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ARTICLE INFO ABSTRACT
Keywords: Biochar derived from biomass pyrolysis has proven to be an excellent material for pesticide
Walnut shell biochar (WSB) adsorption and can be used as soil amendment for pesticide non-point pollution. However, the

Chlorantraniliprole (CAP)
Adsorption mechanism
Optimal use dosage

adsorption and desorption mechanisms for certain biochar and pesticide are still unclear. In this
study, we investigated the properties of biochar derived from walnut (Juglans regia L.) shell
(WSB), and used batch equilibrium method to investigate the adsorption and desorption behavior
for chlorantraniliprole (CAP). The physical-chemical analysis showed that there were mainly
lignin charcoal of alkyl carbon, methoxyl carbon, aromatic carbon, and carboayl carbon as the
primary carbon compounds of WSB. The = - n electron donor acceptor interaction, electrostatic
interaction, and hydrogen bond were the primary adsorption mechanisms of the WSB adsorption.
Batch equilibrium study under 298 K showed that WSB application in the soil significantly
improved the adsorption ability for CAP, and the adsorption behavior was a mono-layer
adsorption process as Langmuir model fitted the adsorption isotherm data better than the
Freundlich model. While Freundlich model analysis showed that WSB addition to the soil changed
the isothermal adsorption line from the S style to the L style. The spontaneous degree reaction of
sorbents from strong to weak was in the following order: 5%-WSB >7%-WSB >10%-WSB >1%-
WSB >3%-WSB > soil > WSB, and the maximum application effect was achieved at 5 % (m/m)
WSB dosage mixed with the soil. Therefore, we considered that WSB addition in soil increased its
CAP adsorption capacity, and 5 % (m/m) WSB application was the best choice for CAP pollution
control. These data will contribute to the adsorption mechanism and the optimal use dosage of
WSB for CAP pollution control.

1. Introduction

Chlorantraniliprole (CAP) belongs to the group of diamide insecticides. It was developed by DuPont in 2007, and it is a widely used
pesticide worldwide including in China [1-3]. CAP has been mainly registered in rice, corn, cotton, sugarcane, sorghum, and many
other crops [4]. According to the statistics, worldwide sales of CAP was more than 2 billion dollars in 2023, and it has maintained the
top sales position in the insecticide market for years [5]. However, excessive CAP application may cause environmental and health
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impacts [6]. Researchers have found that CAP can adversely affect non-target organisms and harm the bacterial community in soil
[7-9].

In modern agriculture, soil has an important position in the food-chain and planetary health system [10,11]. Maintaining soil
health is important for sustaining agricultural development and food security [12,13]. Overused pesticides can enter not only the air
and water but also the soil and persist for extended periods and cause non-point source (NPS) pollution such as soil health hazards,
water quality declines, and crop quality reductions [14-16]. Here, NPS pollution refers to pollution from a broad group of human
activities that does not have a single point of entry into environment [17]. Former studies have shown that CAP has a long half-life in
the aqueous phase for 26 days, and in the benthic zones of flooded and drained fields, CAP has a half-life of 29 and 92 days, respectively
[18]. CAP also showed cross resistant with other insecticides and poor ovipositor development in female insects for its long half-life
characteristic [19]. CAP in soils also alters the bacterial and fungal community structures at low concentration levels from 0.8 mg/kg
to 20 mg/kg [20]. Techniques for pesticide removal from soil are mainly physico-chemical approaches, such as photocatalytic
degradation and advanced oxidation, and adsorption techniques [21-23]. The adsorption techniques to prevent or reduce pesticide
migration from soils to plants should be easy to perform and are suitable for agricultural soil remediation.

