PEER-REVIEWED ARTICLE b | oresources.com

Effects of Tall Fescue Biochar on the Adsorption
Behavior of Desethyl-Atrazine in Different Types of Soil

Wanting Li,? Ruifeng Shan,*®* Yuna Fan,? and Xiaoyin Sun &P

Desethyl-atrazine (DEA) is a metabolite of atrazine that exerts a
considerable influence on the environment. In this study, tall fescue
biochar was prepared by pyrolysis at 500 °C, and batch experiments were
conducted to explore its effect on the adsorption behavior of DEA in red
soil, brown soil, and black soil. The addition of biochar increased the
equilibrium amount of DEA adsorption for the three soil types. A pseudo-
second-order kinetic model most closely fit the DEA adsorption kinetics of
the three soils with and without biochar, with a determination coefficient
(R?) of 0.962 to 0.999. The isothermal DEA adsorption process of soils
with and without biochar was optimally described by the Freundlich and
Langmuir isothermal adsorption models with R? values of 0.98 and above.
The DEA adsorption process in the pristine soil involved an exothermic
reaction, which became an endothermic reaction after the addition of
biochar. Partitioning was dominant throughout the entire DEA adsorption
process of the three pristine soils. Conversely, in soils with biochar,
surface adsorption represented a greater contribution toward DEA
adsorption under conditions of low equilibrium concentration. The overall
results revealed that the tall fescue biochar was an effective adsorbent for
DEA polluted soil.
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INTRODUCTION

In the last 30 years, China has become one of the top users and producers of
pesticides in the world (Grung et al. 2015). Most pesticides have relatively high polarity
and strong persistence and degrade to form complex metabolites in the environment
(Montiel-Leon et al. 2019b). For example, in the Jucar River in Spain, some metabolites
have been detected more frequently and at higher levels than parent compounds such as
atrazine and terbumeton (Aguilar et al. 2017). Therefore, the presence of pesticide
metabolites in the environment is of great concern. Desethyl-atrazine (DEA) is a metabolite
formed by the physicochemical process and microbial degradation of its parent atrazine in
soil, which is widely distributed in environmental media (Guo et al. 2016; Yu et al. 2018).
Groundwater research in lowa (USA) reported a DEA detection frequency of 32.1%,
ranked only second to its parent compound atrazine (37.4%) and higher than
deisopropylatrazine (DIA) (21.4%) and hydroxyatrazine (HA) (11.4%) (Kolpin et al.
2000). Montiel-Leon et al. (2019a) studied the spatial distribution of pesticides in the St.
Lawrence River and its tributaries in Quebec, Canada and reported a DEA detection
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frequency of 47%, which was only lower than that of glyphosate (84%), atrazine (82%),
and thiamethoxam (59%). Moreover, atrazine (75%) and DEA (60.6%) presented the
highest detection frequency in rural surface water and groundwater in Henan Province,
China (Yu et al. 2018).

Toxicological studies have shown that DEA has similar toxicity to its parent
compound atrazine (Kumar and Singh 2016). Sanchez et al. (2020) found that atrazine in
soil pore water predominantly exists in the form of DEA and DIA, which accounted for
59% of the total amount of residual atrazine after a 19-day experiment, indicating that DEA
has relatively high water solubility, strong polarity, and high stability. Moreover, the DEA
content in the parts of plants that were above the ground was much higher than that in the
parts of the root, thereby posing a potential threat to human health. Despite atrazine being
listed as a prohibited pesticide by the European Commission (2009), atrazine and its
metabolite DEA are still currently present in the Jucar river (Aguilar et al. 2017). This may
reflect the fact that atrazine and DEA accumulate slowly in the field and eventually flow
into river systems (Masia et al. 2013), suggesting that DEA can exist in environmental
media for a long time and lead to the risk of extensive pollution. Therefore, it is necessary
to explore low-cost and environmentally friendly remediation methods.

Previously, the degradation of atrazine and its major metabolites (DEA and DIA)
in water by photocatalytic oxidation under sunlight has achieved good results (Komtchou
et al. 2018). The use of a carbon source plus zero-valent iron under aerobic conditions can
also effectively promote the dissipation of atrazine and DEA at a relatively low pollution
level (Kerminen et al. 2017). However, different remediation methods vary considerably
and are limited by high energy consumption and excessive pollutant concentrations.
Biochar has a developed porous structure and a large specific area, rendering it a good
adsorbent for a variety of organic and inorganic pollutants; it is produced via the pyrolysis
of waste biomass materials under anoxic conditions (Sun et al. 2017; Chen et al. 2020). In
addition, biochar is rich in carbon, which is conducive to the fixation of carbon in the
environment, thereby decreasing greenhouse gas emissions and mitigating global warming
(Ding et al. 2019).

