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a b s t r a c t
A series of peanut shell (PS) based biochar were prepared by the direct pyrolysis (BPS) and subse-
quent hydrothermal treatment procedures with water (HPS) and potassium carbonate (K2CO3) (KPS). 
The obtained PS-based biochars were applied as the effective adsorbents to remove atrazine (ATZ) 
in aqueous solution. The characterization analysis demonstrated that the PS-based biochar treated 
with KPS had large specific surface area (335.27 m2 g–1), abundant pore structure and surface func-
tional groups. The results show that 98% of ATZ removal efficiency within 3 h was achieved in the 
KPS-adsorption process and the maximal adsorption (Qm) of ATZ adsorption was 11.78  mg g–1. 
Besides, the effects of dosage, initial concentration, and solution pH on ATZ adsorption were sys-
tematically evaluated. Moreover, the regeneration ability of KPS was evaluated through cycle trial. 
Furthermore, the isotherms, kinetics and thermodynamic of the PS-based biochar on ATZ adsorp-
tion were also explored. The results demonstrated that the ATZ adsorption followed the pseudo- 
second-order kinetics model, and the Freundlich isotherm model was able to adequately describe 
the adsorption on ATZ. In conclusion, the PS-based biochar modified by K2CO3 hydrothermal 
treatment can be used as an efficient adsorbent for the removal of ATZ from wastewater.
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1. Introduction

Atrazine (ATZ), one of the most widely used chemi-
cal herbicides, is a triazine herbicide that has been widely 
used to control annual grasses and broadleaf weeds in 
agricultural settings [1]. The ways of ATZ entering into the 
environment mainly include precipitation, run-off, and 
leaching. Unfortunately, the persistence, moderate aque-
ous solubility, high mobility, long half-life, and difficult 
biodegradation ability of ATZ have made its elimination 
relatively inefficient in wastewater [2]. In addition, ATZ 
was also classified as an endocrine disruptor that affects 
the central nervous, endocrine and immune systems [3]. 

ATZ with concentration over 3  mg  L–1 could damage ani-
mal reproductive system and even pose a potential threat 
to human health [4]. Therefore, it is of vital importance to 
seek efficient treatment technology to remove ATZ from 
aquatic environment and farmland soil.

At present, the adsorption, photo catalysis, biodegra-
dation and other treatment technologies have been widely 
developed and applied for ATZ removal [5]. Amongst, the 
adsorption is the key factor to control the migration, trans-
formation, orientation and bioavailability of ATZ in the 
environment, which could directly affect the treatment 
efficiency of ATZ [6]. For now, activated carbon and bio-
char have been the most commonly used adsorbents for 
ATZ removal. Noteworthy, biochar is a highly aromatic 
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carbon-rich material produced by the pyrolysis of biomass 
raw materials under oxygen-limited conditions. The great 
specific surface area of biochar could provide sorption sites 
for contaminants, then the rich surface functional groups, 
aromaticity, and negative surface charge of biochar may 
increase the sorption capacity via electron donor-acceptor 
interaction, hydrogen bonding, hydrophobic binding, and 
electrostatic effects [7]. In comparison with activated carbon, 
biochar with the wide raw material sources and relatively 
low cost, has been attracted considerable attentions in water  
treatment.

Peanuts are one of the common and important crops 
in China. The use of peanut shell (PS) as raw material for 
biochar preparation would be environmentally friendly 
and economically feasible, which can further realize the 
resource recovery of agricultural waste and reduce the 
waste disposal [8]. Nowadays, PS-based biochar has been 
widely used, such as adsorbents to remove heavy metals 
[9] and organic contaminants [10], and catalysts for Fenton 
[11], catalytic ozonation [12] and peroxymonosulfate/per-
sulfate activation processes, etc. [13,14]. Yokley and Cheung 
[15] reported that the PS-based biochar under the pyrolysis 
temperature of 600°C exhibited higher adsorption capacity 
of ATZ than the PS-based biochar calcinated at 300°C. Xu 
et al. [16] found that the nitrogen and sulfur doped PS has 
greatly enhanced adsorption capacity for diethyl phthalate 
(DEP) and the maximum adsorption capacity for DEP could 
reach 14.34  mg  g–1. Liu et al. [17] investigated that the PS 
activated by ammonium polyphosphate showed excellent 
adsorption performance with a monolayer chloramphenicol 
adsorption capacity up to 423.7 mg g–1. At present, a number 
of researchers have tried to improve the adsorption capac-
ity of PS-based biochar via the surface modification and 
structural doping methods. Nevertheless, the effects of the 
hydrothermal modification on the adsorption performance 
of PS-based biochar have been rarely reported.

