<@ sustainability

Article

Preparation and Characterization of Apricot Kernel Shell
Biochar and Its Adsorption Mechanism for Atrazine

Zhongqing Zhang !, Chenhui Zhou ?, Jingmin Yang *{J, Bingjian Yan 2, Jinhua Liu !, Sinan Wang !, Qi Li !

and Mengmeng Zhou 3

check for
updates

Citation: Zhang, Z.; Zhou, C.; Yang,
J.; Yan, B.; Liu, J.; Wang, S.; Li, Q.;
Zhou, M. Preparation and
Characterization of Apricot Kernel
Shell Biochar and Its Adsorption
Mechanism for Atrazine.
Sustainability 2022, 14, 4082. https://
doi.org/10.3390/su14074082

Academic Editors: Ram Swaroop
Meena, Sandeep Kumar, Manoj

Kumar Jhariya and Arnab Banerjee

Received: 2 March 2022
Accepted: 28 March 2022
Published: 30 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Straw Comprehensive Utilization and Black Soil Conservation, Ministry of Education,

College of Resource and Environmental Science, Jilin Agricultural University, Changchun 130118, China;

zhangzhongging@jlau.edu.cn (Z.2.); livjinhua80@126.com (J.L.); a15114774751@163.com (S.W.);

dqil822@163.com (Q.L.)

2 Muyuan Foods Co., Ltd., Nanyang 473000, China; hgbgs@muyuanfoods.com (C.Z.);
hgbz@muyuanfoods.com (B.Y.)

3 Jilin Anxin Food Technology Service Co., Ltd., Changchun 130012, China; zmmamber123@163.com

*  Correspondence: yangjingmin@jlau.edu.cn; Tel.: +86-431-8453-3369

Abstract: In this study, the preparation of apricot kernel shell biochar by a hydrothermal method
and its adsorption mechanism for atrazine was studied by scanning electron microscopy (SEM) and
infrared spectrum (FTIR) analytical techniques. The results show that the biochar prepared from
the apricot kernel shell has an evenly distributed, nonaggregated carbon microsphere structure and
contains a large number of oxygen-containing groups. The higher the preparation temperature
is, the more functional groups exist and the better the potential adsorption performance is. The
adsorption kinetics of atrazine on apricot kernel shell biochar were fitted with a quasi-second-order
kinetic equation (R? > 0.995, p < 0.05). The isothermal adsorption data were in accordance with the
Freundlich model (R? > 0.911, p < 0.05). The adsorption of atrazine on apricot kernel shell biochar
includes two processes: surface adsorption and diffusion. The adsorption capacity of apricot kernel
shell biochar for atrazine increases with increasing preparation temperature and decreases with
increasing pH and Ca?* concentration. The adsorption mechanism includes hydrogen bonding and
hydrophobic interactions. Therefore, biochar prepared from apricot shells, an agricultural waste,
exhibits good adsorption performance for atrazine and has a good application prospect in addressing
agricultural non-point source pollution, especially in pesticide residue pollution control.
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1. Introduction

In recent years, the use of pesticides in agricultural production has increased crop
yields, but overuse has also brought many environmental problems, such as soil contam-
ination and other agricultural non-point source contamination problems [1]. Pesticides
undergo a series of migration and transformation processes in the environment and gen-
erate new metabolites. The metabolites are more toxic and persist for a longer time than
the pesticides themselves and are considered a new class of pollutants [2,3]. Atrazine
is a highly effective herbicide with selective uptake and transmission before and after
seedling growth and is suitable for controlling gramineous weeds, broad-leaved weeds and
perennial weeds [4]. Atrazine has the characteristics of a stable structure, a long half-life
(8-52 weeks) and difficult degradation. It can exist in water for a long time and has an
impact on aquatic organisms and the human body [5]. The main degradation products
of atrazine are de-ethyl atrazine, de-isopropyl atrazine and hydroxyatrazine, and the first
two have similar toxicity to atrazine [6]. Therefore, scholars have performed extensive
research on the environmental behaviour of atrazine and its pollution control, adsorption
and degradation [7-10]. There are different degrees of atrazine pollution in natural water
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worldwide. At present, the reported methods of removal include advanced oxidation,
adsorption and photocatalytic degradation [11-13]. Pelekani et al. [14] used phenolic resin
activated carbon to adsorb atrazine. Temperature and adsorption time have a great in-
fluence on the adsorption of atrazine. Ying et al. [15] used graphene oxide-loaded corn
straw biochar to adsorb atrazine, and the removal amount of atrazine was 67.55 mg/g.
Cao et al. [16] used sugarcane leaves, cassava stalks, rice straw and silkworm excrement
to prepare biochar for atrazine adsorption. The higher the pyrolysis temperature was, the
greater the adsorption capacity was.

