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Atrazine is a widely used triazine herbicide, which poses a serious threat to human health
and aquatic ecosystem. A montmorillonite–biochar composite (MMT/BC) was prepared
for atrazine remediation. Biochar samples were characterized by using scanning electron
microscope (SEM), transmission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectrometer (XPS). Structural and
morphological analysis of raw biochar (BC) and MMT/BC showed that MMT particles
have been successfully coated on the surface of biochar. Sorption experiments in aqueous
solution indicated that the MMT/BC has higher removal capacity of atrazine compared to
BC (about 3.2 times). The sorption of atrazine on the MMT/BC was primarily controlled by
both physisorption and chemisorption mechanisms. The amendment of MMT/BC
increased the sorption capacity of soils and delayed the degradation of atrazine.
Findings from this work indicate that the MMT/BC composite can effectively improve
the sorption capacity of atrazine in aquatic environment and farmland soil and reduce the
environmental risk.
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INTRODUCTION

Atrazine, 6-chloro-N2-ethyl-N4-isopropyl-1,3,5-triazine-2,4-diamine, is a widely used triazine
herbicide used for controlling annual grasses and broadleaf weeds (Solomon et al., 1996). Due to
its persistence, moderate aqueous solubility (35 mg/L), high mobility, and long half-life, atrazine has
a high detection rate in surface water, groundwater, and soil (Tappe et al., 2002; Qu et al., 2017;
Zheng et al., 2019). In the Hubei Province of central China, atrazine was detected in the sediments of
six eutrophic lakes, and the highest concentration of atrazine was found to be 0.171 mg/kg in
Honghu Lake (Qu et al., 2017). Atrazine was also detected in two soils in Belgium and Germany (8.3
and 15.2 μg/kg, respectively), even in soils not treated with atrazine (Jablonowski et al., 2010). In
addition, atrazine has been categorized as an endocrine disruptor and a probable human carcinogen,
which may affect the central nervous system and immune systems and even affect human semen
quality and fertility (Hayes et al., 2003; Swan et al., 2003; Chen et al., 2009). Atrazine has been banned
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in some European countries, but it is still widely used in China.
Therefore, it is necessary to develop a reliable and effective
treatment to remove or sequester atrazine from aquatic
environment and farmland soil to reduce the environmental
and health risk of atrazine.

Biochar, a carbon-rich solid material, is produced by pyrolysis
of biomass with limited or without oxygen (Novak et al., 2009).
As an excellent remediation agent, biochar has been widely used
in wastewater and soil to immobilize or sequester pesticides, such
as herbicides and insecticides, through sorption, partition, and
pore diffusion (Zheng et al., 2010; Yu et al., 2011; Li et al., 2018).
Liu et al. (2015) reported that soybean biochar has much higher
atrazine removal ability in aqueous solution. Jin et al. (2016)
indicated that biochar would be helpful to stabilize soil
contaminated with imidacloprid, isoproturon, and atrazine.
Our previous research found that peanut shell biochar also
had a good sorption effect on atrazine (Wang et al., 2020).
Therefore, biochar can effectively reduce the environmental
risk of atrazine. Many studies have shown that the
degradation degree of pesticides in soil is different after adding
biochar. Generally, biochar-amended soil increases sorption of
pesticides and reduces bioavailability of soil to microorganisms,
which reduces the biodegradation of pesticides and prolongs the
half-life of pesticides (Yang et al., 2010; Yu et al., 2011; Li et al.,
2017b). However, some studies have found that the organic
matter of biochar can enhance the biological activity of
microorganisms by providing nutrients so as to accelerate the
degradation of pesticides (Fang et al., 2016;Wu et al., 2019). Singh
et al. (2022) found that the addition of biochar to the soils
increased the half-life of atrazine and significantly improved
the recovery process of soil biological activities under atrazine
stress.

Recently, the combination of biochar and clay has been widely
used for pollutant removal in order to improve the structure and
sorption characteristics of biochar (Zhang and Gao, 2013; Yao
et al., 2014; Tang et al., 2015). Clay minerals are abundant natural
resources with inexpensive, high surface area, cation exchange
capacity, and structural properties. Montmorillonite (MMT) is
the most commonly studied clay material, which is an irregular
lamellar crystal composed of layers of one octahedral and two
tetrahedral sheets (Zhu et al., 2019). The fine particles of MMT
are unsuitable for water treatment, but in a composite form,
biochar has a good porous structure to support MMT (Chen et al.,
2017). In addition, MMT could provide exogenous metal atoms
(i.e., aluminum and magnesium), which may be embedded to
react with biochar, forming a high-performance biochar complex
(Song et al., 2020). The composite makes full use of the good
sorption capacity of biochar and MMT to become a low-cost and
effective sorbent. However, research on the effect of MMT/BC on
sorption and degradation of contaminants, as well as on the
removal of contamination from aqueous solution and soil, was
scarce.

