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Abstract
Application of biochar technology in the remediation of organic contaminated soils has drawn growing interest in recent 
years. In this study, sorption and degradation of two typical neonicotinoid insecticides, imidacloprid (IMI) and clothianidin 
(CLO) in Chinese typical paddy soil and red soil amended with six kinds of biochars were investigated. The results showed 
that surface area (SA), pH, total organic carbon and dissolved organic carbon (DOC) of the two soils all increased after 
biochar amendment, while H/C decreased. With biochar pyrolyzing temperature (PT) increasing from 300 °C to 700 °C, 
the sorption of the two insecticides on biochar–soil mixtures increased by more than 4.3-fold, due to the increasing SA and 
decreasing H/C. The acidic pH of the two tested soils also favored the enhanced sorption of the insecticides by removing the 
ash on biochar. The amendment of low-PT (300 °C) biochar promoted the biodegradation of IMI and CLO by 11.3–41.9% via 
providing more DOC and available N for microorganisms, while inhibiting the chemical degradation. Oppositely, the high-
PT (500–700 °C) biochars inhibited the biodegradation of the insecticides by decreasing their bioavailability and promoted 
the chemical degradation by providing mineral active groups, and generating ·OH and other free radicals. In addition, soil 
type also affected the effects of biochar remediation. The highest 60-day degradation extent was achieved for CLO (90.5%) 
and IMI (81.4%) in paddy soil by adding biochar derived from pig manure at 700 °C PT. In summary, the effect of biochar 
on the fate of organic contaminants in soil is a comprehensive result involving several processes and a systematic study 
considering the type and property of biochar and soil is needed to optimize biochar technology.
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1 Introduction

Pesticides provide guarantee for stable and low-cost sup-
plies of grains and vegetables to the human society, however, 
intemperate application of pesticides has caused extensive 
pollution in the environment and adverse effects to non-
target organisms (Hallmann et al. 2014). How to alleviate 
the adverse effects has drawn much attention. The fate of 
pesticides is a comprehensive result depending on differ-
ent environmental processes, including sorption/desorption, 
transport (leaching, runoff, volatilization and plant uptake), 
and degradation (biodegradation, photodegradation and 
chemical degradation) (Ren et al. 2017). Among these pro-
cesses, sorption is a basic process that begins immediately 
upon pesticides entering into the soil, which changes pesti-
cide combination state and bioavailability, and hence affects 
the magnitude of other processes, such as transport, bioaccu-
mulation and ecotoxicological impacts on organisms (Yavari 
et al. 2015). Accordingly, there are two ways to reduce the 
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adverse effects (e.g., toxicity and bioaccumulation poten-
tials) of pesticides, i.e., reducing their bioavailability via 
enhanced sorption or accelerating degradation (Sohi 2010; 
Ren et al. 2016a).

Neonicotinoids are a class of increasingly used insecti-
cides in the world (Jeschke et al. 2011; Zhang et al. 2016), 
and the adverse effects of neonicotinoids to non-target 
organisms, e.g., insectivorous birds, pollinators, and aquatic 
invertebrates have attracted increasing concerning in recent 
years (Kessler et al. 2015; Rundlof et al. 2015). Due to their 
high water solubility, the potential of neonicotinoids to leach 
into surface runoff or groundwater is one of the major con-
cerns regarding the risk of large-scale application of neo-
nicotinoids in farmlands (Botias et al. 2015). Imidacloprid 
(IMI) and clothianidin (CLO) are two commonly detected 
neonicotinoids in surface runoff or groundwater from agri-
cultural areas as a result of their wide applications (Ander-
son et al. 2015). Hence, development of effective approaches 
to mitigate the ecological risks of these neonicotinoids in 
farmland soils is clearly needed.

Biochar has attracted increasing interest as a novel soil 
amendment in recent 15 years. It has been shown that bio-
char is a promising adsorbent for various kinds of pollutants, 
due to the great surface area (SA), high carbon content and 
aromatic intensity of biochar (Qiang et al. 2019; Lun et al. 
2020). Many studies have been conducted on pesticide sorp-
tion by biochar (Zhang et al. 2013; Trigo et al. 2014). The 
sorption process has been proposed to occur via hydropho-
bic partitioning, pore-filling, n/π–π electron donor–accep-
tor (EDA) interactions, H-bonding, electrostatic attraction 
and cationic bridging (Lattao et al. 2014; Sigmund et al. 
2020). For polar pesticides, the specific interactions like 
H-bonding and n/π–π EDA, electrostatic attraction and cat-
ionic bridging may contribute much besides hydrophobic 
partitioning, and hence the optimum biochar for the sorp-
tion of polar pesticides [usually biochar derived from the 
medium pyrolysis temperature (PT)] may be different from 
that for hydrophobic organic compounds (usually high-PT 
biochar) (Ren et al. 2016a; Zhang et al. 2018a). Biochar 
amendment can increase the total soil sorption capacity for 
pesticides, which was mainly ascribed to the increased SA 
and total organic carbon (TOC) content (Trigo et al. 2014). 
The enhanced sorption by biochar amendment in soil leads 
to reduced leaching and physical and biological availabilities 
of pesticides (Chai et al. 2012; Khorram et al. 2016), which 
greatly mitigate the risk of pesticides to the environment and 
ecosystem. Only a few studies have reported the sorption 
of neonicotinoids in biochar-amended soil (Jin et al. 2016; 
Mandal et al. 2017), and it was found that biochar amend-
ment increased the sorption of IMI and thiacloprid (THI) 
in soils (Jin et al. 2016; Zhang et al. 2018b). The sorption 
mechanisms and the sequential effects of the sorption on 
the fate of neonicotinoids in soil are still yet to be explored.

Moreover, biochar amendment has been found to be able 
to improve soil micro-ecosystem in ways of both total den-
sity and diversity due to the porous structure and the dis-
solved organic matter (DOM) and trace nutrient elements 
released from biochar (Ren et al. 2016a). The prosperity of 
microorganisms in turn favors the biodegradation of pesti-
cides. Tong et al. (2014) reported that a rape-straw-derived 
biochar could improve the microbial dechlorination of penta-
chlorophenol in contaminated soils. However, enhanced bio-
degradation of pesticides in biochar-amended soils does not 
usually occur due to that the enhanced sorption by biochar 
amendment lowers the bioavailability of pesticides (Zhang 
et al. 2013; Oleszczuk et al. 2014).