In view of the simple use method and low price, biochar was widely used to solve the
problem of organic contamination [17]. Biochar is a highly aromatic, insoluble and porous
solid material produced by the pyrolysis and carbonization of biomass under low-oxygen
or no-oxygen conditions. The main elements are C, H, O and S, and the content of C is
more than 60%. Biochar has a multistage pore structure, a large specific surface area, a
large number of surface negative charges and a high charge density. Furthermore, biochar
is highly aromatic and highly stable, and its surface contains carboxyl, phenolic hydroxyl,
carbonyl, lactone, pyranone, anhydride and other functional groups [18]. The existence of
surface functional groups endows biochar with good adsorption performance [19]. The
main biochar preparation methods are pyrolysis and hydrothermal carbonization. The
pyrolysis method involves programmed temperatures of 200-800 °C, which are held for a
certain time [20]. Pyrolysis biochar prepared by the pyrolysis method contains a certain
amount of ash, but ash has no adsorption capacity. Hydrothermal carbonization biochar
is prepared by applying a constant temperature of 180-250 °C, a pressure of 2-10 MPa
and oxygen-free conditions with water as the medium in a special closed container for a
certain time [21]. Hydrothermal carbonization biochar is characterized by simplicity, low
energy consumption and environmental friendliness. Through dehydration and decarboxy-
lation reactions, cellulose, hemicellulose and lignin in biomass are dehydrated and coked
to form the unique carbon microsphere structure of hydrothermal carbon, which has a
multistage pore structure, large specific surface area and high stability [22]. Xiang et al. [23]
used rice straw to prepare hydrothermal carbonization biochar and pyrocarbon, and the
adsorption capacity of methylene blue was 51.51 mg/g and 57.38 mg/g, respectively. Liu
et al. [24] studied the adsorption of perfluorooctane sulfonate by Camellia oleifera seed
shell hydrothermal carbon and found that after low-temperature hydrothermal treatment
of Camellia oleifera seed shells, carbon microspheres were generated on the surface of the
material, which was conducive to the adsorption of pollutants. Zhang et al. [25] found
that pecan and peanut shell hydrothermal carbonization biochar had good adsorption
performance for volatile organic compounds (VOCs). Yang et al. [26] used cotton and
straw to prepare biochar at high temperatures to repair soil and adsorb chlorpyrifos and
fipronil, processes that can reduce soil pollution and plant absorption. Li et al. [27] prepared
walnut shell biochar to remove methylene blue and malachite green from water. The results
showed that walnut shell biochar requires a low dosage as an adsorbent, is not easily
affected by pH and has good adsorption performance. Therefore, agricultural waste has
strong potential for the preparation of biochar to adsorb atrazine.

Apricot shell is a common waste in food production and processing. There are many
pores on the surface and interior of apricot shells, which have a wood structure and are
an excellent porous biomass material; apricot shells are often discarded or incinerated as
garbage. At present, most research focuses on the preparation technology and pore structure
of walnut shell activated carbon, while research on the micromorphology, phases and pore
structure of apricot shell activated carbon is rarely reported. Kang et al. [28] prepared
walnut shell biochar by hydrothermal carbonization and nitric acid modification, in which
hemicellulose was completely decomposed and cellulose was partially decomposed to
produce oxygen-containing functional groups. The aromaticity, specific surface area and
pore content of the biochar increased, but the polarity decreased.

In this study, apricot shell was used as a raw material to prepare biochar, and the
adsorption behaviour of atrazine was studied. The adsorption capacity was evaluated
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by kinetic and thermodynamic models, and the adsorption mechanism was revealed.
The results provide a theoretical basis for the preparation of apricot shell biochar and its
adsorption performance for atrazine, as well as a reference for its application in remediating
agricultural non-point source pollution.

2. Materials and Methods
2.1. Test Materials

Apricot shell was collected from Taonan City (E 123.19924, N 45.84779), Jilin Province;
an atrazine standard (99.9%) was purchased from the National Standard Material Center;
methanol (chromatographic purity), HNO3, NaOH and CaCl, were all of analytical purity
and purchased from Sinopharm; the test water was deionized water.