Therefore, the aims of this study were to (1) develop a low-cost
and effective MMT–biochar composite by using a simple and
low-cost method, (2) assess the ability and mechanisms of
atrazine removal from aqueous solutions, and (3) evaluate the
effects of MMT–biochar composite on the sorption and

degradation of atrazine in different soil. This study provides
useful information for better evaluation of the potential of
biochar–clay composite in reducing pesticide residues.

MATERIALS AND METHODS

Reagents and Chemicals
Standard atrazine (purity 99.2%) was obtained from Shenyang
Research Institute of Chemical Industry (Shenyang, China).
HPLC-grade acetonitrile, formic acid, and sodium azide
(NaN3) were purchased from Sigma-Aldrich (Steinheim,
Germany). All analytical reagents including calcium chloride
(CaCl2), sodium chloride (NaCl), anhydrous magnesium
sulfate (MgSO4), sodium hydroxide (NaOH), and hydrochloric
acid (HCl) were obtained from Sinopharm Chemical Reagent
Co., Ltd (Beijing, China). MMT was purchased from Shanghai
Macklin Biochemical Co., Ltd (Shanghai, China). Ultrapure water
was prepared using aMilli-Q reagent water system (Bedford, MA,
United States).

Biochar and Soil Preparation and
Characterization
Peanut shells were collected from the Shandong Province of
China, washed with tap water to remove the surface dust and
soil, dried at 70°C, and then crushed by using a high-speed
pulverizer and passed through an 18-mesh sieve. A stable
MMT suspension was prepared by adding MMT powder to
100 ml ultrapure water and mixed with ultrasound for 30 min.
Then, 20 g peanut shells were immersed in MMT suspensions,
stirred by magnetic stirrer for 2 h, and dried in oven at 105°C for
12 h. The impregnated samples were placed in a quartz boat of a
tubular furnace (Zhonghuan Experimental Furnace Co., Ltd.,
Tianjin, China), pyrolyzed in a continuous flow of N2, heated
at a rate of 5°C/min, and maintained for 1 h when the pyrolysis
temperature reached 600°C. The produced biochar samples were
crushed, passed through an 80-mesh sieve, stored in a brown
ground glass bottle, and sealed in a dryer. In total, five types of
MMT–biochar composites were prepared by changing the mass
ratio of MMT to BC (i.e., 20, 25, 30, 40, and 50%), and the
resulting products were designated as 20%MMT/BC, 25%MMT/
BC, 30% MMT/BC, 40% MMT/BC, and 50% MMT/BC,
respectively. At the same time, peanut shells were treated with
the same method to prepare BC as control. Unless otherwise
specified, the MMT/BC mentioned later is 25% MMT/BC. By
changing the pyrolysis temperature, MMT/BC under different
temperature conditions was prepared, and the pyrolysis
temperature was set to 400, 500, and 600 °C, respectively.

Elemental analysis using surface structure, scanning electron
microscope (SEM), Fourier transform infrared spectroscopy
(FTIR), and X-ray photoelectron spectrometer (XPS) was
based on our previous analysis methods (Wang et al., 2020).
Transmission electron microscopy (TEM) (FEI, Thermo Fisher
Scientific, United States) was used to observe the microstructure
of the biochar. Zeta potential of biochar was determined using a
Zetasizer Nano ZS90 (Malvern Instruments, Malvern,
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United Kingdom). The pH value of the solution was measured by
using a pH meter (FiveEasy Plus, Mettler Toledo, United States).

Two kinds of agricultural soil without detectable atrazine were
collected from Jilin (44°23′52″N, 125°10′2″E) and Shandong
provinces (36°12′43″N, 116°41′29″E) of China, denoted as
S-DB and S-SD, respectively. The soils were taken at the top
10 cm and screened by using a 2 mm sieve for sorption and
degradation experiments. The physicochemical properties of the
S-DB showed it to be sandy loam (65.4% sand, 15.1% silt, and
19.5% clay) with pH 7.83, 41.0 g/kg organic matter, 1.15% organic
carbon, and 17.2 cmol (+)/kg CEC. The S-SD also belonged to
sandy loam (57.9% sand, 17.3% silt, and 24.8% clay) with pH 7.24,
29.2 g/kg organic matter, 0.39% organic carbon, and 21.4 cmol
(+)/kg cation exchange capacity (CEC).

Sorption Experiments of Biochar in
Aqueous Solution
To determine the effect of MMT dosage (0, 20, 25, 30, 40, and
50%) and pyrolysis temperature (400, 500, and 600°C) on the
removal of atrazine, 100 mg biochar and 40 ml of 10 mg/L
atrazine aqueous solution (contained 0.01 mol/L CaCl2 and
200 mg/L NaN3) were introduced into 50 ml brown sample
bottles. The bottles were then sealed and shaken in the dark on
a reciprocating shaker at 180 rpm and 25 ± 1°C for 72 h. The
pH of the mixtures was adjusted to 7.0 ± 0.2 using 0.1 M HCl/
NaOH and monitored during and after sorption. The same
conditions were used to test the effects of initial pH in the
range of 2–9 on MMT/BC sorption. After the experiments, the
bottles were put to rest for 10 min to make the biochar samples
sink into the bottom by gravity to achieve solid–liquid
separation, and the supernatant was filtered using a 0.22 μm
membrane filter. The filtered solutions were then stored at
−20°C until analysis.