Biochar is a multifunctional carbon-rich material, and it is derived from life activities and plant-derived agroforestry biomass
wastes. Many agricultural production wastes, such as walnut (Juglans regia L.) shell, rice straw, wheat straw, corn straw, bamboo, and
rice husk, can be used for biochar production [24,25]. The use of biochar in agriculture is of great significance for carbon sequestration,
NPS pollution control, heavy metal pollution remediation, farmland and saline-alkali soil improvement, food security protection, and
agricultural ecological environmental security protection [26-28]. As biochar possesses good adsorption ability, it has an obvious
effect on pesticide environmental behavior control, including migration control in soil, the problem of reduced agriculture safety, and
environmental safety problems caused by pesticides [29-31]. Studies have shown that biochar treatment is an effective method for
pesticide adsorption in soil environments, and biochar addition to wetlands has been shown to be a promising approach for CAP
mitigation for agricultural runoff waters [32,33].

Biochar addition in soil will change the soil characteristics, including its chemical adsorption ability [34,35]. Former studies of
biochar in-situ remediation have shown that biochar addition in soil can alter pesticide environmental fate due to its adsorption ability
and filtration in soil environments [36]. Adsorption isotherms and adsorption thermodynamic investigations are very important
because these properties and data are the basis for the selection of a suitable sorbents, the design of the application dosage, and the
economic analysis [37]. Pesticide adsorption in soil is a complex process and is affected by several factors, including the pesticide
chemical properties, soil characteristics, and climatic factors [38].

The adsorption ability is affected by several factors, and the biochar application dosage is the most important [39]. Although the
environmental behavior of pesticides under various conditions and soil factors have been studied, the interaction of the biochar-soil
system and dosage optimization for biochar addition have not been well documented. In this study, we used the batch equilibrium
method to study the walnut shell biochar (WSB) adsorption effect mechanism. WSB from walnut shell could be used as a raw material
for the in-situ remediation of farmland pesticide pollution, as walnut is an important cash crop in Zhejiang Province and has the
production of more than 0.5 million ton of each year and it is much more suitable for using as an alternate low-cost adsorbent material
[40-42]. The batch equilibrium method is widely used to investigate chemical substances, including the pesticide migration rate and
their distribution information in the soil, aquatic areas, and the biosphere [43]. The Organization for Economic Co-operation and
Development (OECD) has published guide No. 106 for chemical adsorption desorption using the batch equilibrium method, and this
method is identical to the Chinese national standard (GB/T 21851-2008) [44].

Former studies have shown that biochar made from the pyrolysis of agricultural wastes can be used as a high-efficiency sorbent for
pesticide non-point pollution control [45-47]. However, the adsorption and desorption mechanisms for certain biochar and pesticide
are still unclear, and the maximum application dosage is unknown in actual production. Based on the favorable characteristics of
biochar on pesticide adsorption, the present studies have primarily focused on the effect of the biochar addition proportion to soil on
the pesticide adsorption ability in soil. In general, the adsorption effect for pesticides in soil increases with biochar addition dosage and
increases with the adsorption contact time [48]; and the effect of biochar application on the migration, transformation, and distri-
bution of pesticides in soil and aquatic environments [49].

Therefore, in this study, we investigated the properties of WSB, and used batch equilibrium method to investigate the adsorption
and desorption behavior of CAP on WSB. The experiment was carried out according to the OECD guideline 106 to elucidate the
adsorption mechanism of CAP on WSB. From a management perspective, WSB from walnut shell was used as a raw material for the in-
situ remediation of farmland, which had great importance for walnuts resource recycling. For the meaning of the study is concerned,
from an applicability perspective, intensive efforts were necessary to investigate and maximize the performance of WSB application
including optimal dosage. As such, this study has two objectives: (i) to investigate adsorption behavior for CAP in the sorbens with
biochar and soil by using a kinetics model and a thermodynamic parameters analysis of the adsorption model; (ii) to investigate and
maximize biochar addition dosage for CAP adsorption capacity in soil.

2. Experimental materials and methods
2.1. Experimental material
The WSB was supplied by the Zhejiang Biochar Engineering Center, Hangzhou city, Zhejiang province, and it was crushed and

passed through an 80-mesh (with 0.32 mm diameter) sieve for later use. The WSB was produced at the highest treatment temperature
of 450 °C for 3 h and at a heating rate of 5°C-10 °C/min. The physical and chemical properties of the WSB were as follows: Specific



C. Sun et al. Heliyon 10 (2024) e39123

surface area 89.85 m?/g, pH value of 6.78, density of 0.33 g/ml, total nitrogen content of 1.26 %, available phosphorus content of
0.038 %, K content of 3.82 %, and total organic content (TOC) of 93.90 %.