The method of adsorbing pesticide residues from environmental media using
biochar has attracted increasing attention. For example, Wei et al. (2017) suggested that
the addition of rice husk biochar to soil had a significant adsorption effect on the herbicide
alachlor, with its adsorption capacity being related to the physicochemical properties of
biochar, such as pore structure and surface functional groups. Okoya et al. (2020)
compared the adsorption effect of activated carbon and rice husk biochar on chlorpyrifos,
which decreased the chlorpyrifos content in soil by 93.7% and 94.5%, respectively.
Therefore, rice husk biochar had a more significant adsorption effect on chlorpyrifos and
could be used as a substitute adsorbent for activated carbon. Binh and Kajitvichyanukul
(2019) suggested that coconut silk biochar exhibited a strong adsorption effect on
dichlorvos, with the maximum adsorption amount of the Langmuir model fitting a
parameter reaching 90.9 mg-g™. However, these studies typically concentrated on the
adsorption of pesticides for a single type of soil, with few studies investigating the
adsorption behavior of pesticides for various types of soil. The physicochemical properties
of soil determine the fate of pollutants in the environment, as well as the feasibility of the
remediation technology of contaminated soil (Ahmed et al. 2018). Therefore, as the
physicochemical properties of soil are important factors affecting the environmental
behavior of pesticides in the soil-biochar system, it is necessary to study the adsorption
behavior of pesticides for different types of soil.
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Red soil, brown soil, and black soil exhibit different physicochemical properties
such as pH values, cation exchange capacity, organic matter content, nutrient element
content, and soil particle size, leading to diverse pesticide adsorption behaviors. Zhang et
al. (2018a) found that the adsorption behavior of imidacloprid, clothianidin, and
thiamethoxam in four agricultural soils was predominantly influenced by the soil organic
matter content. Moreover, Hall et al. (2015) investigated the adsorption behaviors and
leaching risks of six herbicides in three tropical soils in Hawaii; they suggested that
pesticide adsorption was determined by local soil properties, whereas leaching risks could
be predicted by soil property parameters. Therefore, pesticide adsorption behavior should
be evaluated in different types of soils to predict their fate and ecological risk in
environmental media.

Most previous studies have focused on the adsorption of the parent pesticide
compound by the biochar-soil system; however, few studies have investigated the
adsorption process of pesticide metabolites by biochar. This study introduces a novel
biochar material derived from tall fescue, which is widely used for family gardens, golf
lawns, and urban landscapes, and prepared by pyrolysis at 500 °C. The main purpose of
the study is to explore the effect of tall fescue biochar on DEA adsorption from red soil,
brown soil, and black soil and investigate the main mechanism of adsorption.

EXPERIMENTAL

Sample Preparation and Treatment

Red, brown, and black surface soil (0 to 10 cm) was sampled from the Jiangxi,
Shandong, and Jilin provinces in China, respectively. After sampling, the soil was dried,
homogenized, and screened to remove plant tissue. The basic physicochemical properties
of the three types of soil are described in the authors’ previous study (Li et al. 2020). The
organic matter content decreased in the following order: black soil > brown soil > red soil.
Except for the alkaline black soil, with a pH of 7.86, the red soil (pH = 6.29) and brown
soil (pH = 4.70) were acidic. The red soil was predominantly clay, accounting for 37.8%.
Sand (46.0%) and silt (39.51%), which accounted for the largest proportion of brown and
black soil, respectively. The DEA standard solution with purity of 99.9% was purchased
from Dr. Ehrenstorfer trading company (Augsburg, Germany). The DEA solution was
dissolved in methanol to prepare a 100 mg-L™* stock solution, which was stored at 4 °C.

Preparation and Characterization of Tall Fescue Biochar

The tall fescue was sampled from Rizhao, Shandong province, China, then cleaned
with tap water, dried to constant weight at 50 °C, and ground through an 18-mesh sieve.
The tall fescue material was pyrolyzed under an N2 atmosphere in a muffle furnace. The
material was heated at 15 °C-min* until the pyrolysis temperature reached 500 °C. It was
then continuously heated for 2 h and cooled to room temperature. The tall fescue biochar
was ground, sifted through 80-mesh screens, and sealed in a dry container for subsequent
analysis. The characterization of tall fescue biochar methods were shown in the authors’
previous study (Li et al. 2020). Briefly, the surface structure of the biochar was analyzed
by a scanning electron microscope (SEM, QUANTA Q400, USA). The specific surface
area and pore structure of tall fescue biochar was measured by the Brunauer-Emmett-Teller
(BET) method. The element composition of the biochar was analyzed by a Vario macro
cube elemental analyzer (Vario macro cube, Germany). The surface functional groups was
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detected by Fourier transform infrared (FTIR) spectroscopy (4000-400 cm™* wavenumbers,
IRTracer-100, Shimadzu, Japan). The pH value of the biochar was measured by pH meter
(PHS-3C, Shanghai, China).

Adsorption Experiment

A batch experiment was used to explore the DEA adsorption behavior of the three
types of soil. Two grams of each soil were placed in a 50-mL Teflon centrifuge tube for an
isothermal adsorption experiment, with 0.1 g of tall fescue biochar added to the biochar
treatment group (BC soil). Then, 0.01 mol-L* of CaCl2 and 200 mg-L* of NaNs was added
to the reaction system to enhance the ionic strength and inhibit the microbial degradation
of analyte, respectively. After 2 h of pre-equilibrium, 10 mL of DEA stock solution was
diluted to obtain initial concentrations of 0.5, 1, 5, 10, and 20 pug-mL™. The centrifuge tubes
were covered tightly using lids, shaken thoroughly, and placed in a thermostatic oscillator
covered with aluminum foil. The centrifuge tubes were oscillated for 24 h at 200 rpm and
25 °C, after which the samples were extracted to determine the equilibrium concentration
of DEA. A Kinetic pre-experiment showed that DEA adsorption in the three types of soil
with and without biochar entered in an equilibrium adsorption stage prior to 24 h, with the
concentration of DEA in the solution approximately unchanged. On this basis, two
temperature gradients (15 and 35 °C) were employed for the adsorption thermodynamics
experiment. In the adsorption kinetics experiment, the initial concentration of DEA was set
at 5 mg-L? and the centrifuge tubes were oscillated at 200 rpm and 25 °C. The samples
were extracted after 35 min, 180 min (3 h), 360 min (6 h), 540 min (9 h), 1,290 min (21.5
h), 1,440 min (24 h), and 2,880 min (48 h) of oscillation.