2.2. Preparation and Characterization of Biochar from Apricot Shell
2.2.1. Preparation of Hydrothermal Carbon Microspheres

The apricot shells were dried at 35 °C, crushed and passed through a 70-mesh sieve.
A total of 3 g apricot shell powder was weighed, and 60 mL of deionized water was added.
The mixture was stirred at room temperature for 30 min, transferred to the reactor, put in the
electrically heated constant temperature drying oven and heated for 24 h at 190 °C, 200 °C,
210 °C, 220 °C or 230 °C. The sample was cooled to room temperature, removed, washed
with deionized water until neutral and then dried for 8 h at 60 °C. The resulting biochar
were denoted as XH-190, XH-200, XH-210, XH-220, XH-230 and XH-240, respectively.

2.2.2. Characterization of Biochar

The apparent morphology of the biochar prepared at different temperatures was mea-
sured and analysed by scanning electron microscopy (SEM; Tecnai G2F30, FEI, Hillsboro,
OR, USA); infrared spectral analysis of the biochar prepared at different temperatures was
carried out by using a Fourier transform infrared (FTIR) spectrometer (FTS6000, Bio-Rad
Company, Hercules, CA, USA). Element analysis of the apricot kernel shell biochar was
carried out by means of an element analyser (Vario El III, Hanau, Germany). The spe-
cific surface area and pore size distribution of the spherical apricot kernel shell biochar
were measured by a static nitrogen adsorption instrument (3 h-2000ps1, Best Instrument
Technology (Beijing) Co., Ltd., Beijing, China).

2.3. Adsorption of Atrazine by Biochar
2.3.1. Determination of Atrazine Adsorption Kinetics

The atrazine stock solution was diluted to the required concentration. A certain
amount of apricot shell biochar (XH-190, XH-210 and XH-240) was put in a polyethylene
centrifuge tube. Then, 9.5 mL of atrazine electrolyte solution with a concentration of
10 mg/L was added. The adsorption background solution was a 0.01 mol/L CaCl, solution
(pH = 7). The tube was covered, sealed and placed on a constant temperature oscillator at
25 °C and 200 rpm in the dark for 24 h. Samples were taken at 10, 30, 60, 120, 300, 600, 900,
1440, 2160 and 2880 min. After centrifugation at 5000 rpm for 5 min, 2.5 mL supernatant
was filtered through a 0.22 pm membrane and the concentration of atrazine in the solution
was determined by high-performance liquid chromatography (HPLC). Chromatographic
column: Gemini C'8 (150 x 4.6 mm, 5 um); column temperature: 30 °C; injection volume:
20 puL; mobile phase: methanol/water = 60/40 (v/v); flow rate: 1.0 mL/min.

2.3.2. Evaluation of Adsorption Thermodynamics

A total of 0.01 g biochar (XH-190, XH-210 and XH-240) was weighed into a 50 mL
polyethylene centrifuge tube and 9.5 mL background solution (0.01 mol/L CaCl, atrazine
solution) was added; the concentration gradient was 0, 5, 10, 15, 20, 30, 40 and 50 mg/L.
Parallel experiments and blank controls were conducted for the above treatments. The
whole process was carried out in dark conditions to avoid the photodegradation of atrazine
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in the oscillation process. The concentration of atrazine in the supernatant under the
conditions of 15 °C, 25 °C and 35 °C (0.5 °C) was determined by HPLC.

2.4. Influence of Different Factors on Atrazine Adsorption Capacity
2.4.1. Effect of Solution pH on Atrazine Adsorption Capacity

Biochar (HX-240, 0.02 g) was put in a polyethylene centrifuge tube, and 0.01 mol/L
CaCl, was used as the background solution. A total of 12 mL of 30 mg/L atrazine solution
were added to the tube, and the pH value of the background solution was adjusted to
3.0,5.0,7.0,9.0 or 11.0 with 0.01 mol/L HNO3; and NaOH. The content of atrazine in the
supernatant was determined at 25 °C [29].

2.4.2. Effect of Ionic Strength on Atrazine Adsorption Capacity

A total of 0.02 g carbon (HX-240) was weighed into a polyethylene centrifuge tube,
12 mL of 30 mg/L atrazine solution was added and the initial concentration of CaCl; in
the background solution was adjusted to 0.01, 0.05, 0.10, 0.15 or 0.20 mol/L. The content of
atrazine in the supernatant was determined at 25 °C.

2.5. Data Processing

Origin 2019 software was used to draw the figures. SPSS 20.0 software was used to
analyse the significance of experimental data (p < 0.05).