In this study, a series of the PS-based biochar were syn-
thesized via the hydrothermal activation methods. The 
obtained PS-based biochars were applied as the effective 
adsorbents to remove ATZ in aqueous solution. Several 
characterizations were performed to investigate the physico-
chemical properties of the obtained biochar. In addition, the 
adsorption properties of the biochars and the influences of 
pH, dosage and temperature on ATZ adsorption were fur-
ther studied. Moreover, the equilibrium and kinetics studies 
were also performed to optimize and evaluate the adsorp-
tion behavior of ATZ by the modified biochar. The objectives 
were (1) to assess how modification method affected the 
adsorption of ATZ onto biochars, (2) to explore the effects 
of adsorption conditions and adsorption behaviour on the 
adsorption of ATZ onto biochars, and (3) to elucidate the 
mechanism underlying the adsorption of ATZ onto biochars.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals and solvents used were at least in ana-
lytical grade without further purification, and as received 
from various commercial suppliers. K2CO3, sodium hydrox-
ide (NaOH), hydrochloric acid (HCl), and ethyl acetate of 
analytical grade were supplied by Sinopharm Chemical 

Reagent (China). ATZ with the highest purity available 
(>97%) was provided by TCI Chemicals, Japan. Ultrapure 
water (>18.2 MΩ·cm) obtained from a Millipore Milli-Q sys-
tem (A10, Millipore, USA) was used for all the synthesis and 
treatment.

2.2. Preparation of the PS-based biochar

PS, which was collected from Henan Province (China), 
was rinsed with deionized water to remove surface dirt. The 
shell was air dried (to constant mass), milled by a high-speed 
smashing machine, and then passed through an 80-mesh 
sieve. 10 g PS was pyrolyzed with a quartz boat in the tubu-
lar furnace under a continuous flow of N2 and heated to 
700°C for 2  h with a heating rate of 5°C  min−1. After cool-
ing to room temperature and passing 80-mesh sieve, the 
biochar (BPS, which refers to the biochar directly prepared 
from peanut shell) was obtained for subsequent char-
acterization analysis and batch adsorption experiment.

The modified biochar was prepared from peanut shell 
by hydrothermal method with K2CO3 and H2O, respec-
tively. Among them, HPS refers to the biochar prepared 
from peanut shell after water activation, and KPS refers to 
the peanut shell biochar material prepared after potassium 
carbonate modification. 1  g PS mixed with 30  mL K2CO3 
(0.1 M), in the high-pressure kettle, further heated to 120°C 
for 24  h with a heating rate of 5°C min−1. The final resul-
tant was washed several times with pure water and then 
was dried for 6 h in a vacuum hot air oven at 80°C, which 
was denoted as KPS (KPS refers to the peanut shell biochar 
material prepared after potassium carbonate modification). 
Moreover, the same method was carried out to obtain HPS 
by substitute the K2CO3 solution by ultrapure water (HPS 
refers to the biochar prepared from peanut shell after water  
activation).

2.3. Characterization

Scanning electron microscopy (SEM) was undertaken to 
observe structural morphology (FEG 250, Quanta, USA). The 
Brunauer–Emmett–Teller (BET) surface area of the biochar 
was determined by a Micromeritics ASAP 2460 Porosimeter 
(USA). The X-ray diffraction (XRD) patterns were recorded 
on a PANalytical X’Pert Pro MPD X-ray Diffractometer 
(Netherlands) with Cu Kα radiation (λ  =  0.154178  nm). 
Fourier-transform infrared (FT-IR) analysis was carried out 
using KBr in the range 400–4,000 cm–1 (Nicolet iS5, Thermo 
Scientific, USA). X-ray photoelectron spectroscopy (XPS) 
measurements were performed on a Thermo Scientific 
ESCALAB 250Xi system (USA). (Specific information: the vac-
uum of the analysis room is 8 × l0–10 Pa, the excitation source 
is Alka ray (HV = 1486.6 eV), the working voltage is 12.5 kV, 
and the filament current is 16 mA. Meanwhile, charge cor-
rection was carried out according to C 1s = 284.80 eV com-
bined with energy standard when the step size was set at 
0.05 eV and residence time was 40–50 ms during the test).