Three replicates of each experiment group were performed. The oscillating
samples taken from the three experiments (adsorption kinetics, adsorption isotherm, and
adsorption thermodynamics) were left to stand for 10 min. Gravity was used to separate
the solution from the biochar and soil solids in the mixed system. The supernatant was
filtered through a 0.22-um membrane and centrifuged at 4,000 rpm for 10 min. Then, the
supernatant was filtered through a 0.45-um membrane, and the equilibrium concentration
of DEA (ug-mL™) was determined by high performance liquid chromatography (HPLC)
(126011, Agilent Technologies Inc., Santa Clara, CA, USA) with a Gemini C18
chromatographic column (150 x 4.6 mm; 4 um). The flowing phase contained methanol,
and water (1:7 v/v) moved at a rate of 0.8 mL- min™*. The photo diode array (PDA) detector
operated at a wavelength of 220 nm, and the injection volume was 10 uL. The column
temperature was set to 35 °C. Three parallels of DEA standard solution were added to the
blank groups to determine the recovery rate. The recovery rate of DEA was 95 to 105%.
The external standard method was used as a quality control. Seven concentration gradients
of DEA standard solution were prepared prior to injection. The correlation coefficient (R?)
between the actual concentration of the DEA standard solution and the peak area was
greater than 0.995.

Data Analysis
All data were analyzed by using origin 8.0 software (OriginLab, Northampton, MA,
USA). The adsorption amount of DEA was calculated using Eq. 1,
C.-C,)V
q — ( e 0) (1)

m
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where q (ug-g™?) is the DEA adsorption amount for the three types of soil, Co (ug-mL™?) is
the initial concentration of DEA, Ce (ug-mL™?) is the DEA equilibrium concentration, V
(mL) is the volume of the solution, and m (g) is the mass of soil.

A pseudo second-order kinetic model (Eg. 2), Elovich model (Eq. 3), pseudo first-
order kinetic model (Eq. 4), and intra-particle diffusion model (Eq. 5) were used to describe
the adsorption kinetic data as follows,

t 1 t

S L 2

qt kzqe2 qe ( )

g, =A+B-Int 3)

q =0, (1—e™) 4)
1

g =k, t>+C (5)

where q: (ug-g?) is the DEA adsorption amount of three types of soil with and without
biochar at time t (min), ge (ug-g™) is the equilibrium DEA adsorption amount, k2 (mg-ug-
L.min?), ki (mg-pg™*-min?), and ke (ug-mg*-min"?) are the pseudo second-order Kinetic,
pseudo first-order kinetic, and intra-particle diffusion constant, respectively, A is a constant
related to the initial concentration, B is the adsorption activation energy constant, and C is
a parameter which represents the effect of boundary layers.

The Freundlich (Eq. 6) and Langmuir (Eq. 7) models were used to describe the
adsorption isotherm,

Ing, =InK; +InC, -1/n (6)

1 1 1
- = +
qe qmax KLqmaxCe

where Ks [(ug-mg™)/(ug-mL™1)"] is Freundlich’s coefficient, gmax (Ug-g™t) is the maximal
DEA adsorption amount of the three soils with and without biochar, 1/n reveals the
nonlinear degree of the adsorption isotherm, distinct adsorption mechanism, and adsorption
intensity, KL is a parameter of the Langmuir model that demonstrates the bond energy of
the adsorbent surface, and Ce and ge are defined in Egs. 1 and 2, respectively.

The Gibbs free energy (AG, in kJ-mol™) was used to describe the thermodynamic
pattern and energy changes of the adsorption process following Egs. 7 and 8,

AG =-RT InK, (8)

(7)

AG = AH —TAS 9)

where R [J-(mol-K)] is the molar gas constant with a value of 8.314, T (K) is the absolute
temperature, and Ks is the value of Freundlich’s coefficient Eq. 6. The enthalpy change
(AH, in kJ-mol?) indicates transformation of the reaction system conditions, and AS
(kJ-mol*-K-1) represents a change of the disorder degree in a system.

The adsorption behavior of DEA in pristine soil and BC soil was divided into two
parts: surface adsorption and partitioning. To explore the adsorption mechanism of DEA
in soil and BC soil, Egs. 10 through 13 were used to quantify the relative contribution of
DEA partitioning and surface adsorption for the three types of soil and BC soil (Zhao et al.
2019),

Qr =Qp+Qa (10)
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where Qr represents the total DEA adsorption amount for the three soils and BC soils, and
Qr and Qa represent the adsorption amount related to partitioning and surface adsorption,
respectively. According to the characteristics of partitioning and surface adsorption, the
organic pollutant is adsorbed by the surface-active adsorption sites of soil and biochar at
relatively low concentrations. However, with increased pollutant concentration, the surface
adsorption sites of soil and biochar become completely occupied and saturated; then,
partitioning plays a dominant role in the adsorption process (Wang et al. 2019). Therefore,
the adsorption contribution equation was converted to,

QT = QP +QA = KCe +QA (11)

where K is the partitioning coefficient, which is the slope obtained by linear fitting of the
adsorption isotherm in a relatively high concentration range of Ce/ Sw > 0.2 (ratio of
equilibrium concentration to aqueous solubility). Therefore, the contribution of
partitioning and surface adsorption to the total adsorption amount can be expressed by Egs.
12 and 13, respectively:

Q =KC, (12)
Qa=0Qr —KC, (13)