More recently, biochar was reported to be able to enhance 
chemical degradation of pesticides, which endows biochar 
an extra feature to be a promising remediation agent for pes-
ticide contamination (Zhang et al. 2018b). Mechanism stud-
ies using biochar suspensions revealed that biochar is able 
to catalyze hydrolysis of carbaryl, atrazine and THI via the 
combined effects of elevated pH, dissolved transition metal 
ions, and metal oxide minerals on biochar surface (Zhang 
et al. 2013, 2018b). Furthermore, environmentally persistent 
free radicals (EPFRs) in biochars have attracted considerable 
attention, and it was reported that EPFRs can accelerate the 
oxidation of organic pollutants by activating small free radi-
cals such as superoxide radical anion and hydroxyl radical 
(·OH), which can breakdown organic chemicals (Fang et al. 
2014; Yang et al. 2016).

In summary, biochar amendment can influence the fate 
of a pesticide via several processes. Which process domi-
nates depends on biochar characteristics, soil properties and 
pesticide structures and needs a comprehensive study for a 
specific case. Moreover, upon entering the soil, the struc-
ture and properties of biochar change due to the interactions 
with soil constitutes (Sun et al. 2013; Ren et al. 2018a). 
Soil constitutes and soil-dissolved substances could compete 
for binding sites or block pores of biochar, making biochar 
surface less available for pesticides (Ren et al. 2016a). The 
effects of soil type on biochar and consequent effects on pes-
ticide fates have seldom been studied especially for acid soil.

Hence, a comprehensive study on the influences of bio-
char amendment on the fate of IMI and CLO in paddy soil 
(PS) and red soil (RS) was conducted to obtain more com-
plete knowledge of the effect of the interactions between 
biochars and soils on the fate of polar pesticides. The aims 
of this paper were to (1) investigate the changes in soil phys-
ico-chemical properties due to the amendment of various 
biochars, (2) evaluate the sorption of IMI and CLO and the 
mechanism in PS and RS with or without biochars, and (3) 
evaluate the effect and mechanism of biochar amendment to 
the degradation of IMI and CLO in the two soils. The results 
gained in this paper will give deep insight into the effect of 
biochar amendment on the fate of polar pesticides in soil, 
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which is important information for the design of biochar 
remediation technology for pesticide contamination.

2  Materials and methods

2.1  Chemicals

IMI (96%) and CLO (97%) were purchased from Beijing J & 
K Technology (Beijing, China). The structures and selected 
properties of the two pesticides are shown in Table S1 in the 
Supplementary Information (SI). The stock solutions of IMI 
and CLO were prepared in acetonitrile and stored at 4 °C.

2.2  Biochar and soil preparation 
and characterization

Biochars used in this study were derived by charring pig 
manure and maize straw at 300, 500 and 700 °C for 4 h 
under oxygen-limited conditions, respectively. The detailed 
preparation procedure and physico-chemical properties of 
the biochars were all given in our previous paper (Zhang 
et al. 2018a). For convenience, this information could also 
be referred in Text S1 and Table S2. The produced biochars 
are recorded as Mn (maize straw) and Pn (pig manure), with 
n = 3, 5, 7 indicating PTs (300, 500 and 700 °C).

The two soils, PS and RS used in this paper are Chinese 
typical soil types and were collected at 0–20 cm depth from 
farmlands, respectively. After passing through a 2 mm sieve, 
fresh PS and RS samples were separated into two parts: one 
for physico-chemical properties tests and sorption experi-
ments, and another for degradation experiments. The phys-
ico-chemical properties of PS and RS samples are shown in 
Table S3. These two soils were both acidic (pH 3.8 and 4.4) 
with relatively less organic matter content (< 0.67%).

Biochars were separately added into PS and RS at the 
quality fraction of 2% (w/w) with sufficient mixing. An ele-
ment analyzer (ElementarVarioEL, Germany) was employed 
to analyze the bulk elemental composition (C, H and N) of 
biochars, soils and their mixtures. Ash content of the sam-
ples was measured by the residual weight after heating the 
samples at 750 °C for 6 h, and the oxygen (O) content was 
calculated by mass difference (Keiluweit et al. 2010). An SA 
analyzer was used to analyze the SA and pore volume of bio-
chars, soils and their mixtures (Quantachrome NOVA 2200e, 
USA). The pH, electric conductivity (EC), available N, total 
soluble N (TSN) and dissolved organic carbon (DOC) were 
determined according to Jones et al.’s methods (Jones et al. 
2011). For NH+

4
 -N and NO−

3
 -N determinations, KCl extrac-

tion–indophenol blue method and dual-wavelength ultra-
violet spectrophotometry method were used, respectively 
(Wang et al. 2017; Yokoyama et al. 2017).

2.3  Sorption experiments

The sorption isotherms of IMI and CLO on PS and RS with 
or without biochar amendment were determined by the batch 
sorption experiments in triplicates. An aliquot of 0.10 g bio-
char was weighted into a 40.0 mL vial, and an aliquot of 
2.0 g soil with or without biochar was weighed into a 12.0 
mL vial. Then, 10.0 mL or 40.0 mL of a background solution 
containing 5.0 mM  CaCl2 and 200 mg/L  HgCl2 were added 
in the vials. Screw-lined caps were used to seal the vials, 
and the suspension was pre-equilibrated by being shaken at 
200 rpm and 25 ± 1 °C for 2.0 h. Then, designated amounts 
of 5000 mg/L IMI or CLO stock solutions were spiked into 
the vials. Seven initial solution concentrations ranging from 
0.5 to 24.0 mg/L were used. The vials were placed on a 
shaking table oscillated with 200 rpm at 25±1 °C for 48 h. 
After equilibration, the vials were centrifuged at 3500 rpm 
for 10 min, and then the supernatant was filtered through 
0.45 μm PTFE syringe filters and stored at 4 °C for further 
analysis using the high-performance liquid chromatogra-
phy (HPLC). Before being analyzed by HPLC, the external 
standards were also filtered to correct the possible solute 
loss due to filtration (less than 3%). The analysis method is 
described in Text S2.

2.4  Degradation experiment

Degradations of IMI and CLO in sterile and unsterile soil 
slurries with or without biochar were examined in triplicates. 
An aliquot of 10.0 g (calculated as dry weight) soils with or 
without biochars were weighed into 20.0 mL vials, and steri-
lized deionized water was added to adjust water content with 
60% of the soil maximum water-holding capacity. As for 
abiotic degradation experiment, soil samples were sterilized 
by autoclaving (121 °C for 30 min) three times continuously 
(Han et al. 2017) and sterilized deionized water containing 
10 mg/L  HgCl2 was used to further inhibit microorganism 
growth (Ren et al. 2016a). IMI and CLO in sterilized deion-
ized water were, respectively, spiked into the vials to obtain 
an initial concentration of 4.95 ± 0.15 mg/kg. After being 
shaken for 1 min, the treated samples were put into a culture 
incubator. The experiment lasted for 60 days in the dark 
at 25 ± 1 °C and the vials were weighed every 10 days to 
monitor water loss and sterilized deionized water was sup-
plemented if needed. Samples were sacrificed on 0, 2, 5, 
10, 20, 40 and 60 days, and then freeze-dried and stored at 
− 20 °C until pretreatment for HPLC analysis. The prepa-
ration and analysis methods are described in Text S2. The 
above procedure gave recoveries > 90% for IMI and CLO in 
different soil slurries with or without biochar.