2.4. Adsorption experiments

Batch adsorption experiments were conducted in the 
250  mL conical flasks on the magnetic stirring apparatus 
and the solution temperature was maintained at 30°C. The 
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sorption kinetic experiments were conducted in 100  mL of 
5 mg L–1 ATZ solution. The dosage effect experiments of the 
PS-based biochar were carried out at dosage range from 10 
to 100  mg  L–1. The pH effect experiments were conducted 
in pH range from 3 to 10. The sorption isotherm exper-
iments were conducted with initial ATZ concentrations 
from 1 to 10 mg L–1 for 3 h adsorption, and the thermody-
namics experiments were carried out at between 20°C and 
40°C. Each of these variables was tested respectively, and all 
the experiments were carried out for 3 h.

During the reaction, the samples were taken interval 
and immediately filtered through the 0.45 µm film and sub-
jected to centrifugation at 10000  rpm for 10  min. The ATZ 
was extracted with the ethyl acetate at the volume ratio 
of 1:1, and the extract solution were determined by Gas 
Chromatograph with Electron Capture Detector (GC-ECD, 
7890B-5977, Agilent Technologies, USA) for ATZ concentra-
tion analysis [18]. Ethyl acetate was used as extraction agent, 
and the column temperature was kept at 75°C for 0.5 min 
at 10°C /min and increased from 75°C to 300°C for 2 min at 
300°C. Helium and nitrogen were used as carrier gas and 
tail gas at flow rates of 1.0 and 30  mL min–1, respectively. 
The samples were detected by µECD detector at 350°C 
with an injection volume of 40 µL. The equilibrium adsorp-
tion capacity, Qe (mg  g–1) and the removal efficiency were 
calculated using the following formulae:

Q
C C V
me

e=
−( )0 	 (1)

where C0 and Ce are the initial concentration of ATZ mg L–1 
and equilibrium concentration of ATZ mg  L–1, V  =  volume 
of the ATZ solution (L), and m is the mass of the PS-based 
biochar (g). The Qe represented the amount of adsorbed 
ATZ per gram adsorbent at equilibrium (mg g–1).

3. Results and discussion

3.1. Characterizations of BPS, KPS and HPS biochar

The specific surface area and pore distribution of the 
different PS-based biochar were determined by the N2 
adsorption–desorption measurement and the results were 
displayed in Fig. 1. As shown in Fig. 1, the adsorption iso-
therms of BPS, HPS and KPS were similar, and displayed 

the type IV hysteresis behavior, indicating the presence of 
mesoporous-structure [19]. The main mesoporous struc-
ture may provide more active sites for pollutants removal 
[20]. As represented in Table 1, the BET specific surface 
area of BPS was 307.17  m2  g−1. The pore size and volume 
of BPS were 29.11 Å and 0.23  cm3  g−1, respectively. The 
biochar modified by the hydrothermal method had obvi-
ously enhanced on the BET specific surface area, pore 
size, and pore volume. Moreover, the KPS had the largest 
BET specific surface area, which could reach 335.27 m2 g−1. 
The pore size and volume of KPS respectively were 30.48 
Å and 0.26 cm3 g–1. It was indicated that the large specific 
surface in KPS could be beneficial for the adsorption, 
desorption and diffusion of reactants and products, fur-
ther greatly accelerating the ATZ removel [21]. Kim et al. 
also reported that using K2CO3 as an activation agent can 
increase the specific surface area and pore size of spent 
coffee ground-based microporous carbons material [22].