RESULTS AND DISCUSSION

Effects of Biochar on DEA Adsorption Kinetics in Different Soil Types

The DEA adsorption kinetics differed between the three pristine soils and BC soils
(Fig. 1). However, the DEA adsorption process was similar for the three soils and BC soils
and involved three stages: fast, slow, and equilibrium. During the first 180 min of the
adsorption process, the slopes of the adsorption curves were relatively steep, and the DEA
adsorption rate was relatively high in both pristine and BC soil. The DEA adsorption
amount of red soil, brown soil, and black soil reached 69.3%, 74.4%, and 98.2% of the
equilibrium adsorption amount within the first 180 min, respectively. The adsorption
amount of BC soil accounted for 39.9 to 50.8% of the equilibrium DEA adsorption amount
within the first 180 min, which was remarkable less than that for pristine soil. This indicates
that DEA adsorption occurred primarily in the slow adsorption stage (after 180 min) in BC
soil, but during the fast adsorption stage in the pristine soil without biochar addition. This
may be because the biochar has a developed pore structure and huge specific surface area.
In comparison with the pristine soil, biochar contains denser adsorption domains and active
adsorption sites on its surface (Li et al. 2020), whereas the active adsorption sites on the
surface of pristine soil become gradually saturated after 180 min of the adsorption process.
However, a large number of unoccupied low-energy active adsorption sites remain on the
surface of BC soil due to the application of biochar; these can be used for DEA adsorption
in the slow adsorption stage.

In addition, the equilibrium DEA adsorption amount of BC soil in the equilibrium
state was greater than that of pristine soil. Therefore, the ratio of DEA adsorption within
the first 180 min to the equilibrium adsorption amount was higher for pristine soil than BC
soil. During 180 to 1440 min, the DEA adsorption rate of soil and BC soil slowed down,
which illustrates that the adsorption process entered the slow stage. This was mainly
because the DEA molecule was rapidly adsorbed by active adsorption sites on the surface
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of the soil and BC soil during the initial stage of the reaction (Uwamungu et al. 2019). As
the reaction progressed, active adsorption sites were gradually occupied by DEA, which
then entered the micropore structure inside the biochar and soil for relatively slow
micropore filling. The DEA adsorption rate of the three soils and BC soils gradually slowed
down and finally reached the equilibrium adsorption stage. In addition, the concentration
gradient between soil / BC soil and DEA solution in the slow adsorption stage was smaller
than that in the fast adsorption stage. Therefore, the reaction rate slowed down. The
adsorption reaction system reached the equilibrium stage after 1440 min, at which point
the DEA concentration in the equilibrium solution was approximately unchanged. The
actual equilibrium DEA adsorption amounts of red soil, brown soil, black soil, BC red soil,
BC brown soil, and BC black soil were 1.27, 1.97, 3.24, 19.39, 14.16, and 15.68 mg-kg™,
respectively. The equilibrium adsorption amounts were ranked as follows: BC red soil >
BC black soil > BC brown soil > black soil > brown soil > red soil. The difference of
adsorption capacity between pritine soil and BC soil for DEA was partly attributed to the
difference of surface micropore structure between them. Based on the authors’ previous
study (Li et al. 2020), the SEM analysis demonstrated a developed pore structure and a
clear reticulation formation of the tall fescue biochar. Therefore, the DEA molecule filled
into the micropores on the surface of soils and BC soils may be a main mechanism during
the adsorption reaction. Hence, on the basis of micropore regulation theory, which
proposed by Braida et al. (2003), the adsorption reaction tended to be equilibrium may
have been due to the DEA having entered and expanded the micropores of the biochar and
soil, and thermodynamic changes having deformed the surrounding micropores. The DEA
adsorbed in the deformed micropores was more difficult to desorb; thus, dynamic
equilibrium between adsorption and desorption was finally achieved.
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Fig. 1. DEA adsorption kinetic curves of three pristine soils and three BC soils

As shown in Fig. 1, the DEA adsorption amount of all three soils increased after
adding biochar, which was consistent with the results of Wang et al. (2019). This may also
be because of the large number of active DEA adsorption sites in the biochar, which
enhance surface adsorption and pore filling of DEA in the biochar-soil system, thereby
increasing the DEA adsorption capacity of soil. Due to the abundant surface functional
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groups and high degree of aromatization of the tall fescue biochar (Li et al. 2020), the
aromatic functional groups of biochar can be used as electron donors or acceptors to trigger
electron donor—receptor (EDA) reactions with aromatic compounds, which improves the
adsorption of DEA. Zhang et al. (2013) suggested that biochar exerted an obvious
adsorption effect on most pesticides with an aromatic ring structure, such as simazine and
atrazine. In addition, biochar presents strong affinity with most pesticides due to its
hydrophobicity (Qiu et al. 2009). The actual equilibrium adsorption amounts of DEA in
BC red soil, BC brown soil, and BC black soil were 19.4, 14.2, and 15.7 mgkg?,
respectively, i.e., BC red soil > BC brown soil > BC black soil. In comparison to the pristine
soil, the DEA adsorption amount increased 1427%, 619%, and 385% for BC red soil, BC
brown soil, and BC black soil, respectively. This suggests that the remediation effect of
biochar on the adsorption capacity of the three soils decreased in the following order: red
soil > brown soil > black soil. This contrasts with the relative organic matter content of the
three soils (Li et al. 2020), which may be because the soil organic matter competes for the
adsorption sites on the surface of the biochar or blocks the pores of the biochar (Zhang et
al. 2020), leading to a decrease in the DEA adsorption capacity of biochar. Therefore, the
remediation effect of biochar on the soil adsorption capacity is affected by the
physicochemical properties of the soil, among which the organic matter content plays an
important role.