To investigate catalytic mechanisms of biochar to the 
chemical degradation of IMI and CLO, the degradation 
experiments in biochar leachates/suspensions were designed: 
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(1) degradation in deionized water at neutral and alkaline 
pH (6.5 and 11.0), according to the measured pH values of 
biochar suspensions; (2) degradation in suspensions of 0.1 
g biochar or biochar ash in 40 mL of deionized water with 
the original solution pH and the solution pH adjusted to the 
neutral level (6.5 ± 0.2), biochar ash were prepared at 300, 
500 and 700 °C under aerobic conditions; (3) degradation 
in suspensions of 0.1 g HCl/HF-deashed biochars obtained 
according to the method of Zhang et al. (2013); (4) deg-
radation in biochar leachate with the original solution pH 
and the solution pH adjusted to neutral (6.5 ± 0.2) (Zhang 
et al. 2018b). IMI or CLO stock solutions were spiked into 
each vial, respectively, to reach a concentration of 5.0 mg/L. 
These vials were capped and shaken at 200 rpm for 10 d 
(25 ± 1 °C in the dark). Concentrations of IMI and CLO on 
biochar particles and in liquid phase were then measured 
(Text S2).

2.5  Data analyses

Sorption isotherm data were analyzed using the Freun-
dlich model: ln C

s
= ln K

f
+ n lnC

e
 , where Cs and Ce are 

the equilibrium concentrations of the sorbate in solid-phase 
(mg/kg) and liquid-phase (mg/L), respectively. Kf ((mg/
kg)(mg/L) − n) is the Freundlich sorption affinity, and n is 
the isotherm nonlinearity factor. To compare the sorption 
capacities of biochar, soil and their mixture samples, the 
sorption distribution coefficient (Kd) of IMI and CLO was 
calculated at Ce = 0.05 mg/L using K

d
= C

s
∕C

e
 . Degradation 

parameters of IMI and CLO in the soils and biochar–soil 
mixtures were computed using the first-order kinetic model: 

C
t
= C

0
e
−kt , where  C0 is the initial concentration of IMI and 

CLO (mg/kg), Ct is the concentration of IMI and CLO (mg/
kg) at time t (d), and k is the degradation rate constant (d−1) 
obtained as the slope of the logarithmic form of the above 
model. The half-life (t1/2) was computed from the rate con-
stant (t1/2 = 0.693/k).

3  Results and discussion

3.1  Characterization of biochar–soil mixtures

Results of the characterization of biochar–soil mixtures are 
shown in Table 1. The pH, electrical conductivity (EC) and 
TOC of PS and RS all increased after biochar addition, while 
H/C ratio decreased, which is in accordance with the results 
of Martin et al. (2012). Concentrations of DOC and TSN 
increased with the addition of 300-PT biochars in PS and 
RS, while the addition of 700-PT biochars led to opposite 
results. This indicated that 300-PT biochars released higher 
concentrations of DOC and TSN, while 700-PT biochars 
fixed DOC and TSN due to their strong sorption ability 
(Mukherjee and Zimmerman 2013). Available N content 
decreased in biochar–soil mixtures except PB3 and the 
declining extent was more obvious with high-PT biochars, 
which was mainly ascribed to the varied sorption capacity 
of biochars (Table S3). The SA of biochar–soil mixtures 
increased after the addition of 500-PT and 700-PT biochars, 
which is consistent with the results of Jin et al. (2016) and 
Zhang et al. (2018b).

Table 1  Physical and chemical properties of two soils amended with various biochars

a Electrical conductivity; bdissolved organic carbon; ctotal soluble N; dMn (biochars from maize straw) and Pn (biochars from pig manure), with n 
indicating the PTs of 300, 500 and 700 °C, respectively, and the abbreviations are the same below

Sorbents pH ECa (µS/cm) DOCb (mg/L) TSNc (mg/L) Available N 
(mg/kg)

OC (%) H (%) H/C N (%) Surface 
area 
 (m2/g)

PS 4.42 34.1 16.7 0.01 115 0.67 0.09 1.61 0.12 12.0
M3 + PSd 6.41 304 16.7 2.91 108 1.21 0.14 1.40 0.09 12.2
M5 + PS 6.80 365 11.6 2.53 103 1.38 0.12 1.08 0.04 13.0
M7 + PS 6.15 262 11.6 2.01 103 1.17 0.10 0.98 0.02 16.7
P3 + PS 6.41 353 26.5 3.81 126 1.89 0.16 1.00 0.06 12.1
P5 + PS 6.44 380 17.7 2.71 120 1.53 0.11 0.831 0.01 12.5
P7 + PS 6.17 265 12.2 2.14 109 1.74 0.11 0.792 0.09 13.9
RS 3.81 157 4.07 6.11 33.8 0.24 0.04 2.00 0.00 28.6
M3 + RS 4.29 439 11.0 3.00 32.4 1.81 0.22 1.46 0.05 28.0
M5 + RS 4.18 467 4.90 0.02 25.6 2.64 0.16 0.722 0.07 29.1
M7 + RS 4.07 511 4.19 0.03 22.3 2.09 0.10 0.562 0.05 32.7
P3 + RS 5.37 480 14.1 2.20 41.4 1.62 0.21 1.55 0.04 28.2
P5 + RS 4.95 454 4.46 0.30 27.7 1.35 0.17 1.48 0.04 28.6
P7 + RS 4.45 306 4.23 0.08 26.6 1.44 0.08 0.621 0.05 31.2
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3.2  Sorption of IMI and CLO to biochars, soils 
and their mixtures

It could be seen from Table 2 that sorption isotherms of 
IMI and CLO on biochars and PS and RS with or without 
biochars could be well described by the Freundlich equa-
tion. The sorption affinity (Kf) on biochars increased with 
the PTs of biochar, being 188–4460 (mg/kg)(mg/L) − n and 
50.0–2090 (mg/kg)(mg/L) − n for biochars derived from 
maize straw (Mns) and pig manure (Pns), respectively. 
These values are similar with those in the literature, for 
example, Mandal and Singh (2017) reported a Kf value of 
IMI of 3410 (mg/kg)(mg/L) − n on a biochar obtained by 
pyrolyzing rice straw at 600 °C. Kf of IMI and CLO on the 
biochar–soil mixtures also increased with the increasing PTs 
of biochar, which were 7.57–48.9 (mg/kg)(mg/L) − n for IMI 
and 3.65–43.3 (mg/kg)(mg/L) − n for CLO, respectively. The 
sorption affinities of PS to IMI and CLO were greater than 
those of RS. Compared to the bare soil, the Kf values of 
IMI were enhanced by 5.92- to 51.9-fold with addition of 
2% M3-7 and 3.09- to 23.9-fold with addition of 2% P3-7, 

and those of CLO were promoted by 2.75- to 39.3-fold by 
2% M3-7 and 1.62- to 19.8-fold by 2% P3-7, respectively. 
This indicated that biochar amendment greatly enhanced 
soil sorption capacities for IMI and CLO. Moreover, the 
enhancement on IMI and CLO sorption in biochar-amended 
soil increased with the PTs of biochars, which is consist-
ent with the results gained from biochars derived from rice 
straw, wheat straw and swine manure at 300, 450 and 600 °C 
(Jin et al. 2016).