The surface morphology and structure of the PS-based 
biochar were investigated by the SEM characterization 
(Fig. 2). As shown in Fig. 2a and b, the BPS appeared a typ-
ical hardwood structure, supported by fiber cells, wood 
rays, and large pores, probably due to the degradation and 
destruction of cellulose and lignin [23]. The SEM image of 
HPS in Fig. 2c presents a towel crease structure with relati
vely smooth surface, which was attributed to the internal col-
lapse and structural defects. On this basis, the KPS consisted 
of irregular flakes and pores in Fig. 2d, probably due to that 
the activation by K2CO3 can dramatically improve the degree 
of graphitization and the specific surface [24]. Moreover, 
the sylvite activators have higher etching efficiency, which 
are more likely to form microporous structures with low 
torque and good connectivity [25]. The specific surface area 
and pore size of KPS were clearly improved, which was 
consistent with the results of BET characterization Table 1.

The XRD patterns of BPS, HPS and KPS are illustrated 
in Fig. 3a. As exhibited in Fig. 3a, the PS-based biochars rep-
resented an obvious diffraction peak at 22.6°, which was 
the characteristic peak of cellulose crystal structure [26], 
indicating the presence of amorphous organic components. 
The characteristic peak at 29° of biochar reflects the graph-
itization degree of the material. After the hydrothermal 
treatment (KPS and HPS), the carbon structure still devel-
oped order, indicating the formation of crystalline materi-
als. In addition, the crystal peak at 29° disappeared after the 
adsorption reaction, indicating that the adsorption changed 
the biochar. Some crystals in the material could generate 
the soluble compounds during the adsorption reaction, 
most of which could be further removed, thus obtaining 
no obvious crystal peak spectra [27].
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Fig. 1. N2 adsorption–desorption isotherms of the PS-based 
biochar.

Table 1
Pore structure parameters of three biomass carbon materials

Biochar BET specific surface 
area (m2 g–1)

Pore volume 
(cm3 g–1)

Pore size 
(Å)

BPS 307.17 0.23 28.84
HPS 331.62 0.24 29.11
KPS 335.27 0.26 30.48
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FT-IR spectra analysis was used to identify the chemical 
functional groups of the PS-based biochar (Fig. 3b). In the 
case of the PS-based biochar, the peak at about 3,400  cm–1 
was ascribed to the stretching vibration of –OH groups [28]. 
The appearance of aromatic C–H bands (2,945 ~ 2,916 cm–1 
and 885 ~ 750  cm–1) and CH3 (2,843 ~ 2,841  cm–1) indicated 
greater aromatic fractions and greater degree of carboniza-
tion [29]. The decrease of KPS energy band may be caused 
by the fracture of C and H weak bonds of alkyl groups. It is 

speculated that K2CO3 could destroy the aromatic structure 
of PS-based biochar during activation process. Meanwhile, 
the absorption peak at 1,650  ~  1,300  cm–1 were characteris-
tic of aromatic C=O, C=C and C–C bonds [23]. The bands at 
1,100  ~  1,000  cm–1 were attributed to the alcohol C–O–C of 
cellulose.

In order to explore the chemical properties of the 
PS-based biochar, the characteristic peaks of C 1s and O 
1s in XPS spectrum were analyzed. As shown in Fig. 4, the 

Fig. 2. SEM morphology of BPS (a, b), HPS (c), and KPS (d).
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high-resolution C 1s spectrum of different PS-based biochar 
could be deconvolved into three peaks, namely, C–H/C–C 
(284.5 eV) [30], C–O (285.5–285.8 eV) [31], and C=C (287.8–
290.5 eV) [29], respectively. Meanwhile, O 1s spectrum could 
be divided into two peaks, namely C=O (530.9~531.4  eV) 
[30], –OH (532.4~532.7  eV) and C–O (532.8–533.2  eV) [31]. 
The results demonstrated that the PS-based biochar had 
abundant surface functional groups, which were consistent 
with the previous FT-IR characterization. Furthermore, the 
C–C/C–H and C=O of the KPS increased and were more 
than the BPS and the C=C was decreased, due to destruction 
of aromatic structure by K2CO3.