The pseudo-second-order kinetic model (Eq. 2), Elovich model (Eq. 3), and pseudo
first-order kinetic model (Eq. 4) were used to fit the adsorption data of the three soils and
BC soils for DEA, and the fitting parameters are shown in Table 1.

Table 1. DEA Adsorption Kinetic Fitting Parameters for the Three Soils and BC
Soils

Pseudo Second-order Elovich Pseudo First-order
SO” q k2 q kl
y /(m | R? A B R? ° [ug/(mg.mi | R?
/ [bg/ /
(H9/9) | g miny] (hg/9) ]

Red soil | 1.292 | 0.0060 | 9964 | 0236 | 0122 | 98| 1000 @ 0878 | 066
BN 1986 | 0.0050 | 09 | 0497 | 0145 | ¥ 1537 | 7.792900m 01
Bs"z‘)ﬁk 3266 | 00750 | 9999 | 3449 | 0032 | %104 | 3250 | 1.286*101 | 0-979
Bgor”ed 19.841 | 0.0003 | 9988 | 6503 | 3203 | 9992 13359 | 1.316+1013 | 040

BC 0.969 0.933 0.292
brown | 15.000 | 0.0002 | %289 | 8003 | 2,707 | 9933 | 8749 | 42661012 | 02

soil

BC 0.962 0.877 0.415
black | 16.015 | 0.0002 | 9292 | 4905 | 2.400 9877 | 9835 | 1.320%10 04

soil
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According to the correlation coefficient (R?) fitted by the three kinetic models, the
pseudo-second-order kinetic model can optimally describe the adsorption Kinetic process
of DEA in all soils, with R? values as high as 0.962 to 0.999, which were higher than those
of the Elovich model (0.104 to 0.992) and pseudo first-order kinetic model (0.292 to 0.979).
These kinetic models all had extremely significant correlations (P < 0.01). The difference
between the theoretical equilibrium adsorption amount (ge, car) calculated by the pseudo
second-order kinetic model and the actual equilibrium adsorption amount (ge, exp) Was only
2.3%. This indicates that the rate of the adsorption process of these soils for DEA was
limited by diffusion effects (Hubbe et al. 2019).

To investigate the rate-limiting factors involved in the DEA adsorption process of
the soil-biochar system, the adsorption kinetic data were analyzed using the intra-particle
diffusion model (Eg. 5), as shown in Fig. 2. Intraparticle diffusion was a factor of rate
limiting in the adsorption process if a plot of adsorption amount against the square root of
the contact time performed a straight line (Pholosi et al. 2020). The fitting linear plot of gt
versus tY2 of three BC soils was linear but did not pass through the origin of coordinates,
namely C # 0, which indicated that the rate-limiting factor of the DEA adsorption process
for BC soils was not only intra-particle diffusion, but also boundary layer diffusion (Wang
and Zhang 2021). The C values of the intraparticle diffusion model were ranked as follows:
BC red soil > BC black soil > BC brown soil, which illustrated that the boundary layer
effect increased in sequence. The kinetic experimental data of three soils without biochar
manifested a less obvious linear relationship between g and t*? than the BC soils (R? value
of -0.1928 to 0.6814).
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24 ¢ g[::l’("si‘i’l" y=0.2832x+5.7088 (R = 0.9185)
204 v BC red soil
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t

Fig. 2. Fitting curves of the intra-particle diffusion model for DEA in three soils and BC soils

Effects of Biochar on DEA Adsorption Isotherms

The DEA adsorption isotherms of three types of soil and BC soil are shown in Fig.
3. The DEA adsorption amount increased with increasing DEA concentration in the
equilibrium solution. This may be attributed to an increase of DEA molecules near the
biochar, which increased the mass transfer power and DEA adsorption capacity of the soils
(Aljeboree et al. 2015). The DEA adsorption isotherms of the pristine soil were
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approximately linear, whereas the DEA adsorption isotherms for the three BC soils were
concave to the equilibrium concentration axis and exhibited a nonlinear growth trend.
Dehydration and dehydrogenation of biochar during the pyrolysis process resulted in the
formation of biochar surface pores, which provided a large number of adsorption sites and
somewhat determined the DEA adsorption capacity of biochar. The adsorption isotherm
curve of DEA for BC soil showed a rapid upward trend and a relatively steep slope when
the equilibrium concentration was low. During this process, DEA molecules were adsorbed
by high-energy active adsorption sites on the surface of the biochar. With an increase of
DEA concentration in the equilibrium solution, the upward trend of the isotherms gradually
slowed down and the slope of the curve decreased. During this process, the high-energy
active adsorption sites on the biochar surface were occupied, and DEA molecules were
adsorbed by the low-energy active adsorption sites, which led to a reduction in the
adsorption rate. In addition, the pesticide adsorption capacity of biochar may depend on
the hydrogen bond that forms between pesticide and oxygen-containing functional groups
on the biochar surface (Wang et al. 2011). When the equilibrium concentration of DEA
increased, the amount of electrons supplied by oxygen-containing functional groups on the
surface of the biochar gradually decreased, thus decreasing the amount of DEA adsorption.