The upper 15-cm layer of the soil was collected from the trial base of Zhejiang Academy of Agricultural Sciences, Hangzhou, China.
When sampling the soil, the surface stones, leaves, and other impurities were removed, and a shovel was used to evenly sample the soil.
The soil sample was air-dried and passed through an 80-mesh sieve (with 0.32 mm diameter) after being crushed. The physical and
chemical properties of the soil were as follows: pH value of 6.52 (pH value was determined in 1.2 (soil: water) ratio using digital
electronic pH meter), moisture content of 1.31 %, total organic content (TOC) of 2.91 % (TOC was determined by a volumetric
technique), total nitrogen (TN) of 0.45 % (TN was determined using a San++ flow analyzer), available phosphorus (TP)_content of
0.011 % (TP was determined by phosphoric acid molybdenum antimony colorimetric method) [53], and available potassium (TK)
content of 0.0081 % (TK was determined by standard soil testing procedures) [50-54].

The CAP standard of 97.84 % purity was supplied by Dr. Ehrenstorfer Co., Ltd, Germany. The acetonitrile, methanol, and toluene of
chromatographic grade were supplied by Aladdin Reagent Co., Ltd, Shanghai, China. Water of chromatographic grade was supplied by
Wahaha Co., Ltd, Hangzhou, China. CaCl,; and NaNj3 of analytical grade were supplied by Aladdin Reagent Co., Ltd.

2.2. Walnut shell biochar characterization

Nuclear magnetic resonance (NMR) spectroscopy and X-ray diffraction (XRD) were used to characterize the WSB. NMR was
detected using the Bruker AVANCE III 600 with an ultraviolet-visible (UV-VIS) spectrophotometric detector, and the resonance
frequency was 150.9 MHz. The C CP/MAS NMR spectra were recorded using a 4-mm magic angle spinning (MAS) probe and a spinning
rate of 14 kHz. A contact time of 2 ms and a recycle delay of 3 s were used for the 'H-13C CP/MAS measurement.

2.3. Batch equilibrium method

The distribution of a chemical between soil and aqueous phases is a complex process depending on a number of different factors: the
chemical nature of the substance, the characteristics of the soil, and so on. We conducted the batch equilibrium experiments according
to the OECD guideline 106. According to this guideline, adsorption represents the process of the binding of a chemical to surfaces of
soils. The test is designed to evaluate the adsorption of a chemical on different soil types with a varying range of organic carbon
content.

In preliminary experiment, 1 kg air-dried soil was prepared and 1 %, 3 %, 5 %, 7 %, and 10 % weight proportion WSB were mixed
with the soil fully, and 60 % saturated moisture was added. The samples were left for 21 days in an incubator at 25 °C prior to aging.
Sorbents, including soil only, biochar only, and the biochar-soil mixtures with 1%-WSB, 3%-WSB, 5%-WSB, 7%-WSB, 10%-WSB
dosage were mixed together with the CAP solution. A stock solution of CAP at a concentration of 1000 mg/L was prepared in methanol
and stored at 4 °C in the dark. The CAP was diluted in a solution containing 0.01 M CaCl, and 0.20 g/L NaN3 to maintain a constant
ionic strength and to inhibit microbial activities.

Sorbents (mixture of different proportion WSB with soil) of 1.00 g were weighed, and 50 mL CAP solutions with initial concen-
trations of 5, 10, 15, 20, and 25 mg/L were added to the sorbents in 50-mL centrifuge tubes with five replicates. All the tubes were
shaken at 25 °C for 24 h at 120 rpm. The tubes were then centrifugated for 10 min at 3000 rpm. Approximately 1-2 mL of supernatant
was withdrawn from each sample using an injector, filtered through a 0.45-pm membrane, and added to 1.5-mL vials to analyze the
CAP concentration in the solution phase using high performance liquid chromatography (HPLC). The remaining soil phase was kept for
the subsequent desorption experiments.