Above all, the adsorption capacity of the PS-based bio-
char to organic pollutants was influenced by the physico-
chemical properties of biochar, such as polarity, such as 
polarity, aromaticity, specific surface area and pore volume. 
Of course, the physical and chemical properties of bio-
char materials prepared from peanut shell materials from 

different habitats may be influenced. During the activation 
of the biochar, K2CO3 would decompose into K2O and CO2 
and the carbon atoms in lignin structure could react with 
K2O to form potassium atoms, which would be conducive to 
the formation of micropores. Meanwhile, the redox reaction 
between K2O and carbon atoms could also cause the struc-
tural defects leading to increase the specific surface area. 
The expansion and transfer of potassium atoms between 
the carbon layers are favorable for the formation of meso-
porous and macropores [27]. Furthermore, the process of 
biochar adsorption was also accompanied by changes in the 
active groups.

3.2. Adsorption equilibrium of ATZ

The effect of the adsorption time on the adsorption per-
formance of the PS-based biochar is shown in Fig. 5. With 
the increase of the adsorption time, the adsorption rate 
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increases rapidly at first and the ATZ adsorption reached 
equilibrium at around 30  min. The adsorption trend of 
the PS-based biochar to ATZ is roughly the same with the 
same pollutant concentration, showing three stages of “fast 
adsorption-slow adsorption–adsorption equilibrium”, which 
basically reaches the equilibrium within 3  h. The removal 

efficiency of KPS on ATZ was significantly higher than the 
two biochar (BPS and HPS), and the saturated adsorption 
capacity could reach 11.7786  mg  g–1. Therefore, the larger 
specific surface area of the KPS provides more adsorp-
tion sites, and ATZ was removed under the combination of 
physical adsorption and chemical adsorption.

3.3. Influence of experimental parameters for ATZ adsorption

3.3.1. KPS dosage

The effect of biochar dosage on the ATZ adsorption 
by KPS is depicted in Fig. 6a. When the biochar dosage 
increased from 0.01 to 0.05  g  L–1, the removal rate of ATZ 
by KPS significantly increased from 58.48% to 97.57%. The 
increased removal rate could be attributed to the increase 
of biochar, which not only increases the effective specific 
surface area of adsorption, but also increases the active site 
of adsorption [32]. Subsequently, the biochar dosage raised 
from 0.05 to 0.1 g L–1, and the removal rate of ATZ remained 
unchanged. At the same time, the unit adsorption of ATZ by 
KPS decreased gradually with the variation of the dosage 
(Fig. 6a). In the case of limited solutes, excessive adsorbents 
would not only compete for solutes, but also overlap the 
effective adsorption active sites on the biochar surface.

3.3.2. Initial ATZ concentration

The effect of initial ATZ concentration on the ATZ adsorp-
tion by KPS is represented in Fig. 6b. With the increase of 
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concentration, the removal efficiency of ATZ also increased 
gradually. Under the condition of low initial concentra-
tion (1–5  mg  L–1) within 30  min, the adsorption efficiency 
of KPS to ATZ could reach 98.67%, 97.82% and 93.05%. At 
the initial concentration of 7.5 and 10  mg  L–1, the removal 
rate could only reach 77.63% and 64.77%. This is attributed 
to the increased ATZ concentration which can enhance the 
adsorption drive between the adsorbent and solute. In 
addition, when the initial concentration of pollutants in the 
solution is lower, the time and rate of adsorption to equi-
librium is shorter and faster.

3.3.3. Solution pH

Fig. 6c illustrates the effect of solution pH on the 
ATZ adsorption by KPS. As can be seen from Fig. 6c, the 
removal rate of ATZ was 78.57%, 85.11%, 87.83%, 88.58%, 
91.4%, 88.96% and 84.92% at pH 3–9. The removal rate 
of ATZ by KPS increased slowly with the increase of pH 
between 3–7. The maximum adsorption capacity of KPS on 
ATZ occurred at pH  =  7. When the pH value is between 
7–9, the removal rate decreases slowly with the increase 
of pH, and the pH of the initial solution had a weak effect 
on the adsorption process. For KPS, the point of zero 
charge (pHpzc) was determined to be 3.70. The surface of 
KPS was positively charged at pH values below pHpzc and 
negatively charged above pHpzc. Under acidic conditions, 
with the increase of pH value, the electron interaction 
between the positive charge and ATZ ions on the surface of 
the material is enhanced, thus improving the ATZ. When 
the pH of the solution is alkaline, most of the materials 
exist in the state of deprotonation with the reduced form 
of cation, and the electronegativity around the material 
weakens the electronic interaction between it and ATZ, 
so the removal rate of ATZ was reduced. Hence, the ATZ 
adsorption capacity of KPS was also acceptable under 
other pH conditions, indicating that KPS will have a strong 
adaptive energy level in the environment.