The sorption kinetic and isotherm of atrazine were carried out
on BC and MMT/BC using the same conditions and procedures,
as described before. The kinetic tests were conducted with an
initial atrazine concentration of 10 mg/L, 150 mg of BC, or 50 mg
of MMT/BC per 40 ml atrazine solution. Duplicate bottles were
sampled at predetermined times (1, 2, 4, 6, 8, 10, 12, 24, 48, and
72 h) and analyzed for atrazine concentration in the solution. In
the sorption isotherm experiment, 150 mg BC or 50 mg MMT/
BC was mixed with 40 ml atrazine solution with the
concentration of 0.25–30 mg/L for 72 h.

Under the same conditions, the solutions without biochar
were set for the control test. The loss of atrazine was negligible,
including hydrolysis and sorption on the bottle wall. Based on the
initial and final concentration of atrazine in solution and the
dosage of biochar, the sorption capacity of atrazine on biochar
was calculated.

Sorption Experiments on Soil and
Biochar–Soil Mixtures
The sorption isotherms of atrazine on biochar and
biochar–soil mixtures were determined by three repeated
batch sorption experiments under eight initial

concentrations of atrazine (0.25–30 mg/L). A 5 g aliquot of
soil with or without 50 mg BC or MMT/BC was weighed into a
50 ml centrifuge tube. Then, 25 ml of the background solution
containing 0.01 M CaCl2 and 200 mg/L NaN3 was added.
According to the initial concentration, a certain amount of
atrazine stock solution was added to the centrifuge tube, the
cover was tightened, and then shaken for 72 h at 180 rpm and
25 ± 1°C in the dark. At the end of the experiment, the tubes
were centrifuged at 4,000 rpm for 10 min, and 1.5 ml of
supernatant was filtered into the injection vial through
0.22 μm membrane filter. The filtered solutions were stored
at −20°C until analysis.

Degradation Experiments
Before the degradation experiments, a part of the collected soil
was pre-cultured with a moisture content of 60% of the water
holding capacity in the dark incubator (25 ± 1°C) for 2 weeks,
and the other part was sterilized at 121°C for 30 min in an
autoclave (Lead-Tech Scientific Instruments Co., Ltd,
Shanghai, China). MMT/BC was chosen to investigate the
impacts on atrazine degradation in the two soils. First, an
aliquot of 20 g soil (dry weight) or the biochar–soil mixture
(4 g of MMT/BC) was weighed into a 500 ml glass bottle, and
then 100 μL of the atrazine acetone stock solution (10,000 mg/
L) was added into the bottle. The soil samples were kept for
10 min until the acetone volatilized completely and then
vortexed for 5 min. Next, another 180 g soil was weighed
into the bottle, vortexed for 30 min, and mixed well with
the spiked soil; the final concentration of atrazine in soil was
5 mg/kg (dry weight). After that, 15 g of spiked soil was
weighted into 50 ml pre-cleaned glass bottle, and the soil
moisture content was adjusted with ultrapure water to 60%
of the saturated soil moisture content. In the same operation,
the sterilized ultrapure water containing 200 mg/L NaN3 was
added into the sterilized soil to inhibit the growth of
microorganisms. The bottles were stoppered with cotton
and cultured in the dark in an incubator under constant
temperature (25 ± 1°C) and humidity (70%). The water
content was monitored regularly during soil incubation to
maintain the initial state of soil moisture. Triplicate sample
bottles of each treatment were removed after predetermined
incubation times (0, 1, 3, 5, 7, 14, 21, 30, 40, 60, 90, and
120 days), and the soil samples were freeze-dried and stored at
−20°C until extraction. Details of the soil sample treatment are
shown in Supplementary Text S1.

Data Analysis
Different mathematical models including first-order, second-
order, and Elovich models were used to fit the kinetics data
(Inyang et al., 2014; Yao et al., 2014; Liu et al., 2015):

First − order : qt � qe(1 − e−k1t), (1)

Second − order: qt �
k2q2e t

1 + k2q2e t
, (2)

Elovich : qt �
1
β ln(αβt + 1), (3)
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where qt and qe represent the amount of atrazine removed at time
t and at equilibrium, respectively (mg/kg); k1 and k2 are the
sorption rate constants (1/h); α represents the initial sorption rate
(mg/kg); and β represents the desorption constant (kg/mg).