The desorption experiments were conducted immediately after adsorption procedure. As much of the remaining supernatant was
removed from the tubes as possible; then, 50 mL of a fresh background solution (0.01 M CaCl, without CAP) was added to the
centrifuge tubes. The tubes were shaken at 25 °C for 24 h and centrifuged; then, the supernatant was collected to analyze the CAP
concentration in the aqueous phase using HPLC. The desorbed CAP amount was calculated from the CAP concentration in the aqueous
phase.

In the preliminary tests, the adsorption equilibrium analyses of CAP in the soil alone, in biochar-soil mixtures, and in the biochar
alone were performed at an initial concentration of 10 mg/kg. Equilibrium was achieved for all experiments within 24 h.

The adsorption quantity was calculated using the following equation:

q.= (G~ Ce)V , 1)
m
where q. is the CAP quantity of WSB adsorbed on the soil/WSB (mg/kg); Cy is the initial concentration of CAP; and C, is the CAP
concentration at sampling equilibrium moment.
The desorption quantity was calculated using the following equation:

CeV
Caq= jn : 2

where Cqq is the CAP quantity of WSB desorbed from the soil/WSB (mg/kg); and Cqe is the CAP concentration at equilibrium moment.
Freundlich and Langmuir isotherm non-linear models are used to determine the relationship between the adsorbate in the aqueous
solvent phase and the adsorbate adsorbed on the surface of the adsorbent at equilibrium and constant temperature.
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Freundlich model is expressed as the follows:
lgq.=1gK;+1/nlgC., 3

where g, is the amount of CAP absorbed on the WSB (mg/kg), and is equal to g, in equation (2); C. is the equilibrium solution adsorbed
concentration (mg/L), and is equal to C. in equation (2); and K¢ and 1/n represent the rate constant of adsorption [55].
Langmuir model is expressed as follows:
1 1 1

% Qux  KiQuaCe’ “

where g is the amount of CAP absorbed on the WSB (mg/kg), and is equal to g in equation (2); C. is the equilibrium solution adsorbed
concentration (mg/L); Qmax is the maximal mono-layer adsorption amount; and the parameter Kj, represents the rate constant of
adsorption [56].

The influence of WSB addition in soil at 298 K was calculated using the equations below:

AG® = —RTIn K, %)

Koc :Kf/foc, (6)

Where AG® is the Gibbs free energy change; R is a constant (8.314 J/mol'K); f,. is the organic content of the biochar-soil mixture; K¢ is
the constant value in Freundlich model; and K, is the constant corrected for organic matter content.

2.4. CAP analysis using HPLC

Thermo HPLC with an Agilent C;g column (250 mm x 4.6 mm) and an ultraviolet (UV) detector was performed for analyzing the
CAP concentration in the batch adsorption studies. The mobile phase consisted of 80 % acetonitrile and 20 % water at a flow rate of 0.5
mL/min. The detection wavelength for the UV detector was set at 265 nm. The injection volume was 10 pL. The detection limit of CAP

was 0.05 mg/L. A good linear correlation was obtained for CAP. The equation was Y = 0.92X + 0.0032, with a correlation coefficient
(R?) of 0.999 at five concentrations (0.01, 0.1, 1.0, 5.0, and 10 mg/kg) with three replicates.

2.5. Statistical analysis

Statistical analysis was performed using Microsoft Excel 2015 (Microsoft Corporation, USA) and SPSS 19.0 (International Business
Machines Corporation, USA).

3. Results and discussion
3.1. NMR and XRD characterization results

The NMR and XRD characterization results of WSB are shown in Figs. 1 and 2.
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Fig. 1. Nuclear magnetic resonance (NMR) curve of the WSB characterization.
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Fig. 1 shows that there were four main regions of the spectrum information regarding the overall structure of the WSB. The
chemical shifts between 0 and 45 ppm were likely related to alkyl carbon, and those between 45 and 93 ppm were likely related to
methoxyl carbon and carbohydrate. Aromatic carbon was present between 93 and 165 ppm, and carboayl carbon was present between
165 and 280 ppm.