50 4 m  Red soil )
® Brown soil
A Black soil
40 - v BC red soil
< BC brown soil
» BC black soil
— 30 —— Freundlich
‘o - - -Langmuir
€
2 20
Q.u:
10 4 v
;4?:
0
1 1 1 1 1

C, (ngmL")
Fig. 3. DEA adsorption isotherms for the three soils and three BC soils

The Langmuir and Freundlich models were used to fit the isothermal adsorption
results of pristine soils and BC soils (Table 2). According to Table 2, the Freundlich model
well described the DEA adsorption data for all soils, with R? values of 0.988 to 0.999.
Excellent fits also were obtained with the Langmuir model (R? 0.979 to 0.999). Figure 3
also shows the fits of the Freundlich and Langmuir isotherms. To within the error of
replication of the experimental data, the DEA adsorption behavior of pristine and BC soils
were consistent with both models. The results were similar to those of Wang et al. (2019),
who found better agreement with the Freundlich isotherm. After adding biochar to the soil,
the soil still occupies a major portion of the biochar-soil system; therefore, adsorption on a
heterogeneous surface was still dominant in the adsorption process (Bogusz et al. 2017).
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Table 2. DEA Adsorption Isotherm Parameters for Three Soils and BC Soils

Soi Freundlich Langmuir
Ks 1/n R? KL Omax (M@/kg) R?

Red Soil 0.128 0.982 0.988" 0.0039 33.169 0.989"
Brown Soil 0.283 0.911 0.998" 0.0092 27.644 0.999"
Black Soil 0.992 0.791 0.999" 0.0275 29.297 0.998™
BC Red Soil 13.005 0.584 0.995™ 0.175 76.829 0.994™
BC Brown Soil 9.013 0.494 0.989" 0.223 41.918 0.992"
BC Black Soil 7.667 0.576 0.996" 0.125 53.415 0.979"

The adsorption constant, Kr value, of the Freundlich model is related to the bonding
energy between adsorbent and adsorbate (Asadullah et al. 2019). The Kr value
demonstrated the relative sorption affinity and sorption energy of the soils for DEA (Wei
et al. 2017). Therefore, the adsorption affinity between soil and DEA molecule increases
with increasing Kr value. The K value increased after adding biochar to the soil (Table 2),
which demonstrated that the application of tall fescue biochar increased the adsorption
affinity between the soil and DEA. Due to the different physicochemical properties of the
soil, the three pristine soils exhibited different adsorption affinity for DEA, with Kr values
decreasing in the following order: black soil > brown soil > red soil. The organic matter
content of the three pristine soils decreases in the same order (Li et al. 2020). Figure 4a
and b presents positive correlations between the soil cation exchange capacity (CEC),
organic matter (OM) content, and adsorption constant K.

b
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Fig. 4. Correlation of the Freundlich fitting parameter Kr value with (a) soil cation exchange
capacity and (b) soil organic matter content

A greater correlation was observed between Kr and soil OM content (R? = 0.9834)
than CEC (R? = 0.6444). This may be because the soil CEC is typically related to the OM
content (Zhang et al. 2020). Thus, the adsorption affinity between the three pristine soils
and DEA increased with increasing soil CEC and OM content, as also reported by Zhang
et al. (2020), which may reflect the presence of carboxyl, phenolic hydroxyl, alcohol
hydroxyl, quinone, hydroxyquinone, and lactone functional groups in soil OM. These
functional groups enhance the adsorption affinity of soil OM for pesticide molecules and
form a stable complex with pesticides, thus promoting the adsorption of pesticides in soil
(Khalid et al. 2020). In addition, the loose and porous surface structure of soil OM provides
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more adsorption sites for DEA molecules and promotes the fixation of DEA in soil. The
DEA adsorption reaction of soil is predominantly based on the protonated carboxyl group
and molecular state (Huang and Weber 1997). Furthermore, the adsorption capacity of soil
colloids for the protonated carboxyl group is enhanced with increased soil CEC, which
improves the DEA adsorption capacity of the three types of soil.

The 1/n values of the Freundlich model can be used to describe the nonlinear degree
of adsorption isotherm, thereby revealing the DEA adsorption mechanism by pristine and
BC soil. The values of 1/n < 1 indicate “L-shaped” adsorption isotherms, whereas 1/n > 1
suggests “S-shaped” adsorption isotherms. When 1/n = 1, the adsorption isotherms were
consistent with the linear adsorption model. According to Table 2, the DEA adsorption
fitting parameter of 1/n of all soils were 0.494 to 0.982, indicating an “L-type” adsorption
isotherm. This indicated that the adsorption process of all soils consisted of two
mechanisms: linear partitioning and nonlinear surface adsorption. The nonlinear degree of
the adsorption isotherm increased as 1/n decreased. The Freundlich parameter of 1/ n for
the three BC soils for DEA were lower than those of the pristine soils, which indicated that
the nonlinearity of the DEA adsorption isotherm was enhanced by the addition of biochar.
The Freundlich 1/n values of the three pristine soils for DEA were 0.791 to 0.982,
indicating approximately linear adsorption isotherms. The 1/n value can also describe the
adsorption intensity of the adsorbent, i.e., the adsorption intensity decreases with increasing
1/n value. When 1/n > 1, the adsorption process is relatively unreactive (Wang et al. 2019).
Thus, in this study, the DEA adsorption intensity was greater for the three BC soils than
the three pristine soils.