Three models (Freundlich, Langmuir, and dual-mode) were
used to fit the isotherm experimental data (Uchimiya et al., 2010;
Zhang et al., 2011; Suo et al., 2019):

Freundlich : qe � KfC
n
e , (4)

Langmuir : qe �
qmKCe

1 + KCe
, (5)

Dual −mode : qe �
bQCe

1 + bCe
+ KDCe, (6)

where qe represents the atrazine concentration on the solid-phase
at equilibrium (mg/kg), Ce represents the solution concentration
of atrazine at equilibrium (mg/L), Kf [(mg/kg)/(mg/L)n] and K
(L/mg) represent affinity coefficient, n represents the Freundlich
linearity constant, b represents the affinity constant (L/mg), KD

represents the partition domain coefficient (L/kg), and qm and Q
represents the maximum capacity (mg/kg).

The first-order reaction kinetic model was used to fit the data
of atrazine degradation kinetics in soil and biochar–soil mixtures
(Zhang et al., 2018):

Ct � C0e
−kt, (7)

where C0 is the initial concentration of atrazine (mg/kg), Ct is the
concentration of atrazine (mg/kg) at sampling time t (d), k is the
degradation rate constant (d−1), and the half-life (t1/2) was ln2/k.

The experimental data were fitted by Origin 9.1. The statistical
analyses were analyzed by SPSS 25.0 one-way analysis of variance
(ANOVA).

RESULTS AND DISCUSSION

Characterization of Biochar
The properties of biochar varied greatly between BC and MMT/
BC. The elemental composition (C, N, H, and O) of BC and
MMT/BC, presented in Table 1, suggested that the addition of
MMT reduced the content of C, N, H, and O, especially the
carbon content, from 87.35% to 50.91%. The surface area of
MMT/BC was slightly decreased from 262.86 to 233.16 m2/g,
which may be related to the pore coating or plugging caused by
the existence of MMT minerals (Yao et al., 2014). The total pore

volume and the average pore diameter of the MMT/BC were
increased from 0.014 to 0.066 cm3/g and 4.44–12.02 nm in
comparison with BC. This is probably because MMT is
layered silicate mineral, which contains mineral elements with
small surface areas and abundant transitional pores (Li et al.,
2015; Li et al., 2017a; Yao et al., 2014). The N2

adsorption–desorption isotherms and pore size distribution of
MMT/BC and BC are shown in Supplementary Figure S1. As
described by the International Union of Pure and Applied
Chemistry (IUPAC), the isotherms of BC evolved to type I,
which shows the characteristic of a microporous material (Jing
et al., 2014). The N2 isotherms of MMT/BC resemble those of
type Ⅱ, and the observed hysteresis curves of MMT/BC is of type
H4, indicating the narrow cracks and pores in the sorbent
materials (Jing et al., 2014). In the pore size distribution curve
(Supplementary Figure S1B), BC and MMT/BC exhibited
heterogenous pore structures, and mesopore (2–50 nm) was
the main pore structure.

The SEM images of BC and MMT/BC are shown in Figures
1A,B. Surface and pore filling mechanisms may be responsible for
the removal of atrazine as the pores were observed on biochar
surfaces. The SEM images of MMT/BC clearly showed that MMT
particles adhered to the biochar surface and completely coated the
pure biochar, changing the surface morphologies and providing
more sorption sites (Liang et al., 2019; Premarathna et al., 2019).
Also, the MMT did not block the pores of biochar, which ensures
the accessible to the adsorbate molecules (Premarathna et al.,
2019). TEM imaging of the MMT/BC (Figure 1D) showed that
the biochar surface was widely covered by the layered structures
compared with BC (Figure 1C). In addition, it is reported that the
structure is a common clay structural morphology (Tyagi et al.,
2006; Zhou et al., 2009).

As shown in FTIR (Figure 2), the spectrum at ~3,400 cm−1

showed stretching vibrations of O-H, ~1,580 cm−1 was related to
stretching vibration of C=C of the aromatic ring (Chen et al.,
2008; Keiluweit et al., 2010). The band observed around
1,050 cm−1 was related to the Si-O functional groups on the
MMT/BC surface (Tyagi et al., 2006; Chen et al., 2017). The bands
appearing below 800 cm−1 of MMT/BC could be attributed to Si-
O stretching, Si-O-Mg bending, Si-O-Al bending, and Si-O-Si
bending (Zhou et al., 2009; Chen et al., 2017).

Raman spectra (Supplementary Figure S2) showed two
prominent peaks at ~1,350 cm−1 and ~1,600 cm−1,
representing D-band originated from sp3 hybridization
with disordered mode and G-band induced by crystalline

TABLE 1 | Physical and chemical characteristics of BC and MMT/BC.