The XRD spectra were recorded on an X-ray powder diffractometer using CuKa radiation operating at 40 kV and 30 mA. The
powder samples were placed on an aluminum slide with a 2-mm-thick layer. The samples were scanned at a reflection angle of 20 using
a step rate of 0.5°/min.

Fig. 2 shows the XRD curve of the WSB. We analyzed the results using Jade 6.0 software, which showed that the hkl values were
113, 300, 401, 511, and 452 for the 26 values of 21, 27.5, 40, 50, and 68, respectively. The weak diffraction was expected for the non-
graphitizable carbonized cellulosics, and the broader peaks at 21° and 27.5° that obtained were consistent with the presence of
amorphous carbon and/or the presence of nanoparticles. The XRD analysis results showed that the WSB consisted of large amounts of
lignin charcoal other than crystalline carbon.

WSB characterization showed that there was a large amount of lignin that remained in the material. During WSB production, alkyl
carbon, methoxyl carbon, aromatic carbon, and carboayl carbon remained in the biochar material. Compared with crystalline carbon,
the lignin charcoal had more alkyl carbon, methoxyl carbon, aromatic carbon, and carboayl carbon. The = - & electron donor acceptor
interaction, electrostatic interaction, and hydrogen bond were the primary adsorption sites of the WSB adsorption [57].

3.2. Batch equilibrium method and adsorption thermodynamic

The batch adsorption-desorption results for CAP in the soil only, mixtures of soil and WSB, and WSB only are shown in Figs. 3 and 4,
and the Supplementary Information S1 and S2. Fig. 3 shows that in adsorption procedure, CAP reaches adsorption equilibrium in short
time (10 min), and therefore, it can be ruled out that the concentration reduction of CAP in the aqueous phase is caused by the
adsorption of CAP in soil and biochar itself, rather than degradation itself. WSB addition in soil improves the adsorption ability of soil
to CAP.

Fig. 4 shows the desorption procedure of CAP in soil and the mixture of soil and WSB. The rate of desorption fitted first-order well.
As Fig. 4 and Table 1 show, if we compare the desorption data of course, the K¢ value for the WSB, 1%-WSB, 3%-WSB, 5%-WSB, 7%-
WSB, 10%-WSB and soil, were 4.98, 50.20, 50.22, 73.12, 49.20, 63.42 and 49.82, respectively. The desorption procedure of the 5%-
WSB and 7-WSB showed easier to carry out desorption procedure. The result shows that there is hysteresis phenomenonin desorption
procedure, which means different results between the measurements of the adsorption and desorption processes are obtained [58,59].
As the reasons are concerned, WSB has large specific surface area (89.85 m?/g), and the adsorption procedure often occurs in the WSB
micropores, and the n-1 electron donor acceptor interaction causes the micropores filled with CAP absorbed on the adsorption sites,
and it is hard to release during desorption process [60,61].

Using equations (1), (2) and (5), (6), the thermodynamic parameters for the adsorption of CAP in the soil/WSB are shown in
Table 1.

The AG value is generally regarded as an indicator of the energy change during the adsorption-desorption process [62]. Table 1
showed that the AG value varied from —10.08 kJ/mol to —15.41 kJ/mol. When the absolute value of AG® was larger, the reaction
driving force is stronger, and the adsorption reaction proceeded more easily [63]. Absolute values of AG less than 20 kJ/mol indicated
that the equilibrium process may have involved physisorption as well as chemisorption. The K value of the soil was 1.32, while the
value for the WSB was 485.20. The addition of WSB to the soil significantly increased the sorption capacity of the WSB. For the
1%-WSB, 3%-WSB, 5%-WSB, 7%-WSB, and 10%-WSB, the K¢ values were 16.32, 20.71, 35.11, 39.32, and 48.72, which were 12.36,
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Fig. 2. X-ray diffraction (XRD) curve of the WSB characterization.
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Table 1

Thermodynamic parameters for the adsorption of chlorantraniliprole (CAP) in the soil/walnut-shell biochar (WSB).