Effects of Biochar on DEA Adsorption Thermodynamics

The thermodynamic analysis of the adsorption process was performed to
investigate the disorder degree of the adsorption reaction system and the motivating factors
on which the adsorption reaction relied. The thermodynamic parameters of DEA
adsorption on the three soils and BC soils at 15 °C, 25 °C, and 35 °C are shown in Table 3.
The AG (kJ-mol?) value denotes the change of Gibbs free energy, which is an important
parameter for investigating the energy changes of adsorption reactions (Asadullah et al.
2019). The AG value reflects the relative favorability of the adsorption reaction; the more
negative the value of AG, the more thorough the reaction. As shown in Table 3, the AG
value of the adsorption process of the three pristine soils for DEA was greater than that of
the BC soils. This demonstrated that the adsorption of three pristine soils for DEA was less
favorable and the adsorption amount was smaller. This was validated by the experimental
results. The equilibrium adsorption amount of red soil, brown soil, and black soil for DEA
merely accounted for 3.4%-4.7%, 0.9%-7.2%, and 10.1%-12.7% of the initial DEA
addition at 15 °C, respectively. The equilibrium adsorption amount of red soil, brown soil,
and black soil for DEA accounted for 1.8%-2.6%, 3%-4.9%, and 6.7%-10.9% of the initial
DEA addition at 25 °C, respectively. The adsorption percentages of red soil, brown soil,
and black soil were 1.5%-2.7%, 1.7%-6.9%, and 7.2%-12.8% at 35 °C, respectively.
Similar behavior was observed by Srivastava et al. (2006), Ramadhani et al. (2020), Siyal
et al. (2020), Niero et al. (2020), and Tam et al. (2020). This was possibly related to
physical adsorption associated with diffusion phenomenon and ionic interactions (Khan et
al. 2020).

The DEA molecule contains -NHz, -Cl, and -NH groups. The -CI group on the
benzene ring has an electrophilic and electronegative character. Similarly, the -NHz was
active and was easily oxidized to -NOz, which has stronger electronophile capability than
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adjacent carbon atom on the benzene ring. The electron density on the benzene ring is
shifted towards the -NO2 group, due to its electronegativity. The electronegative -NO2 and
-Cl groups in DEA molecule repelled the negative charges in the three pristine soils colloid.
This may have led to the formation of an energy barrier which restrained the adsorption of
three pristine soils for DEA (Araujo et al. 2018). However, the N atom of -NH2 has a lone
pair electron and presented p-n conjugation with electron cloud on the benzene ring. The -
NH:2 played a dominant role of electron-donor. Therefore, the electropositive -NH2 group
was attracted to negative charges in the soil colloid. Hence, in the premise of short
experiment duration without complete transformation of -NH: to -NOz, the electropositive
-NH2 may overcome the energy barrier, and a small amount of DEA may be adsorbed by
the three pristine soils. The AG values of DEA adsorption for the three BC soils increased
with decreasing temperature: AGss «c < AGa2s «c < AGis ec. This indicated that a higher
temperature was more conducive to the DEA adsorption process in BC soil and enabled
more thorough adsorption (at 35 °C). Therefore, the DEA adsorption process in the three
BC soils was an endothermic reaction, requiring a large amount of energy to transfer DEA
from the water phase to the solid phase.

Table 3. DEA Adsorption Thermodynamic Parameters in Three Pristine Soils and
BC Soils

AG (kJ-mol?)
Temperature AH AS
15°C 25°C 35°C

Red Soil 4.092 5.101 5.503 -16.318 -0.071
Brown Soil 2.476 3.125 8.077 -77.453 -0.275
Black Soil 0.349 0.020 1.299 -23.933 -0.081
BC Red Soill -5.739 -6.356 -7.060 13.275 0.066
BC Brown Soil -4.284 -5.447 -5.857 18.499 0.080
BC Black Soll -4.203 -5.047 -5.487 14.352 0.065

The AS value reflects the change of entropy in a reaction system. Thus, AS > 0
indicates a process where entropy is increasing, and the internal disorder degree of the
system increases. Conversely, AS < 0 describes a process where entropy is decreasing, and
the disorder degree of the reaction system decreases. According to Table 3, the AS values
of the DEA adsorption process for pristine soil were negative, which indicates that entropy
was reduced in the course of adsorption; the DEA adsorption reduced the degree of
freedom of the system, and the adsorption reaction was an associative process (Tran et al.
2016). The AS values of the DEA adsorption process of the three BC soils were positive,
indicating that entropy was increasing, and the DEA adsorption process increased the
energy and degree of freedom of the reaction system. In addition, the disorder degree of
the solid-liquid interface increased, reflecting the enhanced adsorption affinity of the three
BC soils for DEA (Yao et al. 2014).

The AH value indicates the enthalpy change of a system, which reveals the energy
change of a system (Asadullah et al. 2019). Thus, AH > 0 indicates that the adsorption
process is an endothermic process and that increased temperature is conducive to the
adsorption. Conversely, AH < 0 indicates an exothermic process, that typically is favored
by arelatively low temperature. The AH values of the DEA adsorption process for the three
pristine soils were negative, which indicate an exothermic interaction (Table 3).
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Conversely, the AH values of DEA adsorption for BC soil were positive, which indicated
that the adsorption process became an endothermic reaction after the addition of tall fescue
biochar. Adsorption was a physicochemical process that retained pesticide molecules on
the surface of the solid by hydrophobic interaction, hydrogen bonding, ionic bonding, and
Van der Waals force mechanisms. The absolute value of AH was used to evaluate the force
on which the reaction relied. For example, AH values of 4 to 10 indicate VVan der Waals
forces, AH values of approximately 5 indicate hydrophobic interaction, AH values of 2 to
40 indicate the formation of hydrogen bonds, AH values of approximately 40 indicate ion-
exchange, AH values of 2 to 29 indicate dipole bond forces, and AH values > 60 indicate
the formation of chemical bonds (Von Oepen et al. 1991). Therefore, the results indicate
that DEA adsorption for three pristine soils and BC soils predominantly relied on the
formation of hydrogen bonds (AH 2 to 40 kJ-mol™) and the dipole bond force (AH 2 to 29
kJ-mol™), with chemical bonding also involved in the DEA adsorption process of pristine
brown soil (AH > 60 kJ-mol™).