Biochar Elemental composition (%) Atomic ratio SAa (m2/g) PVb (cm3/g) PDc (nm)

C H N O H/C O/C (O +
N)/C

BC 87.35 3.61 0.81 6.53 0.50 0.06 0.06 262.86 0.014 4.4438
MMT/BC 50.91 2.61 0.50 6.33 0.62 0.09 0.10 233.16 0.066 12.0242

aSA, surface area determined by the BET adsorption method.
bPV, pore volume.
cPD, pore diameter.
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graphitic/sp2 carbon stretching vibrations with the
tangential mode, respectively (Ferrari and Robertson, 2000;
Akhavan, 2010). The higher ratio of ID/IG peak intensity
means higher defect concentration and increased functional
groups on the sorbents surface. The ID/IG decrease from 1.04
for BC to 1.00 for MMT/BC, which was not a significant
change.

Zeta potentials of MMT/BC are depicted in Supplementary
Figure S3. In the pH range between 2 and 9, the MMT/BC
resulted in a zeta potential drop of 35 mV. The MMT/BC surface
was negatively charged at pH values greater than the point of zero
charge pH (pHpzc, 2.7) and was positively charged at pH values
lower than pHpzc (Nandi et al., 2009).

The full XPS spectra representing the chemical composition
and crystalline states are displayed in Figures 3A,E. For MMT/
BC, the six peaks at 285.0, 400.0, 532.6, 74.0, 103.2, and 1,304.3 eV
were attributed to the element of C, N, O, Al, Si, and Mg on the
surface, respectively, while there are no obvious peaks
corresponds to Al, Si, and Mg on the surface of BC. The high-
resolution C 1s spectra (Figures 3B,F) could be deconvoluted
into four peaks: C-C/C-H (~284.8 eV), C-O (~286.4 eV), C=O
(~288.0 eV), and O-C=O (~289.5 eV) (Gao et al., 2018; Liu et al.,
2015). The O 1s spectra (Figures 3C,G) could be attributed into
three groups: C=O (~531.6 eV), -OH (~532.5 eV), and C-O
(~534.1 eV) (Lyu et al., 2017b; Zhou et al., 2007). The N 1s
spectra of BC (Figure 3D) can be deconvoluted into two peaks at
398.7 and 400.6 eV, which can be assigned to the pyridinic N
(C-N=C) and pyrrolic N (C-N). A new peak corresponding to
graphitic N can be found at 402.0 eV for MMT/BC (Figure 3H)
(Jansen and Van Bekkum, 1995; Lyu et al., 2017a; Mueller et al.,
2015). Supplementary Table S1 listed their relative percentages
on BC andMMT/BC. For C 1s, the C-O ratio of biochar increased
from 8.74% to 12.09% after MMT was added, and the C=O ratio
increased from 4.52% to 4.98%, indicating the participation of
oxygen-containing functional groups (Liang et al., 2019). For O

FIGURE 1 | SEM images of BC (A) and MMT/BC (B); TEM images of BC (C) and MMT/BC (D).

FIGURE 2 | FTIR spectra of BC and MMT/BC.
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FIGURE 3 | XPS spectra of BC (A–D) and MMT/BC (E–H). (A,E) Wide survey scan, (B,F) C 1s, (C,G) O 1s, (D,H) N 1s.
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1s, the -OH ratio of biochar increased from 42.47% to 67.22%
after MMTwas added, and the effect of MMT/BC on atrazine had
hydrogen bond involvement.

Sorption of Atrazine on Biochar
Effects of MMT Dosage
The effects of MMT rate during biochar preparation on the
removal efficiency of atrazine were investigated. As shown in
Figure 4A, the removal efficiency of atrazine significantly (p <
0.05) increased from 16.01% (BC) to 52.78% (25% MMT/BC)
with an increase of theMMT contents from 0 to 25%, suggesting a
36.77% increase. However, relatively lower removal efficiencies
were obtained by other dosage (20, 30, 40, and 50%), suggesting
29.89%–33.90% increase compared to the control (BC). The
surface of BC coated with MMT led to its larger pore size and

volume (Table 1), especially the reactive surface area and CEC
(Yao et al., 2014; Chen et al., 2017); therefore, the combination of
MMT and biochar is particularly effective in the removal of
atrazine. However, the excessive clay particles could block the
pores of biochar, resulting in the decrease of available sorption
sites and sorption capacity of the composite (Yao et al., 2014;
Fosso-Kankeu et al., 2015). Therefore, 25% MMT was the best
ratio of composite materials, and 25% MMT/BC was selected for
sorption experiment and identification of sorption mechanism in
aqueous solution, as well as sorption and degradation
experiments in soils.

Effects of Pyrolysis Temperature
As shown in Figure 4B, with the increase of pyrolysis
temperature, the removal efficiency of atrazine by

FIGURE 4 | Effects of MMT dosage during biochar preparation (A) and pyrolysis temperature of MMT/BC (B) on atrazine removal efficiency. Values with lowercase
letters are different from each other (p < 0.05), and values with capital letters are significantly different from each other (p < 0.01).