Procedure and material Equation K¢ foc 1/n Koc AG®/(KJ mol ™)

Adsorption WSB Y = 0.64x+2.68 485.20 0.940 0.64 501.24 —15.41
1%-WSB Y = 0.92x+1.21 16.32 0.027 0.92 18.15 -7.18
3%-WSB Y = 0.86x+1.32 20.71 0.036 0.86 23.74 —-7.85
5%-WSB Y = 0.77x+1.54 35.12 0.045 0.77 40.86 -9.19
7%-WSB Y = 0.76x+1.59 39.32 0.054 0.76 44.36 -9.39
10%-WSB Y = 0.74x+1.68 48.72 0.068 0.74 50.99 -9.74
Soil Y = 1.65x+0.12 1.32 0.023 1.65 58.41 —10.08

Desorption WSB Y = 1.01x+0.69 4.98 0.940 1.01 5.30 -4.13
1%-WSB Y = 0.98x+1.70 50.20 0.027 0.98 1873.11 -18.71
3%-WSB Y =1.01x+1.70 50.22 0.036 1.01 1406.22 —17.90
5%-WSB Y = 0.74x+1.86 73.12 0.054 0.74 1351.22 -17.81
7%-WSB Y = 1.01x+1.69 49.20 0.045 1.01 1098.22 -17.30
10%-WSB Y = 0.84x+1.81 63.42 0.068 0.84 926.90 —16.90
Soil Y = 0.99x+1.69 49.82 0.023 0.99 2203.50 —19.10

15.68, 26.59, 29.78, and 36.90 times larger than K¢ value of soil. In contrast, the desorption isotherms fitted the Freundlich model well,
and the K¢ values for the soil only and soil and WSB mixtures were greater than that of the soil only. For WSB, 1%-WSB, 3%-WSB,
5%-WSB, 7%-WSB, 10%-WSB, and soil, the K¢ values were 4.98, 50.20, 50.22, 73.12, 49.20, 63.42, and 49.82, respectively. The results
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indicated that CAP sorption in the soil was largely irreversible, while for the mixture of soil and WSB, sorption was reversible. During
the desorption procedure, the AG values varied from —4.13 to —19.10 kJ/mol. The AG values were negative for both adsorption and
desorption, indicating that the adsorption and desorption process of CAP onto biochar was spontaneous and thermodynamically
favorable.

3.3. Adsorption isotherms

3.3.1. Freundlich model

The mechanism of the adsorption interaction was investigated using two models, which were the Freundlich model and the
Langmuir model.

The Freundlich model is commonly used to analyze non-uniform adsorption behavior, and it is assumed that the adsorption
behavior is a multi-layer adsorption process that occurs on heterogeneous surfaces [64]. According to equation (3), the Freundlich
distribution models of g g, versus lg C, for different sorbents are shown in Fig. 5 and Table S3. The correlation coefficients (R?) ranged
from 0.86 to 0.96, and all the values were larger than 0.85. The results showed that the adsorption procedure fitted Freundlich model
well.

3.3.2. Langmuir model

The Langmuir model is used intensely in adsorption studies to make a comparison between the adsorption capacities of different
adsorbents in order to evaluate the efficiency of these adsorbents. It is assumed that the adsorption behavior is a mono-layer adsorption
process and the adsorption rate is proportional to the WSB empty spaces and the concentration of CAP in the solution. According to
equation (4), the Langmuir distribution models of 1/q. versus 1/C, for different sorbents are shown in Fig. 6 and Table S4. The
correlation coefficients (R?) ranged from 0.89 to 0.99, and all the values were larger than 0.85. The results showed that the adsorption
procedure also fitted Langmuir model well.

The Freundlich and Langmuir constants and correlation coefficients for the CAP adsorption are shown in Table 2.