To compare the sorption capacities of various bio-
char–soil mixtures, the sorption distribution coefficient 
(Kd) of IMI and CLO was calculated at Ce = 0.05 mg/L 
(Table 2). Similar to Kf, the enhancements of Kd were gained 
after biochar amendment. The Kd values of IMI and CLO 
for soils amended with low-PT (300 °C) biochars were obvi-
ously lower than those for soils with high-PT (500–700 °C) 
biochars, which indicated that biochars produced at high-PTs 
were more powerful adsorbents for IMI and CLO, being 
consistent with other studies (Zhang et al. 2018a; Khorram 
et al. 2016). Our previous study has proved that the sorp-
tion of IMI and CLO on bare soils was mainly governed by 

Table 2  Freundlich isotherm parameters and concentration-dependent distribution coefficients for the sorption of IMI and CLO on biochars, 
soils and biochar–soil mixtures

a Kf ((mg/kg)(mg/L) − n) is the sorption affinity
b Kd (L/kg) is calculated using K

d
= C

s
∕C

e
 based on isotherm data at  Ce = 0.05 mg/L

c The predicted K′
d
 value is defined as K�

d
= f

soil
K
d,soil

+ f
biochar

K
d,biochar

 , where Ksoil and Kbiochar are the affinity parameters of soil and biochar, 
respectively; fsoil and fbiochar are the percentages of soil and biochar in the mixture, respectively

Sorbents IMI CLO

Freundlich isotherm parameters Kd
b

K
′
d

c Freundlich isotherm parameters Kd K
′
d

n Kf
a Ce = 0.05 Ce = 0.05 n Kf Ce = 0.05 Ce = 0.05

M3 0.821 ± 0.064 213 ± 22.5 365 0.832 ± 0.039 188 ± 12.2 211
M5 0.306 ± 0.022 1.51E3 ± 81.2 1.21E4 0.348 ± 0.020 1.23E3 ± 68.3 1.93E3
M7 0.179 ± 0.018 4.69E3 ± 231 5.48E4 0.159 ± 0.011 4.46E3 ± 84.5 7.99E3
P3 0.914 ± 0.099 30.0 ± 5.06 38.8 0.842 ± 0.027 50.0 ± 2.31 55.8
P5 0.480 ± 0.015 447 ± 15.2 2.12E3 0.556 ± 0.033 330 ± 21.0 449
P7 0.281 ± 0.016 1.98E3 ± 95.8 1.70E4 0.424 ± 0.020 2.09E3 ± 132 3.12E3
PS 0.805 ± 0.059 2.62 ± 0.264 4.70 0.779 ± 0.070 2.75 ± 0.328 3.17
M3 + PS 0.738 ± 0.024 15.5 ± 0.60 34.0 11.9 0.734 ± 0.026 7.56 ± 0.32 16.8 11.2
M5 + PS 0.417 ± 0.046 44.0 ± 3.57 252 246 0.488 ± 0.013 12.5 ± 0.30 57.8 178
M7 + PS 0.433 ± 0.045 48.9 ± 3.90 267 1.10E3 0.355 ± 0.044 39.8 ± 3.32 275 1.11E3
P3 + PS 0.839 ± 0.058 8.10 ± 0.701 13.1 5.38 0.691 ± 0.045 4.45 ± 0.33 11.2 6.53
P5 + PS 0.478 ± 0.054 34.3 ± 2.82 164 47.1 0.496 ± 0.053 26.0 ± 2.09 118 123
P7 + PS 0.459 ± 0.051 39.7 ± 3.17 201 345 0.387 ± 0.046 43.3 ± 3.65 272 358
RS 1.02 ± 0.031 1.01 ± 0.054 0.901 0.998 ± 0.016 0.992 ± 0.059 1.00
M3 + RS 0.836 ± 0.060 11.0 ± 1.04 17.9 8.19 0.943 ± 0.059 3.65 ± 0.44 4.33 7.22
M5 + RS 0.619 ± 0.014 13.8 ± 0.311 43.1 243 0.425 ± 0.037 12.6 ± 0.911 70.4 174
M7 + RS 0.618 ± 0.059 52.4 ± 2.64 164 1.10E3 0.469 ± 0.038 39.0 ± 1.73 191 1.11E3
P3 + RS 0.727 ± 0.051 7.57 ± 0.70 17.2 1.66 0.583 ± 0.049 9.65 ± 0.882 33.7 2.61
P5 + RS 0.526 ± 0.008 20.1 ± 0.261 83.1 43.3 0.469 ± 0.050 15.6 ± 0.872 76.6 26.0
P7 + RS 0.505 ± 0.014 24.1 ± 0.539 106 342 0.456 ± 0.016 19.7 ± 0.542 100 236
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soil organic carbon content via the hydrophobic partition-
ing and specific interactions like H-bonding (Zhang et al. 
2018c). However, in this paper, the Kd values (Ce = 0.05 
mg/L) of IMI and CLO on biochar–soil mixtures had a sig-
nificant positive relationship with SA and H/C (Table 3 and 
Fig. S1). This indicated that SA and aromaticity (as indi-
cated by H/C) controlled the sorption of IMI and CLO on 
biochar–soil mixtures. This suggested that the p/π–π EDA 
interactions between the aromatic ring (or the lone elec-
tron pairs on O/N atoms) in pesticide molecules (Table S1) 
and the aromatic structure in biochar may contribute to the 
adsorption of IMI and CLO on biochars and biochar–soil 
mixtures. Additionally, the difference in Kd among various 
biochar–soil mixtures was smaller than those among various 
biochars, possibly due to the low dosage of biochar as well 
as the interactions between biochar and soil.