FIGURE 5 | Sorption kinetics (A,B) and sorption isotherms (C,D) of atrazine on BC and MMT/BC. Kinetic data were fitted to first-order, second-order, and Elovich
models. Isotherm data were fitted to Freundlich, Langmuir, and dual-mode models. Error bars indicate SD.
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MMT–biochar composites increased from 44.72% (400°C) to
53.71% (500°C) and 78.50% (600°C). Our previous study
(Wang et al., 2020) found that in the low concentration
(about <15 mg/L) the sorption capacity of peanut shell
biochar for atrazine increased with the increase of pyrolysis
temperature. The results showed that biochar composites are
also affected by pyrolysis temperature, 600°C was taken as the
pyrolysis temperature of MMT/BC. This temperature was also
used to prepare clay–biochar composite materials by Yao et al.
(2014).

Sorption Kinetics of Atrazine on Biochar
Sorption kinetics of atrazine on BC and MMT/BC are shown in
Figures 5A,B. The kinetics experiment data showed that the
uptake of atrazine by BC and MMT/BC increased rapidly from 0
to 496.00 and 1,353.49 mg/kg in the first half hour, respectively,
and increased steadily after 12 h (620.75 mg/kg for BC and
1819.39 mg/kg for MMT/BC). In order to determine the
atrazine sorption equilibrium, the next experiment time was
determined as 72 h.

The corresponding fitting parameters and the coefficient of
determination (R2) values are shown in Table 2. Compared
with the first-order and second-order sorption kinetic models,
the Elovich models fit the experimental data better with R2 >
0.97 (0.974 for BC and 0.988 for MMT/BC); the second was
second-order (0.909 for BC and 0.914 for MMT/BC), and the
worst was first-order (0.836 for BC and 0.848 for MMT/BC).
The results revealed that atrazine sorption to the BC and
MMT/BC was controlled by multiple mechanisms (Yao et al.,
2014).

Sorption Isotherms of Atrazine on Biochar
Sorption isotherms of atrazine on BC and MMT/BC are shown in
Figures 5C,D. All three isotherm models fit the data well, and the
parameters are shown in Table 2. The dual-mode model has better
fitting performance than Freundlich and Langmuir, with R2 of 0.992
for BC and 0.996 for MMT/BC. The results revealed that sorption of
atrazine on BC and MMT/BC was mainly partition and surface
adsorption (Tang et al., 2015). Compared to BC, the Q value of
atrazine on MMT/BC was increased from 592.99 to 1920.18mg/kg.
Therefore, themaximumcapacity ofMMT/BCon atrazinewas about
3.2 times greater than that of BC. Hence, the modification method of

MMT in this study could effectively improve the performance of
biochar.

Effects of Solution pH
The effects of pH on atrazine sorption by MMT/BC are presented
in Supplementary Figure S4. The sorption capacity was strongly
affected by the initial pH of the aqueous solution. In brief, the
uptake of atrazine decreased from 2,337.98 (pH = 2) to
1,292.89 mg/kg (pH = 9), with the increase of the pH value. It
has been reported that the solution pH may change the degree of
ionization of pesticide molecule, surface charge, and extent of
dissociation of functional groups on the active sites of the biochar
(Nandi et al., 2009). Atrazine is a weak alkaline pesticide with pKa
value of 1.7, mainly exists as neutral molecule in the environment
of pH 5–9, and promotes the formation of triazine cation at very
low pH (Zheng et al., 2010). The MMT/BC surface was negatively
charged at pH > 2.7, and it was combined with the triazine cations
of atrazine by electrostatic interaction. Moreover, triazine cation
could be exchanged with interlayer hydrated cations (Na+ and
Ca2+) to enter the interlayer space of MMT (Premarathna et al.,
2019). Therefore, the sorption capacity of MMT/BC to atrazine
under low pH was high. At high pH, sorption was barely
influenced by pH; this was similar to the result of Tan et al.
(2016). Although, physisorption dominated, chemical sorption
by chemical bonding and the increase of effective binding area
caused by MMT deposition on the surface of biochar also
promoted the sorption (Premarathna et al., 2019).

Sorption Mechanism Analysis
For both the BC andMMT/BC, the aromatic carbon on the surface of
biochar can used as both an electron acceptor and an electron donor.
The heterocyclic ring in atrazine is a π electron donor, so atrazine can
interact with biochar through π-π electron donor–acceptor
interactions (Sun et al., 2010; Zhao et al., 2013). Atrazine could
also be used as hydrogen donors and acceptors to form hydrogen
bonds with H, N, or O on the surface of biochar, further enhancing
the sorption affinity of biochar. For both BC and MMT/BC, the
sorption of atrazine is mainly chemical interactions, such as π–π
interaction, hydrogen bonding, ion exchange, and electrostatic
interactions. Due to the porosity of biochar, physical sorption may
also be carried out via pore filling mechanism. In addition, the high
surface activity and interlayer spaces of MMT improved the sorption

TABLE 2 | Fitting parameters of sorption kinetics and sorption isotherms of atrazine on BC and MMT/BC.