In Freundlich model analysis, when the value of 1/n is greater than one, it means that the isothermal adsorption line belongs to the
S style. When the value of 1/n is equal to one, it means that the isothermal adsorption line belongs to linear adsorption. When the value
of 1/n is less than one, it means that the isothermal adsorption line belongs to the L style. Table 2 showed that for the soil only, the
value of 1/n was greater than one, which means that the CAP isothermal adsorption line belonged to the S style. The WSB addition in
the soil changed the isothermal adsorption line from S style to L style. Additionally, in Freundlich model analysis, the 1gK¢ value in-
dicates the adsorption capacity of the adsorbent, and the adsorption capacity increased with an increase in the 1gK¢ values. Table 2
showed that the 1gKr value ranges from 0.64 to 1.64, and the value of the soil was the minimum. The 1gK¢ value increased as the
proportion of the biomass charcoal added increased. This demonstrated that the WSB addition in the soil increased its CAP adsorption
capacity. The Freundlich model analysis was performed to explain the following two assumptions: (i) the adsorption behavior was
single layer adsorption or multi-layer adsorption; and (ii) the adsorption process belonged to a physical or chemical process. However,
the Freundlich model could not distinguish between monolayer adsorption and multilayer adsorption, and it was also troublesome for
providing the range and magnitude of nonlinear adsorption [65-67].

Table 2 shows that the correlation coefficients (R?) using the Langmuir model ranges from 0.89 to 0.99, and were all greater than
0.85. The R? using the Freundlich model ranges from 0.86 to 0.98. All the R? values from Langmuir model are greater than that from
the Freundlich model. The results showed that the Langmuir model fitted the data better than the Freundlich model, and this indicated
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Fig. 5. Freundlich distribution model of 1g q. and 1g C. for CAP/soil at 298 K (a. WSB, b.1%-WSB addition, c. 3%-WSB addition, d. 5%-WSB
addition, e. 7%-WSB addition, f. 10%-WSB addition, g. Soil).
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Fig. 6. Langmuir distribution model of 1/q. and 1/C, for CAP/soil at 298 K (a. WSB, b. 1%-WSB addition, c. 3%-WSB addition, d. 5%-WSB addition,
e. 7%-WSB addition, f. 10%-WSB addition, g. Soil).

Table 2

Freundlich and Langmuir constants and correlation coefficients for CAP adsorption on WSB.
Soil-biochar type Freundlich Langmuir

1gK¢ 1/n R? Qumax (mg/kg) Ky, R?

WSB 2.68 0.64 0.96 2000.00 0.35 0.99
1%-WSB 1.21 0.92 0.89 625.01 0.027 0.95
3%-WSB 1.31 0.86 0.87 476.21 0.045 0.91
5%-WSB 1.54 0.77 0.86 476.22 0.076 0.89
7%-WSB 1.59 0.76 0.88 555.60 0.070 0.93
10%-WSB 1.68 0.73 0.96 714.30 0.60 0.97
Soil 0.12 1.64 0.98 —79.36 —0.038 0.98

that the adsorption behavior was a mono-layer adsorption process.
3.4. Adsorption action analysis of CAP on the WSB

The adsorption isotherm is a macroscopic manifestation of the adsorption behavior, and its shape and type can roughly reflect the
type of adsorption. The Freundlich model analysis showed that with the WSB addition in soil, the adsorption behavior for CAP changed
from the S style to the L style, the adsorption ability increased, and the proportion of CAP increased.

The adsorption isotherms fitted the Freundlich model well, and it also showed that the two models could imitate the adsorption
behavior of CAP on soil. The adsorption behavior of CAP on soil was S style, and this indicated that the adsorption capacity of the soil
for water molecules was stronger than that for the CAP molecules. When WSB added, the adsorption behavior of the soil/WSB on CAP
changed to the L style, and this indicated that WSB had a strong adsorption ability for CAP. The 1gKs values in Freundlich model and Ky,
values in Langmuir model can both indicate adsorption ability, and the bigger the value, the stronger of the adsorption ability. An
analysis of the fitting results of these two models showed that for the adsorption ability of CAP, the order was as follows: WSB >10%-
WSB >7%-WSB >5%-WSB >3%-WSB >1%-WSB > soil.