To further elucidate the interaction between soil and 
biochar on the sorption of IMI and CLO, Kd values 
(Ce = 0.05) between the experimental values and predicted 
values were compared ( K′

d
 , Table 2). The experimental Kd 

values of IMI and CLO were greater than predicted K′
d
 

for 300-PT biochar–soil mixtures, while their predicted 
K

′
d
 were higher than the experimental Kd for 700-PT bio-

char–soil mixtures especially for M7 with a greater SA. 
These results indicated that soil and biochar constituents 
did not exist independently. Due to the great OC con-
tent, aromatic intensity, and SA, 700-PT biochars show 
stronger adsorption affinities for DOC and inorganic salts 
(Ren et al. 2018a). The loss of DOC and available N in 
700-PT biochar–soil mixtures observed in this current 
study confirmed the interactions of soil constitutes and 
700-PT biochar (Table 1), and these interactions com-
peted for the surface sorption sites or blocked biochar 
meso- and micro-pores (Ren et al. 2018b), thus decreasing 
available sorption sites for IMI and CLO. Moreover, the 
attachment of soil mineral particles could also decrease 
the accessibility of micro-pores and inner sorption sites 

(Yavari et al. 2015; Ren et al. 2016a). But for the soils 
amended with 300-PT biochars, the available N and DOC 
increased due to the release from the biochar, which may 
change the biochars’ surface properties and improve the 
sorption of IMI and CLO by exposing the interior sorp-
tion sites (Zhang et al. 2013, 2018a). In the acidic PS 
and RS, the surface ash of biochar could be cleared up 
in the acidic conditions, and more micro-pores and inner 
sorption sites could be exposed to sorbate (Zhang et al. 
2013), which resulted in a greater experimental Kd of 
IMI and CLO than predicted K′

d
 for 300-PT biochar–soil 

mixtures. Thus, although the sorption capacity of 700-PT 
biochar for IMI and CLO was decreased by the interac-
tions with soil, the biochar amendment increased their 
sorption in PS and RS, and the enhancement increased 
with biochar PTs. The enhanced sorption of IMI and CLO 
in biochar-amended soils could play an important role in 
their immobilization in acidic soils. However, it should 
be noted that the differences in Kd of the two insecticides 
between soils amended with 700-PT biochars and those 
with 500-PT biochars were not as great as those between 
500-PT biochars and 300-PT biochars, and hence, from 
the view of energy saving, 500-PT biochars are the best 
option for adsorbents.

3.3  Degradation of IMI and CLO in soils 
and biochar–soil mixtures

The degradation of IMI and CLO were examined in soil 
slurries with or without biochars under sterile and unster-
ile conditions to clarify the effects of biochar on chemical 
and biological degradations of IMI and CLO (Table 4). 
The 60-day removal rates of IMI and CLO in unsterile bare 
PS were higher than the ones in bare RS, being 42.3% and 
53.4% in PS for the two insecticides, respectively. All the 
biochar amendments enhanced k value of IMI in the PS. The 
removal rate of IMI in PS amended with biochars increased 
in the order of P7 > P5 ≈ M5 ≈ M7 ≈ P3 ≈ M3 for sterile 
treatments, and P7 > M5 ≈ M3 ≈ M7 ≈ P5 ≈ P3 for unster-
ile ones. The IMI were removed by 68.5% and 81.4% in 
PS amended with P7 under sterile and unsterile conditions, 
being significantly higher than other biochar treatments (p < 
0.05). There was a similar trend for the removal rates of CLO 
with IMI in biochar-PS mixtures, however, the removals of 
CLO were much higher, being up to 90.5% in P7 amended 
unsterile PS. For RS, the amendment of P7 also had higher 
removal rates of IMI and CLO than the treatments of other 
five biochars both under the sterile and unsterile conditions. 
Furthermore, the k values of IMI and CLO in the unsterile 
soils were all greater than those in the sterile soils, and cor-
respondingly, their removal rates under the unsterile condi-
tion were also greater than those under the sterile condition. 

Table 3  Correlations between Kd of IMI and CLO on soils and bio-
char–soil mixtures and surface area, OC contents and H/C

IMI CLO

PS RS PS RS

Surface area
 r 0.743 0.908 0.801 0.915
 p 0.049 0.005 0.030 0.004

OC content
 r 0.172 0.347 0.266 0.453
 p 0.713 0.446 0.564 0.308

H/C
 r − 0.635 − 0.766 − 0.708 − 0.806
 p 0.125 0.044 0.075 0.029
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This suggests that IMI and CLO degradation in soils could 
occur via both biotic and abiotic processes. In the unsterile 

soils, the chemical degradation and biological degradation 

Table 4  Degradation of IMI and CLO in soils and biochar–soil mixtures during 60 days

Values with the same letter in the total removal columns are not significantly different from each other (p > 0.05)

Soils IMI CLO

k  (d−1) R2 t1/2 (days) Total removal (%) k  (d−1) R2 t1/2 (days) Total removal (%)

PS
 Sterilized 0.0060 ± 0.0003 0.914 115 29.6 ± 1.10gh 0.0063 ± 0.0015 0.909 110 27.6 ± 1.77g
 Non-sterilized 0.0089 ± 0.0013 0.9045 77.6 42.3 ± 1.15d 0.0132 ± 0.0024 0.868 52.4 53.4 ± 1.73b

M3 + PS
 Sterilized 0.0057 ± 0.0009 0.883 123 26.6 ± 1.74h 0.0032 ± 0.0007 0.889 218 27.1 ± 1.45g
 Non-sterilized 0.0108 ± 0.0018 0.880 64.2 43.5 ± 1.15d 0.0075 ± 0.0006 0.970 93.0 50.6 ± 1.06de

M5 + PS
 Sterilized 0.0073 ± 0.0013 0.851 94.8 33.4 ± 2.32fg 0.0073 ± 0.0007 0.956 95.6 35.6 ± 1.2ef
 Non-sterilized 0.0109 ± 0.0017 0.893 63.6 50.6 ± 1.61 c 0.0096 ± 0.0006 0.980 72.0 40.9 ± 1.75cd

M7 + PS
 Sterilized 0.0068 ± 0.0008 0.931 103 30.7 ± 1.81gh 0.0089 ± 0.0007 0.974 78.0 39.4 ± 2.32de
 Non-sterilized 0.0092 ± 0.0009 0.959 75.6 42.6 ± 1.83 d 0.0110 ± 0.0012 0.945 62.8 45.5 ± 2.31c

P3 + PS
 Sterilized 0.0061 ± 0.0011 0.960 114 28.7 ± 1.86 h 0.0030 ± 0.0002 0.970 231 16.5 ± 1.72h
 Non-sterilized 0.0102 ± 0.0015 0.903 67.9 40.4 ± 1.17 de 0.0064 ± 0.0004 0.975 109 31.0 ± 2.32fg

P5 + PS
 Sterilized 0.0083 ± 0.0013 0.890 83.8 36.6 ± 1.78ef 0.0077 ± 0.0003 0.994 90.1 46.4 ± 1.73de
 Non-sterilized 0.0099 ± 0.0010 0.955 70.2 42.4 ± 1.17d 0.0138 ± 0.0027 0.856 50.1 57.4 ± 1.13b