(1) Calculation of adsorption capacity

The amount of atrazine adsorbed by the biochar was calculated according to the
following formula:

Co—C)V
Q=@ Gl &
where Q, is the adsorption amount of atrazine (mg/g); Cp and C, are the initial concen-
tration and equilibrium concentration of atrazine (mg/L); V is the volume of (adsorption)

liquid; m is the mass of the adsorbent (g).
(2) Adsorption kinetic model

The adsorption kinetics of atrazine by the apricot shell biochar were fitted by using
quasi-first-order and quasi-second-order dynamic models.
Quasi-first-order dynamic model:

18(ge — q1) = 1gqe — k1t/2.303 @)
Quasi-second-order dynamic model:

1 t
S . 3
q koget  Ge )

where g, and g; are the adsorption capacity of atrazine by biochar at time t and at equilib-
rium (mg/g); ki is the constant of the quasi-first-order adsorption model (/min); k; is the
quasi-second-order adsorption model constant (g/mg/min).

The accuracy of the model (SSE %) was determined from the root mean square error,
and the consistency between the calculated model and the experimental values is shown in

Equation (4).
. )E oy =Deca) 0
SSE% = "#’-100/0 @)

where ge ¢z and ge exp are the calculated model values and experimental values (mg/g),
respectively, and N is the number of experiments.
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(3) Adsorption thermodynamics model

The Langmuir model and Freundlich model were used to fit the thermodynamic
characteristics of atrazine adsorption by corn straw hydrothermal carbon.
Langmuir model:
_ qmKL Ce

Qe = 1+ K;C,

©)

Freundlich model:
Qe = Kpe,''" )

where Q, is the adsorption capacity of the adsorbent (mg/g); g, is the maximum single-
layer adsorption capacity (mg/g); K is the Langmuir isothermal constant (L/mg); C, is
the equilibrium concentration (mg/g); n is a linear measurement of adsorption; Kr is the
Freundlich isotherm constant.

According to the Langmuir model parameters, the standard Gibbs free energy (AG®),
standard enthalpy change (AH?) and standard entropy change (AS®) were calculated by
Equations (7) and (8).

AG® = AH® — T AS® @)

AG® = —R T InK (8)

where AG? is the Gibbs free energy; R (8.314 ] /K/mol) is the gas constant; T is the absolute
temperature; K is the adsorption equilibrium constant of the Freundlich model; AH® is

the change in enthalpy; AS? is the change in entropy. The values of AH® and AS® were
calculated according to the slope and intercept of the plot of InK vs. 1/t.

(4) Contribution of diffusion and surface adsorption [30,31]

QT =QP + QA )
QP =K, Foc C, (10)
QA =K Cen — Ko Foc Cp (11)

where QT is the total adsorption amount (mg/kg); QP is the atrazine adsorption amount
caused by diffusion during the adsorption process; QA is the atrazine adsorption amount
attributable to surface adsorption (mg/kg); Ko is the distribution coefficient after normal-
ization to the organic carbon content according to the Kd formula (L/kg); Fo. is the content
of organic carbon in the tested material.

3. Results and Discussion
3.1. Characterization of Apricot Shell Biochar
3.1.1. Scanning Electron Microscopy (SEM) Images

The structure of the biochar was observed by SEM. Figure 1 shows that the structure
of the apricot kernel shell biochar prepared at different temperatures is different. When the
temperature is lower, the microspheres are more dispersed (A). With increasing temperature,
the number of carbon microspheres increases (B), the surface area increases, the distribution
becomes denser, and the size tends to be uniform (C). However, some carbon microspheres
are bonded with each other. When the temperature is higher than 220 °C (D, E and F), the
morphological structure of the biochar changes and some carbon particles become uniform.
The microsphere structure is destroyed and a tubular structure appears.

3.1.2. Infrared Spectrum Characteristics

The surface functional groups were analysed by FTIR. Figure 2 shows that the apricot
shell biochar prepared at different temperatures are rich in functional groups. The band
at 3200-3640 cm ! corresponds to the stretching vibration of O-H bonds in hydroxyl
groups [32,33]. The antisymmetric stretching vibration of C-H bonds in methyl (-CH3)
groups is located at 2958 cm ™!, and the absorption peak of methylene in long-chain
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saturated alkanes (-CHj-) appears at 2838-2843 cm ™! [34,35]. The stretching vibration
band of ~CO-N amide groups is located at 1690-1700 cm~!. The bands corresponding
to carboxylic acid (-COOH) and carboxylic acid at 1540-1640 cm ! indicate the existence
of carbonyl groups (-C=0) and carboxylic acid, respectively [36]. The absorption peaks
corresponding to the stretching vibration of aromatic carbonyl groups in lignin are located
at 1600 cm !, 460 cm ! and 450 cm ! [37].

b 10um F

Figure 1. SEM images of apricot shell biochar. Note: (A-F) show the hydrothermal carbon micro-
spheres prepared from apricot shells at 190, 200, 210, 220, 230 and 240 °C, respectively.
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Figure 2. Infrared spectra of apricot kernel shell biochar.