3.3.4. Stability of KPS

The reusability of biochar is an important characteristic 
from the practical viewpoint. To further explore the stabil-
ity, the KPS was reused for five times under the same con-
dition. It is noted from Fig. 6d that the KPS still had a good 
adsorption capacity of ATZ at more than 60% within 30 min 
after four adsorption cycles. The KPS represented well 
stability, which showed a great potential to be used in the 
adsorption of ATZ.

3.4. Adsorption kinetics of ATZ

For kinetics study, the adsorption kinetics experiments 
were conducted through same as above experimental 
method. The adsorption kinetics was determined using the 
pseudo-first-order equation, pseudo-second-order equa-
tion and the Elovich models. The formula is as follows [33]:

Pseudo-first-order:

ln lnQ Q Q k tt t e−( ) = − 1 	 (2)

Pseudo-second-order:

t
Q k Q

t
Qe t e

= +
1

2
2 	 (3)

Elovich:

Q b ab b tt = ( ) + ( )ln ln 	 (4)

where Qt and Qe represent the amount of ATZ (mg  g–1) 
removed at time t and at equilibrium, respectively; k1 and 
k2 represent the first-order and second-order sorption rate 
constants (min−1) and (g  (mg  min)–1), respectively; a and b 
are Elovich coefficients.

The intraparticle diffusion model could be presented as:

Q k t ct q= ⋅ +0 5
1

. 	 (5)

The liquid film diffusion model could be expressed as:

ln 1 2−






= − +

Q
Q

k t ct

e
fd 	 (6)

where Qt, Qe and t are defined above, kp (mol  g–1  L–0.5) is 
the intraparticle diffusion rate constant and kfd (h−1) is the 
liquid film diffusion rate constant, c1 and c2 are the inter-
cepts [37].

The adsorption kinetic curves were fitted by the pseu-
do-first-order (Fig. 7a) and pseudo-second-order equation 
(Fig. 7b), and the corresponding kinetic parameters are 
listed in Table 2. The results show that the R2 obtained by 
the pseudo-second-order rate equation (R2  > 0.99) is supe-
rior to that obtained by the pseudo-first-order equation. 
Similar kinetic model fittings were reported for the differ-
ent adsorbent-pollutant systems in literature [34–36]. The 
adsorption rate of PS-based biochar on ATZ is proportional 
to the square of adsorption position, indicating that chemi-
cal adsorption is the main reaction. The results also showed 
that the adsorption of PS-based biochar on ATZ was het-
erogeneous and followed the binuclear surface adsorption 
mechanism.

Moreover, the pseudo-second-order kinetic model 
included all the adsorption processes, such as the inter-
nal diffusion, caused by the surface adsorption force and 
the external liquid film diffusion [37]. Therefore, the ATZ 
adsorption of the PS-based biochar may be involved with 
the following adsorption processes: (1) intraparticle diffu-
sion, describing the diffusion within the pores, and (2) film 
diffusion, describing the diffusion along the surface of the 
pores [38]. The Eqs. (1) and (2) processes could be proved 
by the intraparticle model [Eq. (5)] and the liquid film dif-
fusion model [Eq. (6)], respectively. From Fig. 7c and d, the 
slope of –ln(1 – Qt/Qe) vs. t and the slope of Qt vs. t0.5 both 
yielded two different linear stages. Complex mathemat-
ical relationships differed by geometry and nature of the 
adsorbent, indicating that ATZ adsorption included both 
film diffusion and intraparticle diffusion. Furthermore, 
in the process of the PS-based biochar on ATZ, the model 
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equations of particle diffusion had not passed through the 
origin, which indicated that intraparticle diffusion wasn’t 
the only decisive process of adsorption rate. As can be seen 
from Table 2, the Qe (9.70  mg  L–1) of the KPS was larger 
than the two biochar, and the v0 was increased from 1.28 
(g  min)  mg–1 (BPS) to 1.93 (g  min)  mg–1 (KPS). Therefore, 
the results illustrated that the KPS represented the best 
adsorption capacity on ATZ, which is in accordance with 
the results in Fig. 5.