P7 + PS
 Sterilized 0.0167 ± 0.0025 0.922 41.6 68.5 ± 1.09b 0.0339 ± 0.0129 0.827 20.4 82.3 ± 0.61a
 Non-sterilized 0.0291 ± 0.0017 0.991 23.8 81.4 ± 1.10a 0.0847 ± 0.0240 0.864 8.18 90.5 ± 1.16a

RS
 Sterilized 0.0049 ± 0.0018 0.855 130 25.5 ± 2.41j 0.0055 ± 0.0009 0.875 126 27.3 ± 1.16gh
 Non-sterilized 0.0074 ± 0.0021 0.849 86.7 35.3 ± 1.76efgh 0.0088 ± 0.0016 0.862 79.0 45.6 ± 1.82cd

M3 + RS
 Sterilized 0.0059 ± 0.0008 0.900 117 27.5 ± 1.27ij 0.0054 ± 0.0009 0.873 128 16.9 ± 1.56gh
 Non-sterilized 0.0095 ± 0.0016 0.874 73.0 40.4 ± 1.74cde 0.0134 ± 0.0020 0.908 51.7 51.3 ± 1.26b

M5 + RS
 Sterilized 0.0074 ± 0.0007 0.955 93.9 34.5 ± 2.25fgh 0.0059 ± 0.0004 0.971 118 29.2 ± 1.35fg
 Non-sterilized 0.0090 ± 0.0016 0.850 77.6 39.6 ± 1.19edef 0.0076 ± 0.0010 0.925 90.9 37.3 ± 1.49e

M7 + RS
 Sterilized 0.0073 ± 0.0018 0.849 95.1 30.9 ± 2.25hi 0.0090 ± 0.0011 0.818 77.3 38.7 ± 2.38e
 Non-sterilized 0.0086 ± 0.0007 0.965 80.6 41.3 ± 1.77cd 0.0118 ± 0.0024 0.833 58.5 49.3 ± 1.75bc

P3 + RS
 Sterilized 0.0053 ± 0.0009 0.879 132 25.6 ± 1.82j 0.0031 ± 0.0002 0.970 224 17.4 ± 1.76i
 Non-sterilized 0.0085 ± 0.0007 0960 81.5 36.5 ± 1.73defg 0.0052 ± 0.0007 0.975 133 23.9 ± 2.02h

P5 + RS
 Sterilized 0.0070 ± 0.0014 0.819 98.7 33.5 ± 1.75gh 0.0071 ± 0.0005 0.979 97.6 32.5 ± 1.16f
 Non-sterilized 0.0094 ± 0.0008 0.969 73.7 42.3 ± 1.15c 0.0120 ± 0.0038 0.793 57.7 43.6 ± 1.77d

P7 + RS
 Sterilized 0.0184 ± 0.0020 0.956 37.6 60.4 ± 1.61b 0.0321 ± 0.0141 0.834 21.6 76.3 ± 1.12a
 Non-sterilized 0.0201 ± 0.0017 0.975 35.4 68.7 ± 1.55a 0.0393 ± 0.0087 0.895 17.6 84.6 ± 1.15a
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coexisted, and chemical degradation contributed more than 
biological degradation.

3.4  Degradation of IMI and CLO in biochar 
suspensions and insight into effects of biochar 
on chemical degradation

The chemical degradation is the dominating pathway for 
IMI and CLO removals in soils, and biochar amendments 
could enhance their chemical degradation. To investigate 
the mechanisms for biochar enhanced chemical degrada-
tion of IMI and CLO, the degradation of the two insecti-
cides in various biochar solutions and suspensions were 
examined. IMI and CLO degraded greatly in the biochar 
suspension (Table 5). The 10-day degradation percentages 
of IMI in biochar suspension ranged from 16.7% to 53.5% 
for Mns and 13.9–45.0% for Pns, and those of CLO ranged 
from 12.5% to 50.2% for Mns and 18.6–73.9% for Pns, 
respectively. Greater degradation percentages of IMI and 
CLO were acquired in suspensions with 700-PT biochar. 

The improvement in insecticide degradation could first be 
ascribed to the enhanced pH, which was confirmed by the 
results that the IMI and CLO degradation percentages in 
background solution at pH 6.5 were 1.16% and 2.52%, and 
pH 11.0 (the pH of biochar ash suspension with M7) for 
45.7% and 22.3%, respectively. The hydrolysis is a dominat-
ing pathway of chemical degradation of IMI and CLO (Liu 
et al. 2006), and OH– can catalyze hydrolysis (Morrissey 
et al. 2015). However, in this paper, the pH values of PS 
and RS amended with high-PT biochars were still acidic or 
neutral (pH < 6.8, Table 1) due to the great buffer capac-
ity of soil, and hence, elevated pH could not explain the 
enhanced chemical degradations of the two insecticides in 
the biochar-amended soils. To eliminate the effects of pH, 
the pH of biochar suspensions was adjusted to 6.5. At this 
neutral pH, the degradation percentages of IMI and CLO 
declined obviously, but still remained at levels higher than 
those in deionized water with the same pH. This indicates 
that factors other than pH were included in the catalytic 
degradation of IMI and CLO. In biochar leachate with pH 

Table 5  Ten-day chemical degradation percentages of IMI and CLO in solutions and biochar suspensions and the corresponding pH of the sys-
tems

Values with the same letter in the pH or degradation percentages columns are not significantly different from each other (p > 0.05)
S suspension without pH adjusted, A ash suspension, SA suspension with pH adjusted, L leachate without pH adjusted, LA leachate with pH 
adjusted, DMn and DPn HCl/HF-deashed biochars, Mn-A and Pn-A biochar ashes were prepared by burning the maize straw and pig manure 
under aerobic conditions at 300, 500, and 700 °C, respectively. The abbreviations are the same below