Sorption
kinetics

Biochar First-order Second-order Elovich

qe (mg/kg) k1 (1/h) R2 qe (mg/kg) k2 (1/h) R2 α

(mg/kg)
β

(kg/mg)
R2

BC 608 ± 26 2.34 ± 0.74 0.836 641 ± 23 (5.34 ± 1.93) × 10–3 0.909 (4.71 ± 5.64) × 105 0.019 ± 0.0022 0.974
MMT/BC 1791 ± 73 2.02 ± 0.57 0.848 1887 ± 67 (1.61 ± 0.54) × 10–3 0.914 (5.47 ± 3.61) × 105 (5.85 ± 0.42) × 10–3 0.988

Sorption
isotherms

Biochar Freundlich Langmuir Dual-mode

Kf (mg/kg)/(mg/L)n n R2 qm (mg/kg) K (L/mg) R2 b (L/mg) Q (mg/kg) KD (L/kg) R2

BC 386 ± 28 0.28 ± 0.028 0.967 786 ± 38 3.55 ± 1.49 0.940 6.46 ± 1.08 593 ± 29 13.76 ± 1.89 0.992
MMT/BC 1,164 ± 80 0.29 ± 0.026 0.974 2,518 ± 111 1.93 ± 0.74 0.961 4.37 ± 0.55 1920 ± 66 38.20 ± 4.28 0.996

± represents the SE of the fitting parameter.
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capacity of MMT/BC for atrazine through both surface sorption and
intercalation interactions. So, MMT/BC was an effective adsorbent to
remove atrazine from aqueous solution compared with BC.

Sorption of Atrazine on Soils and
Biochar–Soil Mixtures
The sorption isotherms (Figure 6) were fitted using the Freundlich
model (Eq. 4), and the parameters of the atrazine in two agricultural
soils and biochar–soil mixtures are shown inTable 3. The Freundlich
model can well describe the sorption data of atrazine (R2 > 0.98). It
was well documented that organic matter affects the sorption
potential of soils, and higher organic matter content leads to more
contaminants sorption (Fenoll et al., 2011). The organic matter
contents of S-DB and S-SD were 41.0 and 29.2 g/kg, respectively,
so the Kf of S-DB [19.01 (mg/kg)/(mg/L)n] was higher than that of
S-SD [16.71 (mg/kg)/(mg/L)n]. The addition of biochar increased the
sorption affinity of atrazine in soil, and the effect ofMMT/BC ismore
obvious. For S-DB, the addition of BC increased Kf to 31.08 (mg/kg)/
(mg/L)n and the addition of MMT/BC increased to 57.35 (mg/kg)/
(mg/L)n; for S-SD, the addition of BC increased Kf to 36.32 (mg/kg)/
(mg/L)n and the addition of MMT/BC increased to 60.48 (mg/kg)/
(mg/L)n. The n values for biochar-amended soils were less than that

of unamended soils, which indicated that the degree of isotherm non-
linearity increased after biochar amendment, especially MMT/BC.
Due to the non-linearity of the isotherms, the distribution coefficients
(Kd) of three equilibrium concentrations (Ce = 0.05, 0.5, and 5mg/L)
were calculated (Table 3). Similar to Kf, the Kd of the soil was also
increased with biochar amendment, and the Kd values of all the soils
and biochar–soil mixtures decreased with increasing atrazine
concentration. Previous studies have shown that water-soluble
organic matters could be sorbed by biochar and compete with the
added organic matter for limited sorption site or pores of biochar,
thus reducing the sorption capacity of biochar (Cornelissen et al.,
2005; Koelmans et al., 2009). However, organic substances may
diffuse through the humic layer into biochar micropores overtime
(Pignatello et al., 2006). Obviously, in the current research, atrazine
may reach the micropores of biochar through the humic layer, thus
improving the sorption capacity of atrazine.

Degradation of Atrazine in Soil and
Biochar–Soil Mixtures
The degradation parameters of atrazine in soils and biochar–soil
mixtures for 120 days under sterilized and non-sterilized conditions
are shown in Table 4. The degradation curves of atrazine in non-

FIGURE 6 | Sorption isotherms of atrazine onto soil, BC-soil mixtures, and MMT/BC-soil mixtures [(A): S-DB; (B): S-SD). Isotherm data were fitted to Freundlich
model.

TABLE 3 | Freundlich model of sorption isotherms of atrazine on soils and biochar–soil mixtures.

