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In this work, Diospyros kaki fruit waste was employed as a precursor material to develop a high surface
area activated carbon, which efficiently removed the toxic herbicide atrazine (ATZ) from synthetic water
solutions and river waters. The alternative activated carbon presented excellent characteristics and struc-
ture, including high values of specific surface area (1067 m2 g�1) and pore volume (0.530 cm3 g�1) and
some important functional groups on the surface. The temperature positively influenced the adsorption
capacity, from 194.20 to 211.51 mg g�1. The Freundlich model was the proper one to represent the equi-
librium data. Thermodynamic parameters confirmed the endothermic nature of the adsorption process.
Kinetic studies confirmed that equilibrium was reached until 240 min, regardless of ATZ initial concen-
tration. The LDF model adjusted well to the kinetic data, resulting in a diffusion coefficient ranging from
0.89x10-9 to 1.63x10-9 cm2 s�1 as the ATZ concentration increased. The activated carbon also decreased
85% of the ATZ concentration in a river water sample. Overall, the activated carbon developed from
Diospyros kaki fruit waste presented an efficient ATZ removal from aqueous matrices.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the agricultural sectors have grown exponen-
tially, intensified by the high degree of management employed in
the crops. In this sense, the effective control of weeds becomes
essential, but weeds are increasingly resistant, requiring higher
concentrations of pesticides. Atrazine (ATZ) is an herbicide of the
class of triazines, widely used in corn and sugar cane crops, being
extensively spread worldwide due to its high effectiveness in com-
bating weeds [1]. However, due to low biodegradability and high
persistence in soil and sediments, atrazine easily contaminates
the surface and groundwater [2,3]. The major concern relating to
the ATZ is health damage since it affects the endocrine and nervous
system and is also related to breast cancer [4]. The ATZ also affects
the aquatic and terrestrial biota causing problems in frogs, fish, and
other wild animals [5]. As a result, atrazine in many European
countries is prohibited [6]. However, it is still allowed in Brazil
and the United States, where the maximum allowed value of Atra-
zine in water is 2 lg L-1 and 3 lg L-1, respectively [7].
Several techniques proposing the removal of ATZ from aqueous
solutions are described in the literature, highlighting adsorption,
with the advantage of using low-cost residues as adsorbents and
easy operational design [8–12]. Agroindustrial residues are widely
applied in adsorption studies because they have a negligible cost of
obtaining them. However, most of them have a low surface area,
which leads to unsatisfactory removal values [13,14]. Carboniza-
tion is one of the techniques applied since it alters the structural
properties of materials, increasing the surface area [15–17]. In this
sense, in the study by Wei and collaborators [18], activated carbon
samples were produced from apricot, walnut, and wood residues to
remove chromium (Cr) and ATZ. Gao [4] prepared biochars from
sawdust and corn husks for improved ATZ removal. Tchikuala
[19] developed activated carbon from the natural fibers of baobab
residues to remove the herbicide Diuron. Salomón [20] obtained a
high removal performance of the herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) in water using activated carbon
derived from the endocarp of the Queen palm (Syagrus romanzoffi-
ana). Binh and Nguyen [21] used corn cob to produce an alternative
activated carbon employed in the herbicide 2,4-D adsorption.

The edible fruits of the Diospyros kaki (persimmon) tree are
widely consumed in Latin America and Asian countries, including
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Japan, China, and Korea. It belongs to the Ebenaceae family, has
high nutritional value, and is used in several dishes [22,23]. The
fruit pulp is rich in starch, pectin, sugars, with a very high vita-
min A and low acid content. Thus this fruit moves a large sector
of the agribusiness[24–26]. In addition, the fruits have large and
sweet berry shapes, whose color varies from yellow to red;
inside are the seeds, which are not consumed becoming waste.
In this way, the seeds can be converted into an activated carbon
through carbonization and activation, adding value to this waste
material.

This work aims to convert Diospyros kaki seeds to high surface
area activated carbon for removing atrazine (ATZ) from synthetic
solutions and river waters. Different techniques were employed
to characterize in detail the new adsorbent material. Furthermore,
concerning the study with synthetic solutions, thermodynamic,
kinetic, and equilibrium isotherm evaluations of atrazine adsorp-
tion on the activated carbon were developed. Finally, the applica-
tion of this new adsorbent in real river water samples aimed to
reduce ATZ concentration until the desirable standards of Brazil
legislation for waters.
2. Material and methods