Above all, the combination of physical adsorption and 
chemical adsorption is the main mechanism of ATZ adsorp-
tion by the PS-based biochar. According to the kinetic model 
and internal diffusion model results, the adsorption process 
of biochar for ATZ includes two steps. Firstly, ATZ ions in 
the solution were adsorbed onto the surface of biochar by 

electrostatic attraction and chemical bond force (such as π 
electron and hydrogen bond). Then, most of the ATZ mol-
ecules continue to diffuse into the pore structure of the 
material. Current studies indicate that the main mecha-
nism of pore-filled pesticide adsorption is also the same for 
ATZ [15]. For BPS and HPS, the adsorption process of ATZ 
is slower and slower than that of KPS, especially in pores, 
but the adsorption process is basically the same. The specific 
surface area of the material was improved by modification 
of potassium carbonate.

3.5. Adsorption isotherm of ATZ

The adsorption isotherm model is important for describ-
ing the adsorption process. The data of adsorption isotherm 
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Fig. 7. The ATZ adsorption curve was fitted by a pseudo-first-order kinetic model (a), a pseudo-secondary kinetic model (b), 
a liquid film diffusion model (c), and kinetic plots of intraparticle diffusion model (d).

Table 2
Kinetic equation parameters of adsorption ATZ of BPS, HPS and KPS

Biochar C0 
(mg L–1)

Experiment 
Qe (mg g–1)

Pseudo-first-order 
kinetics model

Pseudo-second-order kinetics model Elovich model

k1 (min–1) R2 k2 
(g (mg min)–1)

v0 
(g min mg–1)

R2 a 
(g (mg min)–1)

b 
(g mg–1)

R2

BPS 5 7.94 0.16 0.22 0.58 1.28 0.99 0.06 1.23 0.87
HPS 5 8.96 0.13 0.20 0.44 1.34 0.99 0.02 1.89 0.79
KPS 5 9.70 0.14 0.15 0.59 1.92 0.99 0.09 0.83 0.89
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model is very important for determining the adsorption 
capacity and describing the surface properties [39]. The 
adsorption isotherm model was investigated at ATZ solu-
tion concentrations ranging from 1 to 10 mg L–1. These iso-
therm data were treated according to the two well-known 
isotherm models: Langmuir and Freundlich. The linearized 
forms of Langmuir and Freundlich isotherm models are 
given in Eqs. (7) and (8), respectively [33]:

Langmuir:

Q
Q
bC

bQe
m

e
e=

+1
	 (7)

Freundlich:

ln ln lnQ k Ce e= + 	 (8)

where Qe is the equilibrium adsorption capacity (mg  g–1); 
Qm is saturation adsorption capacity (mg  g–1); Ce is the 
equilibrium adsorption concentration (mg  L–1); b is the 
adsorption equilibrium constant (L mg–1).

Langmuir and Freundlich isothermal adsorption equa-
tions were used to fit the experimental data in Table 3. 
The Freundlich calculation (R2 > 0.99) could well indicate 
that the adsorption of PS-based biochar to ATZ is multi- 
molecular layer adsorption. Where, if n  >  1, then the 
adsorption process was spontaneous. The obtained iso-
therm results are in agreement with the previous stud-
ies [40–42]. As shown in Table 3, n  =  3.30, n  =  3.23, and 
n = 3.63 were all greater than 1, indicating that the adsorp-
tion process could proceed spontaneously. Moreover, 
the adsorption conforms to the Freundlich model, which 
also indicated that the adsorption of the PS-based bio-
char on ATZ were uneven surface adsorption, and con-
sistent with the material characteristics. Meanwhile, the 
adsorption capacity of KPS to ATZ was superior to the 
two biochar and the Qm was 11.78 mg g–1.