3.1.3. Element Content of Apricot Shell Biochar

The elemental composition of the apricot kernel shell biochar was determined by an
elemental analyser. Table 1 shows that with increasing carbonization temperature, the
carbon content of the prepared biochar increases from 66.75% (190 °C) to 72.36% (240 °C);
the hydrogen content decreases from 5.83% (190 °C) to 4.93% (240 °C); the nitrogen content
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increases from 0.14% (190 °C) to 0.22% (240 °C). The loss of H and O in biochar is due
to dehydration and decarboxylation [38]. The H/C and O/C ratios reflect the polarity
of the biochar. H/C and O/C decrease with increasing temperature, indicating that the
polarity of the biochar gradually decreases. The stronger the hydrophobicity of biochar
is, the weaker the hydrophilicity, and the better the potential adsorption performance for
organic pollutants.

Table 1. Element content of apricot shell biochar.

Sample C (%) H (%) N (%) C%/N% O +9S) % H/C O/C (mol) N/C
(mol) (mol)
XH-190 66.75 5.83 0.14 45291 27.32 1.16 0.33 0.0020
XH-200 67.66 5.61 0.16 431.98 26.56 1.00 0.29 0.0020
XH-210 69.99 5.14 0.18 382.40 24.69 0.88 0.26 0.0022
XH-220 69.06 5.22 0.18 388.16 25.54 0.91 0.28 0.0022
XH-230 70.71 5.36 0.21 333.23 23.71 0.91 0.25 0.0026
XH-240 72.36 493 0.22 322.63 22.48 0.82 0.23 0.0027

3.1.4. Analysis of Specific Surface Area and Pore Structure

The Brunauer-Emmett-Teller (BET) method was used to determine the specific surface
area, pore volume and pore size of the biochar prepared at different temperatures. The
results in Table 2 show that the specific surface area and average pore size of biochar
prepared at different temperatures increase with increasing temperature, following the
order XH-240 > XH-230 > XH-220 > XH-210 > XH-200 > XH-190. At 230 and 240 °C, the
specific surface area and average pore size of biochar are almost the same, which indicates
that there is a critical temperature in the process of biochar preparation. This finding is
consistent with the conclusion of Nguyen and James et al. [39,40].

Table 2. Specific surface area and pore structure of apricot shell biochar.

Sample Specific Surface Total Pore Micropore Average
Area (m?/g) Volume (cm3/g)  Volume (cm3/g) Aperture (nm)
XH-190 9.2873 0.0634 0.0058 0.8695
XH-200 9.3082 0.0598 0.0049 0.9073
XH-210 9.3112 0.0567 0.0042 0.9428
XH-220 9.3678 0.0492 0.0038 0.9839
XH-230 9.4149 0.0426 0.0036 1.0527
XH-240 9.4761 0.0391 0.0035 1.0669

3.2. Adsorption of Atrazine by Apricot Kernel Shell Biochar
3.2.1. Adsorption Kinetics

The adsorption kinetic curves of atrazine on the apricot kernel shell biochar are shown
in Figure 3. The adsorption process is divided into two stages. The slope of the curve at the
initial stage of adsorption (within 900 min) is larger, which indicates that the adsorption
rate is fast, accounting for approximately 85% of the total amount of adsorption; the curve
at the later stage of adsorption (900-2880 min) tends to be flat, and the adsorption rate is
slow. In this experiment, adsorption equilibrium is reached at 2880 min. In this study, the
first stage is the rapid adsorption stage, in which atrazine molecules quickly occupy the
easily filled hydrophobic sites on the surface of biochar, so the adsorption capacity increases
rapidly; the second stage is the slow adsorption stage, in which most of the easily filled
hydrophobic sites on the surface of the adsorbent are occupied by atrazine and atrazine
begins to occupy the pore structure of the biochar, resulting in a slow adsorption rate and a
small decrease in adsorption capacity [41].
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Figure 3. Kinetic curve of atrazine adsorption on apricot kernel shell biochar.