Freundlich Kd (L/kg)a

Kf (mg/kg)/(mg/L)nb nc R2 Ce = 0.05 Ce = 0.5 Ce = 5

S-DB 19.01 ± 2.31 0.70 ± 0.043 0.992 46.70 23.40 11.73
S-DB + BC 31.08 ± 2.62 0.62 ± 0.030 0.990 97.02 40.45 16.86
S-DB + MMT/BC 57.35 ± 3.75 0.51 ± 0.025 0.995 248.91 80.54 26.06
S-SD 16.71 ± 2.05 0.66 ± 0.043 0.991 46.27 21.15 9.67
S-SD + BC 36.32 ± 4.46 0.52 ± 0.045 0.983 152.98 50.66 16.77
S-SD + MMT/BC 60.48 ± 3.11 0.48 ± 0.019 0.996 287.18 86.73 26.19

aKd (L/kg) is the sorption coefficient estimated from the Freundlich sorption isotherms using Kd = Cs/Ce at Ce = 0.05, 0.5, and 5 mg/L.
bKf [(mg/kg)/(mg/L)n] is the Freundlich affinities related to sorption capacity.
cn is the isotherm nonlinearity factors of sorption.
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sterilized S-DB and S-SDwere fitted well with the first-order reaction
kinetics model (R2 > 0.96), and the half-lives were 29.1 and 40.5 days,
respectively. The degradation of atrazine in S-DB was faster than that
in S-SD; the main reason could be the high content of organic matter
in S-DB, which can serve as an energy source to stimulate microbial
activities and accelerate the degradation of pesticides (Gavrilescu,
2005; Briceño et al., 2007). However, in sterilized soils, the half-lives
increased to 341.5 and 521.2 days, indicating that soil microbial was
the main reason for atrazine degradation. After MMT/BC addition,
the half-lives of atrazine in the non-sterilized soils increased (from
29.1 to 97.8 days for S-DB and 40.5 days to 126.7 for S-SD) and the
degradation amount decreased (from 89.39% to 60.54% for S-DB and
81.69%–59.13% for S-SD). Previous studies have shown that biochar
application in soil could reduce the biodegradation of pesticides (such
as atrazine, acetochlor, diuron, and acetamiprid) by enhancing its
sorption to the soil (Yang et al., 2006; Loganathan et al., 2009; Yu
et al., 2011; Li et al., 2018) because the sorbed pesticides can only be
biodegraded after being desorbed by the soil and diffused into the soil
solution (Yu et al., 2011). The strong sorption of atrazine by MMT/
BC made atrazine difficult to desorb, and atrazine was not easy to be
degraded by microorganism; therefore, the degradation of atrazine
was delayed. For sterilization treatment, the addition of MMT/BC
accelerated the degradation of atrazine, indicating that biochar
promoted the chemical degradation. It has been proved that
biochar can also affect the chemical degradation of pesticides;
Zhang et al. (2018) reported that the active groups on the biochar
mineral surface played an important role in the chemical degradation
of thiacloprid in biochar–soil mixtures. However, the mechanism of
atrazine chemical degradation by MMT/BC remains to be further
studied.

CONCLUSION

In this study, a montmorillonite–biochar composite (MMT/BC) was
prepared via slow pyrolysis of MMT pretreated peanut shells for
atrazine remediation. Structure and morphology analysis of raw
biochar (BC) and MMT/BC showed that MMT particles have
been successfully coated on the surface of biochar. However,
excessive MMT particles will reduce the sorption capacity of
biochar; 25% MMT was the best ratio of composite materials.
MMT/BC was also affected by pyrolysis temperature; the higher
the temperature (600°C), the better the sorption effect. Sorption

experiments indicated that MMT/BC has higher removal capacity
of atrazine than that of BC. The sorption of atrazine toMMT/BCwas
depended on pore-filling, π–π interaction, hydrogen bonding, ion
exchange, and electrostatic interactions, and the high surface activity
and interlayer spaces of MMT also improved the sorption capacity of
MMT/BC through both surface sorption and intercalation
interactions. In addition, the amendment of MMT/BC in soil
improved the sorption capacity and delayed the degradation of
atrazine. The results showed that MMT-modified biochar was a
promising soil amendment to control atrazine contamination.
According to the sorption and degradation mechanism of biochar
and soil properties, it provided a basis for the selection of an effective
biochar sorbent.
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TABLE 4 | Degradation of atrazine in soils and biochar–soil mixtures during 120 days of incubation.

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

S-DB Unsterilized 0.024 ± 0.0022 0.9643 29.1 89.39a

Sterilized 0.0020 ± 0.00046 0.6272 341.5 26.49e

S-DB + 2% MMT/BC Unsterilized 0.0071 ± 0.0022 0.3765 97.8 60.54c

Sterilized 0.0058 ± 0.0013 0.7554 119.7 58.05c

S-SD Unsterilized 0.017 ± 0.0014 0.9650 40.5 81.69b

Sterilized 0.0013 ± 0.00043 0.4087 521.2 21.10f

S-SD + 2% MMT/BC Unsterilized 0.0055 ± 0.0019 0.4167 126.7 59.13c

Sterilized 0.0042 ± 0.00035 0.9360 166.6 40.00d

Values represent the mean ± SD (n = 3). Values with the different letter (a–f) in the column indicate a statistically significant difference (p < 0.05).
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