Experiment design pH IMI CLO Experiment design pH IMI CLO

M3-S 7.17 ± 0.03ef 16.7 ± 0.81j 12.5 ± 0.37q M3-SA 6.47 ± 0.03g 13.3 ± 0.96l 8.31 ± 0.50stuv
M5-S 9.40 ± 0.06c 34.8 ± 1.20de 29.4 ± 1.31gh M5-SA 6.57 ± 0.09g 25.3 ± 0.96g 20.7 ± 1.46klm
M7-S 9.98 ± 0.07a 53.5 ± 1.22a 50.2 ± 1.88b M7-SA 6.43 ± 0.03g 50.7 ± 1.58b 43.4 ± 1.56cd
P3-S 7.29 ± 0.04ef 13.9 ± 0.42kl 18.6 ± 1.07mn P3-SA 6.40 ± 0.06g 10.4 ± 0.56m 10.9 ± 0.79qrs
P5-S 8.59 ± 0.03d 21.0 ± 0.83hi 33.1 ± 1.57f P5-SA 6.50 ± 0.06g 17.4 ± 0.58j 12.8 ± 1.40qr
P7-S 9.73 ± 0.04b 44.9 ± 1.27b 73.9 ± 1.82a P7-SA 6.50 ± 0.12g 40.0 ± 0.84c 45.9 ± 1.92c
M3-L 7.14 ± 0.05f 3.80 ± 0.50n 9.60 ± 0.94stu M3-LA 6.40 ± 0.06g 3.34 ± 0.18no 6.73 ± 0.81uvw
M5-L 9.43 ± 0.06c 16.3 ± 1.25jk 10.4 ± 0.59rst M5-LA 6.43 ± 0.03g 1.15 ± 0.25no 7.36 ± 0.70tuv
M7-L 10.1 ± 0.09a 32.1 ± 1.45ef 13.9 ± 0.33pq M7-LA 6.50 ± 0.06g 1.17 ± 0.13no 10.3 ± 0.57rst
P3-L 7.33 ± 0.05e 0.79 ± 0.35o 3.89 ± 0.15wx P3-LA 6.43 ± 0.09g 2.87 ± 0.19no 5.63 ± 0.79vwx
P5-L 8.59 ± 0.03d 18.5 ± 1.70ij 9.08 ± 0.54stu P5-LA 6.43 ± 0.03g 1.68 ± 0.26no 6.70 ± 0.83uvw
P7-L 9.69 ± 0.03b 39.4 ± 1.73c 13.8 ± 1.06pq P7-LA 6.40 ± 0.10g 1.36 ± 0.37no 7.90 ± 0.55stuv
M3-A-S 9.62 ± 0.05d 50.8 ± 1.55cd 50.3 ± 1.74b M3-A-SA 6.45 ± 0.04j 24.2 ± 1.46jk 43.8 ± 1.83cd
M5-A-S 11.1 ± 0.04a 58.4 ± 1.70a 43.6 ± 0.87cd M5-A-SA 6.48 ± 0.02j 19.1 ± 1.35lmn 31.8 ± 0.99fg
M7-A-S 10.5 ± 0.07b 49.0 ± 0.79d 29.7 ± 0.79gh M7-A-SA 6.42 ± 0.03j 13.5 ± 1.28pq 22.4 ± 1.30jkl
P3-A-S 8.15 ± 0.09g 33.7 ± 0.75gh 25.5 ± 1.16ij P3-A-SA 6.51 ± 0.08j 17.4 ± 0.65no 19.6 ± 1.95lmn
P5-A-S 9.62 ± 0.10d 54.3 ± 1.13b 23.3 ± 1.13jk P5-A-SA 6.43 ± 0.05j 15.7 ± 1.12op 16.9 ± 0.76nop
P7-A-S 9.77 ± 0.09d 51.7 ± 0.92bcd 27.6 ± 0.59hi P7-A-SA 6.46 ± 0.07j 12.2 ± 1.10qr 16.1 ± 1.00op
DM3-S 6.43 ± 0.03g 10.2 ± 0.41m 12.7 ± 0.82q Deionized water with pH 

adjustedDM5-S 6.47 ± 0.03g 21.7 ± 0.75h 38.3 ± 0.92e 6.47 ± 0.09g 1.16 ± 0.84no 2.52 ± 0.56x
DM7-S 6.43 ± 0.03g 39.9 ± 1.21c 43.6 ± 0.91cd
DP3-S 6.50 ± 0.10g 10.5 ± 1.25m 17.6 ± 0.69mno Deionized water with pH 

adjustedDP5-S 6.40 ± 0.06g 31.9 ± 0.96f 42.3 ± 1.04d 11.0 ± 0.05a 45.7 ± 1.29b 22.3 ± 1.07kl
DP7-S 6.47 ± 0.09g 35.0 ± 0.98d 70.9 ± 1.36a
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adjusted to neutral, the degradation percentages of IMI had 
no significant differences among the treatments (all below 
3.5%) except those of CLO having a percentage degrada-
tion of 5.0–10.0%. This suggests that the dissolved metal 
ions might contribute to the chemical degradation of the two 
pesticides but with limited extents, contributing more to the 
catalyzed degradation of CLO than IMI. To determine the 
main active biochar component for IMI and CLO-catalyzed 
degradation, deashed biochars and biochar ashes were all 
prepared (Zhang et al. 2013, 2018b). The degradation per-
centages of IMI and CLO in biochar ash suspensions were 
generally higher than those in the corresponding biochar 
suspensions even at an adjusted pH value of 6.5, suggesting 
that mineral ash is the main component for the catalyzed 
degradation of IMI and CLO. It was reported that metal-
saturated clays in soil, and surface metal ions or oxides and 
organic anions in biochar played active roles in elevating 
interlayer latent pH, which could further facilitate hydrolysis 
(Liu et al. 2006; Shainberg 1973). The chemical removal 
percentages of IMI and CLO on PS and biochar–PS mixtures 
had a significant positive correlation with Kd (Table S4; rIMI 
= 0.851, rCLO = 0.844; p < 0.05). This could be due to that 
high contents of oxygen-containing functional groups (e.g., 
–COO− and –O−) and alkali metal minerals (e.g., whit-
lockite, calcite, sylvite and cyclowollastonite shown in Fig. 
S2) in high-PT biochars released latent OH−, which is able 
to catalyze hydrolysis (Yuan et al. 2011). Moreover, metal 
oxides on ash can catalyze the hydrolysis of many pesticides 
by increasing the positive charge density on the reaction 
center atom in pesticides (Zhang et al. 2013), and there are 
abundant mineral active groups such as metal oxides in ash 

(Yuan et al. 2011). Therefore, mineral active groups were 
the key biochar components leading to high degradation per-
centages of IMI and CLO in biochar ash suspensions and 
contributed to the enhanced IMI and CLO chemical degrada-
tion in biochar-amended acidic soils and high-PT biochars 
contained higher ash and hence showed greater capacity to 
prompt hydrolysis.