The adsorption kinetics of atrazine on apricot shell biochar were simulated by quasi-
first-order and quasi-second-order models [42]. Table 3 shows that the fitting parameter
(R?) values for the adsorption of atrazine by apricot kernel shell hydrothermal carbon
microspheres according to the quasi-first-order model are 0.906, 0.867 and 0.846, and
the R? values for the quasi-second-order model are 0.995, 0.999 and 0.998. Therefore, the
adsorption dynamics of atrazine on apricot kernel shell biochar are more consistent with the
quasi-second-order model than the quasi-first-order model, indicating that the adsorption
process is affected by various adsorption mechanisms, such as surface adsorption site
transfer and external liquid film diffusion [43,44].

Table 3. Kinetic parameters of atrazine adsorption on apricot kernel shell biochar.

Quasi-First-Order Quasi-Second-Order
Sample
Q (mg/g) Ky 2 Q; (mg/g) K 2
XH-190 3.549 0.020 0.906 3.745 0.008 0.995
XH-210 6.077 0.026 0.867 6.355 0.006 0.999
XH-240 8.848 0.012 0.846 9.448 0.001 0.998

3.2.2. Adsorption Thermodynamics

The adsorption isotherms of atrazine on apricot kernel shell biochar are shown in
Figure 4. With increasing ambient temperature, the adsorption capacity of atrazine on
the biochar also increases because with increasing temperature, there are many oxygen-
containing functional groups, such as -COOH, -CHO and -OH groups, on the surface of
hydrothermal carbon [45]. These oxygen-containing functional groups cause the surface of
the biochar to have a negative charge, and the negative charges form multiple exchange
sites on the aromatic ring structure, which increases the cation exchange capacity of the
biochar. An increase in temperature can increase the number of negative charges on
the surface of biochar and then increase the adsorption capacity [46], indicating that the
adsorption capacity of atrazine by apricot kernel shell biochar is affected by temperature.
At the same temperature, the adsorption capacity of apricot kernel shell biochar prepared
at three different temperatures for atrazine follows the order XH-240 > XH-210 > XH-190.
This study shows that with increasing temperature, the larger the specific surface area and
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average pore size of the biochar are, the more surface adsorption sites there are, and the
better the adsorption performance is.

8.00 8.00 8.00
(a) (b) (c)
7.00 7.00 7.00
6.00 6.00 6.00
= 5.00 = 5.00 < 5.00
? 4.00 ? 4.00 ? 4.00
(o4 (o4 (o4
3.00 3.00 3.00
2.00 ——288K 2.00 A ——288K 2.00 ——288K
208K 208K 208K
100 308K 100 1 308K 100 308K
0.00 - ‘ ‘ ‘ ‘ 0.00 - ‘ ‘ ‘ ‘ 0.00 : : : :
00 100 200 300 400 50.0 00 100 200 300 400 50.0 00 100 200 300 400 50.0
Ce (mg/L) Ce (mg/L) Ce (mg/L)
Figure 4. Adsorption isotherms of atrazine on apricot shell biochar. (a—c) show the biochar prepared
from apricot shells at 190, 210, and 240 °C, respectively.
The Langmuir model, Freundlich model and Temkin model were used to fit the
adsorption isotherms of atrazine on the apricot kernel shell biochar, as shown in Table 4.
The Freundlich model fits the adsorption of atrazine on the apricot shell hydrothermal
carbon microspheres well (R? > 0.911, p < 0.05), indicating that the adsorption belongs to
multilayer heterogeneous adsorption [47,48]. In the Freundlich model, n is the nonlinear
coefficient, and n > 1 indicates that the apricot kernel shell biochar exhibits nonlinear
adsorption for atrazine. The Temkin model fitting results are also good (R2 > 0.965,
p < 0.05); this model mainly describes the chemical adsorption mechanism of electrostatic
adsorption, indicating that the apricot kernel shell biochar also has electrostatic adsorption
for atrazine.
Table 4. Isothermal adsorption parameters of atrazine on apricot kernel shell biochar.
Langmuir Freundlich Temkin
Temperature
Sample P Q Kk
K m L 2 2
(K) (mg/g) (L/mol) r? n kg r a b r
288 5.393 9736.2 0.945 2.019 246.1 0.911 15.706 1.418 0.952
XH-190 298 8.999 8382.1 0.979 1.643 186.2 0.964 21.015 1.836 0.965
308 9.282 12,991.4 0.975 2.450 212.8 0.939 25.245 2.185 0.968
288 8.179 8147.1 0.975 1.738 701.9 0.949 19.907 1.755 0.967
XH-210 298 11.259 10,316.1 0.978 1.854 783.7 0.950 28.279 2.445 0.968
308 13.826 10,268.2 0.981 2.109 530.9 0.961 37.165 3.273 0.978
288 11.732 12,843.2 0.984 2.343 3229 0.959 32.603 2.83 0.982
XH-240 298 15.861 12,146.9 0.996 2.202 546.4 0.981 42.806 3.706 0.995
308 18.931 13,538.8 0.986 2.382 492.2 0.953 51.741 4.449 0.981