3.6. Adsorption thermodynamics of ATZ

Isothermal adsorption of ATZ at different temperatures 
(20°C, 25°C, 30°C and 35°C) was investigated using the 
same procedures above. The adsorption thermodynamics 
enthalpy change (ΔHq) and entropy (ΔS) and the change of 
Gibb’s free energy values (ΔGq), formula is as follows [31]:

∆G RT Ke
θ = − ln 	 (9)

lnK S
R

H
RTe = −

∆ ∆ 	 (10)

∆ ∆ ∆G H T S= − 	 (11)

where T is the absolute temperature (K), Ke is the thermo-
dynamic equilibrium constant (based on ln(Qe/Ce), and ΔH 
and ΔS can be obtained by the slope and intercept of lnK 
plotted against T−1.

Adsorption thermodynamics could indicate the dynam-
ics and direction of the adsorption process. The adsorption 
capacity of the adsorbents depends on the number of colli-
sions between the adsorbents and organic pollutants. With 
the increase of temperature, the adsorption capacity of the 
PS-based biochar increased to different degrees. Thus, the 
adsorption of the PS-based biochar on ATZ was endother-
mic reaction. ΔGq of the PS-based biochar (Table 4) was 
negative, showing the adsorption reaction of ATZ occurred 
spontaneously, which was consistent with the parameter 
n  >  1 in the Freundlich model. The positive ΔH of adsorp-
tion reaction indicated that the ATZ adsorption process of 
materials was endothermic, temperature rise could pro-
mote adsorption, also indicated that high temperature 
was conducive to adsorption.

4. Conclusions

In this study, the adsorption performance of the 
PS-based biochar obtained via the high-temperature pyr
olysis and the hydrothermal activation method were inv
estigated. The characterization results on physicochemical 
properties exhibited that KPS had optimal specific surface 
area and pore structure, which could reach 335.27 m2 g−1, 
30.48  Å and 0.26  cm3  g–1, respectively. Moreover, the 
KPS had effective adsorption capacity on ATZ, and the 
Langmuir Qm could reach 11.78 mg g–1 (R2 = 0.998). Various 
operating conditions such as adsorbent dose, the effect of 
pH, and initial ion concentration studies suggested that 
the highest ATZ removal occurred at an initial ion con-
centration of 5  mg  L–1 at pH 7.0 with an adsorbent dose 
of 0.5  g  L–1. The adsorption process was better fitted 
with pseudo-second-order kinetic model and Freundlich 

Table 4
Thermodynamic parameters of ATZ adsorbed by biochar at 
different temperatures

Adsorbent T/K ΔG 
(kJ mol–1)

ΔH 
(kJ mol–1)

ΔS 
(kJ mol–1 K–1)

BPS
298 3.74

–19.63 –0.08303 4.52
308 5.30

HPS
298 5.18

–21.34 –0.09303 6.07
308 6.96

KPS
298 5.82

–43.49 –0.17303 7.47
308 9.13

Table 3
Adsorption isotherm equation fitting parameters

Biochar Langmuir equation Freundlich equation

Qm 
(mg g–1)

b 
(L mg–1)

R2 n k 
(mg1–1/n L1/n g–1)

R2

BPS 8.14 9.65 0.94 3.63 3.19 0.99
HPS 9.22 7.60 0.98 3.23 3.13 0.99
KPS 11.78 42.27 0.96 3.63 3.19 0.99
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model. It indicated that the adsorption of the PS-based bio-
char on ATZ was a multi-molecular layer adsorption pro-
cess dominated by chemical adsorption. The adsorption 
of the PS-based biochar on ATZ was endothermic reaction 
and could proceed spontaneously. Furthermore, the KPS 
maintained the high activity and stability after five times 
cycling experiments. Moreover, the PS-based biochar were 
designed as efficient adsorbents for organic pollutants 
removal as well as a new application approach for the 
resource utilization of agricultural wastes.

Recommendations for future research

•	 Adsorption study of by biochar on dyes, heavy metals 
and other organic pollutants.

•	 Using the produced adsorbent as a pilot in industrial 
wastewater and its practical application.

•	 Recycling more waste resources for water purification.
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