The degradation percentages of IMI and CLO in deashed 
biochar suspensions were also quite high, even greater than 
those in biochar suspensions (Table 5), suggesting that 
organic moiety could also catalyze their chemical degrada-
tion. Recently, EPFRs in biochar and their catalytic capacity 
to degrade contaminants by generating ·OH and other free 
radicals have gained extensive attention (Zhang et al. 2018b; 
Fang et al. 2015a). In this paper, the intensity of EPFRs in 
biochars and the degradation percentages of IMI and CLO 
catalyzed by ·OH generated by biochars were determined 
(Text S3). The EPFR signals from 700-PT biochars were 
stronger than those from other biochars (Table S5). The deg-
radation percentages of IMI and CLO had a significant posi-
tive correction with the intensity of EPFRs in biochars (rIMI 
= 0.539, rCLO = 0.662; p < 0.05). After the suspensions 
were added with tertiary butanol, the degradation percent-
ages of IMI and CLO all decreased (Fig. 1). This suggested 
that part of the chemical degradation of IMI and CLO could 
be ascribed to their reaction with ·OH, and this has also 
been observed in other studies (Zhang et al. 2018b; Fang 
et al. 2015a). In addition, other free radicals (e.g., superoxide 
radical anion and singlet oxygen) could also be generated by 
EPFRs in biochars (Fang et al. 2015b). After the addition 
of tertiary butanol, the degradation percentages of IMI and 

Fig. 1  Chemical degradation 
percentages of IMI and CLO in 
suspensions of biochar, deashed 
biochar and biochar ash with or 
without tertiary butanol
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CLO in neutral suspensions were still consistently greater 
than those in deionized water with the same pH (Fig. 1). 
Therefore, it could be concluded that the biochar amend-
ments provided mineral active groups and generated ·OH 
and other free radicals, which caused high chemical deg-
radation percentages of IMI and CLO in biochar-amended 
acidic soils.

3.5  Effects of biochar on IMI and CLO 
biodegradation

The addition of biochar could improve soil fertility via 
several ways such as enhancing nutrient retention, CEC, 
water-holding capacity and pH (Hartley et al. 2016), and 

hence influence biological community composition and 
microbial abundance (Andert and Mumme 2015; Xu et al. 
2016). In this paper, the biotic removal rates of IMI and 
CLO were roughly estimated as the difference of the removal 
rates between unsterile soils and the corresponding sterile 
soils. The biotic removal rates of IMI and CLO in bare PS 
were higher than those in bare RS (Fig. 2). Ren et al. (2015, 
2016b) found that the dissipation potential of organic pollut-
ants varied with soil type which is associated with bacterial 
community. In this paper, the lesser biodegradation of the 
two insecticides observed in RS could be due to its poor 
native microbial community caused by lower organic matter 
content (Table S1). The biotic removal rate of IMI and CLO 
in the two soils significantly increased after being amended 
with M3 and P3, while those with M7 and P7 amendment 
showed significant reductions. Low-PT biochars contained 
greater amounts of DOC, available N and P (Table 1) than 
high-PT biochars, which in turn contributed to enhance 
the quantity and biodegrading function of microorganisms 
(Chen et al. 2016). A significant positive correlation between 
the biotic removal rates of IMI and CLO and DOC values 
of biochar-amended soils was found (Fig. 3; rIMI = 0.655, 
rCLO = 0.787; p < 0.05), confirming the above conclu-
sion. Furthermore, our previous study (Zhang et al. 2020) 
showed that DOM derived from low-PT biochars mainly 
consisted of aliphatic and fulvic acid-like compounds and 
could increase the relative abundances of Proteobacteria and 
Bacteroidetes (e.g., Dyadobacter, Sphingobacterium, Novo-
sphingobium, Pedobacter and Mucilaginibacter), which have 
strong ecological linkages with the carbon cycles, biologi-
cal electron transfer and organic pollutant degradation (Jiao 
et al. 2016). For example, Sphingobacterium could degrade 
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Fig. 2  The biodegradation percentages of IMI and CLO in two soils 
amended without or with biochars at 60 days

Fig. 3  Correlations between 
the biodegradation percentages 
in various soils and biochar–
soil mixtures and their DOC 
and Kd (DOC: rIMI = 0.655, 
rCLO = 0.787; p < 0.05; Kd: 
rIMI = − 0.522, rCLO = − 0.774; 
p < 0.05)
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the neonicotinoid insecticide via nitrate reduction and chlo-
ropyridinyl dechlorination (Zhang et al. 2018c; Wang et al. 
2016). Besides, biochar amendments could also change 
nutrient retention and pH (Table 1), which would lead to 
corresponding changes of microbial communities and affect 
the contaminant biodegradation.

Besides the activity of microbial communities, chemi-
cal bioavailability is also a key aspect influencing the bio-
degradation. In this current study, biochar amendments 
increased the sorption of IMI and CLO, and their sorption 
affinity increased with the increasing biochars’ PTs for a 
given raw material (Table 2). As a whole, a negative cor-
relation between the biodegradation percentages of IMI 
and CLO and their Kd was found (Fig. 3; rIMI = -0.522, 
rCLO = − 0.774; p < 0.05), which indicated that the sorp-
tion reduced the concentrations of IMI and CLO in soil pore 
water and consequently reduced their bioavailability. High-
PT biochar had greater sorption capacity compared to low-
PT biochar, and hence, led to a lower biodegradation of the 
two insecticides due to the reduced bioavailability of the 
insecticides.

Therefore, biochars as soil amendments could affect 
chemical and biological degradation of IMI and CLO. The 
soils amended with high-PT biochars had greater chemical 
degradation percentages of IMI and CLO, and the lowest 
biodegradation percentages, which could be ascribed to the 
mineral active groups and generation of ·OH and other free 
radicals in high-PT biochars; whereas, soils amended with 
low-PT biochars had the opposite trend, which could be due 
to the increasing DOC, available N for microbial commu-
nities and low adsorption capacity. Biochar amendments 
could not only catalyze the chemical degradation of IMI 
and CLO, but also decrease their biodegradation by reducing 
their bioavailability.

4  Conclusions

The results gained from this current study suggested that soil 
properties of two acidic soils (PS and RS) and the sorption 
and degradation of two insecticides, IMI and CLO therein 
were all affected by biochar amendments. The pH, EC, TOC 
and SA of the two soils all increased after biochar addi-
tions, while H/C decreased. With increasing biochar PTs, 
the sorption of the two insecticides in biochar-amended 
soils was enhanced to greater extents, which could be due 
to the increasing SA and decreasing H/C. The soil acidic 
pH favored the sorption in 300-PT biochar–soil mixtures 
by removing the ash and exposing the inner sorption sites 
in biochar. Low-PT biochar amendments promoted the 
biological degradation of IMI and CLO by the enhancing 
labile C and N sources (DOC and available N) for microbial 
communities. While, high-PT biochar amendments gained 

the opposite results that they inhibited the biodegradation 
by reducing the bioavailability of IMI and CLO, and pro-
moted their chemical degradation by providing mineral 
active groups and generating ·OH and other free radicals, 
which could be associated with their higher clay content 
and organic matter content. Finally, in the view of insecti-
cide dissipation, the optimum biochar was P7, which could 
shorten the t1/2 by 2.45–3.28 times for IMI and by 4.49–6.40 
times for CLO in the two soils. The results of this study 
together with those in the literature suggest that biochar is 
a promising material for the remediation of pesticide con-
tamination, however the efficiency is affected by the intrinsic 
properties of soil and biochar as well as the pesticides, and 
specific test is needed case by case before the application of 
biochar technology.
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