The thermodynamic parameters calculated according to the Gibbs free energy are

shown in Table 5. AG® < 0 and AH® > 0, which indicates that the adsorption of atrazine
by apricot kernel shell biochar is a spontaneous endothermic reaction. The enthalpy and
entropy of XH-190 adsorption are AH® = 10.88 kJ/mol and AS® = 0.11 kJ/mol, and the
enthalpy and entropy of XH-210 adsorption are AH® = 8.35 k] /mol and AS® = 0.10 kJ /mol,
respectively. The adsorption enthalpy and entropy of XH-240 are AH® = 2.014 kJ /mol and
AS® =0.09 kJ/mol, and AH? is less than 40 kJ/mol. Therefore, the adsorption of atrazine
on apricot kernel shell biochar is dominated by physical adsorption.
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Table 5. Thermodynamic adsorption parameters of atrazine on apricot kernel shell biochar.
Temperature AG® AS® AH®

Sample
(K) (kJ/mol) (kJ/mol) (kJ/mol)
288 —21.99

XH-190 298 —22.38 0.11 10.88
308 —24.26
288 —21.56

XH-210 298 —22.90 0.10 8.35
308 —23.65
288 —22.65

XH-240 298 —23.30 0.09 2.01
308 —24.05

100

3.3. Contribution of Diffusion and Surface Adsorption to Atrazine Adsorption

Some nonlinear adsorption phenomena can be explained by a comprehensive ad-
sorption mechanism including diffusion and surface adsorption [49,50]. To explore the
adsorption mechanism of atrazine on apricot kernel shell biochar, the adsorption capacity
of atrazine on the microspheres was expressed by Formula (4) to study whether surface
adsorption or diffusion dominated in the adsorption process.

Because the Freundlich model fitting parameter n > 1 in this study, the adsorption
of atrazine on apricot kernel shell biochar is nonlinear, so the comprehensive adsorption
mechanism can better explain the adsorption behaviour of atrazine on apricot kernel
shell biochar. The QT, QP and QA curves of atrazine on apricot kernel shell biochar
with an equilibrium solution concentration CE are shown in Figure 5. The adsorption of
atrazine on apricot kernel shell biochar includes two processes: surface adsorption and
diffusion. When the equilibrium solution concentration is low, the adsorption of atrazine
on apricot kernel shell biochar mainly involves surface adsorption. At a higher equilibrium
solution concentration, the adsorption of atrazine on apricot kernel shell biochar mainly
involves surface adsorption. Once surface adsorption reaches saturation, diffusion is the
main adsorption mechanism of atrazine on apricot kernel shell biochar. With increasing
temperature, the contribution of surface adsorption to atrazine adsorption of apricot kernel
shell biochar increases.
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Figure 5. Contribution of diffusion and surface adsorption to atrazine adsorption by biochar.

3.4. Influencing Factors of Adsorption

Figure 6a shows the adsorption capacity of atrazine on apricot kernel shell biochar pre-
pared at different temperatures. With increasing preparation temperature, the adsorption
capacity of the biochar gradually increases. The biochar prepared at 240 °C has abundant
pores and a carbon microsphere structure (Figure 1), which is conducive to the adsorption
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of atrazine. This finding is similar to the adsorption results for asparagus biochar prepared
by Xu et al. [51].

190

200

210
Temperature (°C)

25.00 10.00
(a) (b) 9.00 4 (c)
20.00 8.00
7.00 4
= 15.00 5 6.00
E ? 500 4
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Figure 6. Effect of different factors on the adsorption of atrazine by biochar. (a—c) show the effect of
temperature, pH and Cacly, respectively.

Figure 6b shows the adsorption capacity of atrazine by biochar at different initial
pH values. With increasing pH, the adsorption capacity decreases. When the pH value
is greater than 9, the decrease in adsorption capacity decreases. With increasing pH,
the dissociation reaction of atrazine occurs in water, resulting in the loss of protons and
the hydrogen bond breaking of carboxyl groups, and organic matter polymers become
anions with enhanced hydrophilicity. Therefore, the adsorption capacity of atrazine also
decreases [52]. Li et al. [53] found that pH had a great influence on the adsorption of atrazine
by sediments and that increased pH inhibited the adsorption of atrazine by sediments.
Abate et al. [54] used modified montmorillonite to adsorb atrazine, and the adsorption
capacity gradually decreased with increasing pH.