DEA Adsorption Mechanism for the Three Soils and BC Soils

Due to the heterogeneity of soil and biochar surfaces, a single adsorption
mechanism cannot completely describe the adsorption process of soil and biochar for
organic pollutants. Chiou et al. (2015) suggested that the adsorption mechanism of biochar
for organic pollutants was predominantly partitioning and surface adsorption. Biochars do
not undergo complete carbonization, and they typically contain two structures. The
carbonized content of biochars exhibits as glassy surface, while the noncarbonized fraction
has a rubbery surface. Contaminant adsorption on the glassy surface can be attributed to
surface adsorption, whereas the adsorption of contaminant molecule in a rubbery surface
is mainly dependent on partitioning phenomena (Zheng et al. 2010). Partitioning refers to
the dissolution of organic adsorbate by organic components of adsorbent. The partitioning
mechanism is closely related to the solubility of the organic adsorbate rather than
adsorption site.

The isothermal adsorption curve of partitioning was linear and non-competitive,
whereas surface adsorption was nonlinear and competitive. The partitioning was illustrated
by the approximate linear isotherm and independent uptakes by the amorphous organic
phase of adsorbent (Chiou et al. 1985). However, in this study, the contribution of
partitioning and surface adsorption to the total adsorption amount differed for the three
soils and BC soils. A quantitative analysis of their relative contribution to the total
adsorption capacity is shown in Fig. 5 (a through f), where (a), (c), and (e) represent the
relative contributions of surface adsorption and partitioning for the three pristine soils, and
(b), (d), and (f) represent the same for BC red soil, BC brown soil, and BC black soil,
respectively. The contribution of partitioning for the three pristine soils was clearly greater
than that of surface adsorption and close to the total adsorption amount (93.7%, 88.0%,
and 64.6% for red soil, brown soil, and black soil, respectively). This may be because of
the lack of adsorption sites on the surface of soil particles. The DEA in a low-porosity
solution-soil system may be adsorbed more effectively by a non-competitive partition
process than by a competitive surface adsorption process. Conversely, at relatively low
equilibrium concentrations, the contribution of surface adsorption was greater than that of
partitioning for BC soil; however, as the equilibrium solution concentration increased, the
contribution of partitioning gradually exceeded that of surface adsorption. This may be
because of the relatively high affinity between DEA molecules and tall fescue biochar at
relatively low equilibrium concentrations, which increased surface adsorption sharply.
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Fig. 5. Contribution of partitioning and surface adsorption to the total DEA adsorption amount for
three pristine soils and BC soils: (a) red soil; (b) BC red sail; (c) brown soil; (d) BC brown soil;
(e) black soil; and (f) BC black soil

At this time, DEA molecules were adsorbed on the surface of soil minerals and
biochar crystal components by physicochemical adsorption. The tall fescue was
transformed into a glassy material with a dense structure after pyrolyzing, resulting in an
uneven porous structure, relatively dense adsorption domains, high-energy adsorption
sites, a developed pore structure, and a large specific surface area. The addition of biochar
increased the active adsorption sites of the soil surface, enabling DEA to rapidly bind to
the adsorption sites on the biochar surface. The heterocyclic structure of DEA was the
electron donor, which had an electron donor—receptor reaction (EDA) with the electron
acceptor of the biochar, thereby promoting the surface adsorption of DEA by the biochar-
soil system. In addition, DEA can also act as a hydrogen bond donor and acceptor to form
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hydrogen bonds with H, N, or O on the surface of biochar, thus improving its adsorption
affinity on the surface of the biochar (Wang et al. 2019). With increased DEA equilibrium
concentration, the adsorption sites on the surface of the tall fescue biochar were gradually
occupied. Thus, DEA molecules were partitioned to the soil OM and amorphous
components of biochar. This is consistent with the results of Zhang et al. (2018b), whereby
the adsorption of pesticides at relatively low equilibrium concentrations was controlled by
the high-energy adsorption sites of biochar. Conversely, the partial adsorption sites of the
carbonized OM of biochar were saturated, enabling hydrophobic partitioning to become
the dominant process.

CONCLUSIONS

1. The addition of biochar remarkably improved the desethyl-atrazine (DEA) adsorption
capacity of red soil, brown soil, and black soil, with the greatest improvement for red
soil, which has relatively low organic matter (OM).

2. The pseudo-second-order equation most closely fitted the adsorption kinetics. Both the
Freundlich and Langmuir isotherms fit well to the equilibrium adsorption data for the
soils. Equilibrium DEA adsorption increased with increasing equilibrium concentration.

3. The DEA adsorption process in the three pristine soils was exothermic and less
thorough; then it became a endothermic and more thorough reaction after the addition
of biochar.

4. The partitioning mechanism was dominant in the DEA adsorption process for pristine
soil, whereas surface adsorption was dominant in biochar treatment group (BC) soil at
a relatively low equilibrium concentration. As the equilibrium concentration increased,
the contribution of partitioning exceeded that of surface adsorption in BC soil.

5. All the mentioned results corroborate the effectiveness of tall fescue biochar in the
reduction of DEA from polluted soil and reveal the dominating mechanism. Therefore,
these findings have important applications for the future remediation of DEA from the
environment using tall fescue biochar material. However, the different pesticide
metabolite exhibited various properties. Research on different types of metabolites
should be strengthened in the future.
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