3.5. Mechanism of WSB to remove CAP on theory

The characterization analysis of the WSB showed that there was a large amount of lignin remained in the WSB. In addition, the
functional groups of alkyl carbon, methoxyl carbon, aromatic carbon, and carboayl carbon and molecular bonds, such as C-H, -OH,
C=C, and C=0, existed in the WSB. Previous studies have shown that the n-x electron donor acceptor interaction, the electrostatic
interaction of humic substances in soil, and n-H-bonding are the primary adsorption sites of WSB adsorption.

The adsorption mechanism of biochar for pesticides was related to the specific surface area, richness of surface functional groups,
pore structure of the biomass charcoal, intermolecular forces between the biochar and pesticides, and the chemical intermolecular
force. According to the sorption equilibrium of the CAP results, CAP would reach a balance in a short time (10 min), and the primary
reason is because WSB adsorption in the soil and the concentration in water decrease. Because the adsorption time was short, it was
ruled out that the concentration reduction was caused by the degradation of CAP itself.

When the WSB was combined with soil, the adsorption ability increased, and the adsorption ability was greater than that of the
WSB itself. The results showed that the accumulation of functional groups on the surface of the biochar itself generated intermolecular
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forces that reduced the adsorption sites for pesticides. After mixing the WSB with soil, the potential binding sites between the WSB and
pesticides opened, and the adsorption capacity of pesticides increased.

3.6. Use guide of WSB to remove CAP

The adsorption thermodynamic results showed that under the 298 K test conditions, for soil and WSB and in soils with different
proportions of the WSB addition, the CAP adsorption of the soil/WSB occurred spontaneously. In addition, the degree of spontaneous
reaction from strong to weak was in the following order: 5%-WSB >7%-WSB >10%-WSB >1%-WSB >3%-WSB > soil > WSB. When
there was only WSB, the adsorption kinetic energy of the WSB was less than that of the mixture of soil and WSB. This may have been
because the adsorption kinetic energy of WSB only was less than that of the mixture of WSB and soil. In agricultural production ap-
plications, it is suggested to use 5 % (m/m) WSB application for CAP pollution control to achieve the best economic benefits.

4. Conclusion

WSB contained a large amount of lignin charcoal including alkyl carbon, methoxyl carbon, aromatic carbon, and carboayl carbon,
and these lignin charcoal functional groups made electron donor acceptor interaction possible and enhanced the adsorption ability of
sorbents. Batch equilibrium study showed WSB application in soil significantly improved the adsorption ability for CAP. The
adsorption isotherm analysis showed that the Langmuir model fitted the data better than the Freundlich model,and this indicated that
the adsorption behavior was a mono-layer adsorption process. In contrast, the Freundlich model analysis showed that the WSB
addition to the soil increased its CAP adsorption capacity, as evidenced by the increase in the IgK values. Under the 298 K test
conditions, the adsorption thermodynamic results showed that, for soil, the CAP adsorption on the soil/WSB occurred spontaneously.
The degree of spontaneous reaction from strong to weak was in the following order: 5%-WSB >7%-WSB >10%-WSB >1%-WSB >3%-
WSB > soil > WSB. With a 5 % WSB application, the mixture of WSB and soil showed the best adsorption kinetic energy. The CAP
adsorption ability on soil/WSB is affected by the accumulation of functional groups on the surface of the itself, and this generated
intermolecular forces that reduced the adsorption sites for pesticides. However, after mixing WSB with soil, the potential binding sites
between the WSB and pesticides opened, and the adsorption capacity of pesticides increased. The mixture of WSB and soil with
appropriate proportion is helpful to enhance WSB adsorption ability and is economically feasible in production. It is suggested to use 5
% (m/m) WSB application for CAP pollution control in agricultural production.
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