Figure 6¢ shows the adsorption capacity of biochar for atrazine in solutions with
different ionic strengths. With increasing Ca®* concentration in the solution, the adsorp-
tion capacity of biochar for atrazine decreases. The adsorption capacity of atrazine on
hydrothermal carbon decreases from 7.720 mg/g to 3.451 mg/g. The adsorption of atrazine
on biochar mainly involves cations [55]. When the content of Ca?* in solution is too high,
CaCl, will form and adsorb on the surface of biochar through electrostatic reaction, occupy-
ing the adsorption sites on the surface of biochar and thus reducing the adsorption capacity
of the biochar for atrazine.

3.5. Adsorption Mechanism of Atrazine on Apricot Kernel Shell Biochar

Hydrothermal carbon is a highly aromatic, insoluble and porous solid material pro-
duced by the pyrolysis and carbonization of biomass under low-oxygen or no-oxygen
conditions. The main elements are C, H, O and S, and the content of C is more than
60% [56]. Biochar has a multistage pore structure, a large specific surface area, a large
number of surface negative charges and a high charge density. It is highly aromatic and
stable. Its surface contains carboxyl, phenolic hydroxyl, carbonyl, lactone, pyranone, an-
hydride and other functional groups. The existence of surface functional groups endows
hydrothermal carbon with good adsorption performance [57]. These functional groups
are responsible for the complex interaction between apricot shell biochar and atrazine.
Figure 7a,b show that the surface structure of the apricot kernel shell biochar before and
after adsorption changes significantly. The surface structure of the carbon microspheres
is destroyed, and the microspheres are deformed and bond to form a three-dimensional
network porous structure, which indicates that there is a strong interaction between some
functional groups of the apricot kernel shell biochar and atrazine. As seen from the infrared
spectrum data in Figure 7c, O-H (3390 cm~ 1) and C-O (1118 cm 1) have the highest contents.
The mechanism may include hydrogen bonding between the abundant carboxyl, phenolic
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hydroxyl and carbonyl groups on the surface of the microspheres and nitrogen with lone
pair of electrons on the surface of atrazine (Figure 7d). The triazine ring of atrazine is in
face-to-face parallel contact with the aromatic rings on the surface of the microspheres,
leading to the formation of atrazine. In addition, hydrogen bonding and hydrophobic
interactions are the main adsorption forces. Therefore, hydrogen bonding and hydrophobic
interactions may be the most important adsorption mechanisms of atrazine on apricot shell
biochar. The absolute value of the free energy of atrazine adsorption on apricot kernel
shell biochar is 21.56-24.26 k] /mol, indicating that dipole—dipole interactions, electrostatic
interactions and ion exchange are the secondary factors affecting atrazine adsorption on
apricot kernel shell biochar.

Transmittance(%)

—XH-240
——XH-240+AT

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber

Figure 7. Adsorption mechanism of atrazine on biochar. (a,b) show the biochar SEM figure before
and after adsorption changes; (c) show the biochar FTIR figure before and after adsorption changes;
(d) show the adsorption mechanism.

4. Conclusions

With increasing carbonization temperature, the polarity of biochar decreases and
the degree of organic matter cracking, aromaticity and hydrophobicity increases. The
adsorption kinetics of atrazine on apricot kernel shell biochar are fitted by a quasi-second-
order kinetic equation (R? > 0.995, p < 0.05). The isothermal adsorption data are in
accordance with the Freundlich model (R? > 0.911, p < 0.05). The adsorption of atrazine
on apricot kernel shell biochar includes surface adsorption and diffusion. With increasing
temperature, the contribution of surface adsorption increases. The adsorption capacity
of apricot kernel shell biochar for atrazine increases when the preparation temperature
increases and decreases when the pH and Ca* concentration increase in the solution.
The adsorption capacity of atrazine on biochar decreases from 7.720 mg/g to 3.451 mg/g.
The adsorption mechanism of atrazine on apricot kernel shell biochar includes hydrogen
bonding and hydrophobic interactions. Dipole-dipole interactions, electrostatic interactions
and ion exchange are the secondary factors affecting the adsorption of atrazine on apricot
kernel shell biochar.
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