to calculate the normalized OC partition coefficient (KOC).
The KOC values for carbendazim showed an increase trend in
soil amended with 2% of biochars produced at increased
temperatures, ranging from 0.049 L g�1 in BC100-amended soil
to 0.898 L g�1 in BC700-amended soil (Fig. S5a†), indicating that
the pyrolysis temperature played an important role in inducing
changes in the organic matter contents of biochars. These
values were much lower than those (2.81 L g�1) in Hungarian
agricultural soil found by Nemeth-Konda et al.45 and Viet-
namese soils (0.96–2.7 L g�1) reported by Berglöf et al.46 Addi-
tionally, the KOC values increased as the amendment rate of
biochars was increased. For example, the KOC was 0.081 L g�1 in
0.5% BC700-amended soil, but it increased to 62.478 L g�1

when 10% of BC700 was added in soil (Fig. S5b†). These nd-
ings indicated that the KOC values in soil–biochar system was
closely correlated to the pyrolysis temperature and the amend-
ment rate of biochar, which may have important implications
for the sorption capacity of carbendazim in biochar–amended
soils.

The relationship between the KOC values and sorption
capacity of carbendazim with a serial of initial concentrations in
soil amended with BC700 was shown in Fig. S6.† Good corre-
lations were consistently observed between the sorbed
concentration of carbendazim and the KOC values for each soil
treatment (R2 > 0.88), indicating that OC content played
a signicant role in sorption of carbendazim in soil. It is likely
that aer the addition of biochars, the changes in the compo-
sition of organic matter resulted in a decrease of oxygen-
containing functional groups (e.g., carboxyl and hydroxyl) and
an increase of specic surface area and pore volume (Table 1).
Zielińska and Oleszczuk found that the sorption of phenan-
threne and pyrene increased with decreasing proportions of
oxygen content aer addition of sewage sludge-derived bio-
char.47 Therefore, the decreased oxygen content for biochars
produced at higher pyrolysis temperature in the present study
may also contribute to the higher affinity or sorption capacity
for carbendazim. In general, the correlation (R2) between soil–
biochar mixture and carbendazim was higher in soil treatments
spiked with lower concentration of carbendazim, suggesting
that the OC content showed greater impact on sorption of car-
bendazim in soil, especially for soil with lower pollution of
carbendazim. The results are consistent with the correlation
between two Brazilian tropical soils and KOC in sorption of
carbendazim reported by Carbo et al.48 What's more, the Kf of
carbendazim in the biochar–soil mixtures had a signicant
positive correlation with surface area (r2 ¼ 0.93), indicating that
biochars likely adsorbed carbendazim mainly through hydro-
phobic effects, pore-lling and p(p)–p EDA interactions.

In addition to the adsorption by soil surface via interactions
such as ionic bonding and hydrophobic interaction,
This journal is © The Royal Society of Chemistry 2019
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Table 3 Partition coefficients and maximum adsorption of carben-
dazim in un-amended soil and soil amended with biochar at different
temperatures

Samples Kp
a (L g�1) Qmax

A
b (mg g�1) R2

BC100 0.0116 7.33 0.908
BC200 0.0119 8.42 0.949
BC300 0.0190 2.70 0.995
BC400 0.0168 4.04 0.987
BC500 0.0221 3.32 0.921
BC600 0.0238 8.99 0.918
BC700 0.1157 5.92 0.999
Un-amended soil 0.0016 3.41 0.987

a Kp was partition coefficient. b Qmax
A was the estimated maximum

adsorption capacity.
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partitioning into organic matter was reported as another main
mechanism for sorption of organic compounds to sediment or
soil.22 For instance, Hamaker and Thompson reported that the
organic matter could provide an important sorbent surface in
soil and the hydrophobic interactions between soil and pesti-
cides could induce the phase partitioning.49 Wang et al.42 and
Urbanczyk et al.50 suggested that adsorption and partition were
the dominant processes for the sorption of organic compounds
(e.g., terbuthylazin, carbendazim, diuron, iodocarb, iso-
proturon, cybutryn, octylisothiazolinone, terbutryn, and tebu-
conazole) in sediment/soil–water system. In the present study,
the relative contributions of adsorption and partition were
quantied via an isotherm-separation method and shown in
Table 3 and Fig. S6.† Generally, the partition effect (KP) was
dominant in the sorption process for carbendazim in the bio-
char–soil mixtures, while adsorption made a lower contribution
to the sorption of carbendazim (Fig. S7†). The relative contri-
butions of adsorption and partition varied in soils amended
with biochar produced at temperatures from 100 �C to 700 �C.
The contributions of partition followed the order of un-
amended soil < BC100 < BC200 < BC300 < BC400 < BC500 <
BC600 < BC700, suggesting that the relative contributions of
adsorption and partition for sorption of carbendazim are
quantitatively inuenced by pyrolytic temperature of biochars.
The opposite phenomenon was reported by Chen et al. that the
sorption mechanism of aromatic contaminants (e.g., naphtha-
lene, nitrobenzene, and m-dinitrobenzene) was adsorption-
dominant in soil with the addition of pine needles derived
biochars at higher pyrolytic temperatures.22 Such discrepancy
indicated that different source of biochars, regulated by the
pyrolytic temperature, could have huge impacts on their
adsorptive and absorptive (partition) effects with organic
compounds and the sorption mechanism differed between
different chemicals.
4. Conclusions

In the present study, seven sewage sludge based-biochars
produced under different pyrolysis temperatures (100–700 �C)
were applied in soil to investigate the adsorption–desorption of
This journal is © The Royal Society of Chemistry 2019
carbendazim, the raw sewage sludge was included as
a comparison. Both the addition of sewage sludge and sludge-
derived biochars showed increased sorption capacity of car-
bendazim in soil. The highest sorption (98.9%) of carbendazim
was obtained in soil amended with biochar produced at 700 �C.
As the amendment rates of BC700 increased, the sorption
capacity of carbendazim increased whereas the desorption
capacity decreased, indicating that the addition of biochars
enhanced the sorption and inhibited desorption of carbenda-
zim, especially for biochars produced at higher temperature. A
good positively correlation between the sorption of carbenda-
zim in biochar–soil mixtures and the KOC values was observed
(R2 > 0.88, p < 0.05), implying that the soil organic matter played
an important role in sorption of carbendazim. Analysis of the
sorption mechanism indicated that the partition effect domi-
nated in the sorption processes. This nding may be useful in
understanding the distribution and transport of carbendazim
in the environment and will be of great signicance in reme-
diation strategies for contaminated soil. Field validation
experiments will be necessary to ensure that adequate carben-
dazim removal can be achieved under actual environmental
conditions. Additionally, the sewage-sludge derived biochars
may be also acted as a fertilizer to apply in the agriculture in the
future, and the corresponding criteria for the limits of heavy
metal in soil need to be proposed to prevent the secondary
pollution by the release of heavy metals from biochars.
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