2.1. Chemicals

The chemical compounds zinc chloride (ZnCl2), hydrochloric
acid (HCl), and atrazine (chemical formula: C8H14ClN5; molecular
weight: 215.69 g mol�1; molar volume: 169.8 cm3 mol�1) were
all acquired with an analytical degree from Sigma-Aldrich. The
stock solution was prepared by accurately dissolving the 1 g L-1

of atrazine in methanol (10 % V/V) since atrazine has low water sol-
ubility in this concentration. The diluted solutions were further
diluted until reaching the desired concentration. All the water
employed for the preparation of the solutions was previously
deionized.
2.2. Preparation of activated carbon from Diospyros kaki seeds

The Diospyros kaki fruits were obtained commercially in the
south of Brazil, being that their seeds were separated and
washed with distilled water. Then, the seeds were dried and
crushed in a knife mill to pass through a 250 lm sieve, obtain-
ing the precursor material called Persimmon seed residue (PSR).
Preliminarily, the material was placed in contact with a NaOH
solution (2.5 mol L-1) for 2 h, being the mixture posteriorly
washed several times until reaching neutral pH (7). This step
was performed to remove the natural oils present in the veg-
etable material.

The preparation of activated carbon was carried out using 10 g
of PSR and 10 g of zinc chloride (ZnCl2). First, PSR and ZnCl2 were
mixed with distilled water until obtaining a homogeneous dark-
colored mass. Next, the mass was taken to an oven and dried at
a temperature of 378 K for 48 h, being posteriorly crushed until
particles with a diameter below 355 lm. Then, pyrolysis was per-
formed using a quartz tube under N2 atmosphere at a flow rate of
0.25 L min�1 and heating rate of 10 �C min�1 until the tempera-
ture reached 650 �C, maintained for 80 min at this temperature.
After this, the material was placed in contact with an HCl solution
(10 mol L-1) for 120 min under stirring to solubilize and extract
the ZnCl2 present on the sample. In sequence, the solid particles
were washed with distilled water several times until they
reached neutrality (pH = 7), separated by decantation, and taken
to the oven at 100 �C for 24 h. After drying, the sample was com-
minuted and sieved to obtain particles with a diameter below
149 mm and entitled Persimmon seed activated carbon (PSAC).
2

The estimated percentage yield of activated carbon (Y, %) was
obtained from the initial mass (m0, g) and final mass (mf, g), as
presented by Eq. (1):

Y ; % ¼ 1-
mf

m0

� �
100 ð1Þ
2.3. Characterization techniques

Different techniques were used to characterize the precursor
material (PSR) and activated carbon (PSAC) samples, as follows:
the specific surface area (SBET, m2 g�1) was obtained by the adsorp-
tion/desorption isotherms of N2 through ASAP 2020. The total pore
volume (VT, cm3 g�1) was determined considering the amount of
N2 adsorbed on the material surface at a relative pressure (P/P0)
of 0.99. Before and after the pyrolysis step, the surface images were
observed using a scanning electron microscope (SEM) at 10 kV
(Vega 3 SB, Tescan, Czech Republic). The same equipment was used
to obtain EDS analysis (Energy-dispersive X-ray spectroscopy). The
materials’ Fourier transform infrared spectra (FT-IR) were obtained
using an IR-Prestige-21 (Shimadzu, Japan) spectrometer, with a
spectral range from 4500 to 500 cm�1. X-ray diffraction (XRD)
was used to identify crystallographic structures with a computer-
controlled X-ray diffractometer (Miniflex 300, Rigaku, Japan). Ther-
mogravimetric analysis was performed using 10 mg of material on
a thermogravimetric analyzer (STA 449 F3 Jupiter, Netzsch, Ger-
many) under oxidizing atmosphere (synthetic air) with a volumet-
ric flow rate of 100 mL min�1. The crucible used was alumina. A
heating rate of 10 K min�1 from room temperature to 1073.15 K
was used.

2.4. ATZ adsorption experiments

The atrazine herbicide (ATZ) adsorption tests onto the PSAC
sample were performed on a thermostatic stirrer (MA093, Mar-
coni, Brazil) at 150 rpm. The ATZ concentration in the liquid
phase was measured on the spectrophotometer (UV mini 1240,
Shimadzu) at a maximum wavelength of 222 nm. After each
experiment, the suspensions were centrifuged at 4000 rpm for
20 min to perform a solid–liquid separation. All experiments were
carried out at the natural pH of the solution (pH = 6.5) using
25 mL of liquid solution. The optimum adsorbent dosage was pro-
vided using Erlenmeyer flasks, at the concentration of 50 mg L-1

of ATZ, being that in each flask, 0.2, 0.4, 0.6, 0.8, and 1 g L-1 of
PSAC was added and then shaken at 298 K for 180 min. After that,
the isotherms experiments were performed at 298, 308, 318, and
328 K with the initial ATZ concentration ranging from 0 to
150 mg L-1. Finally, kinetic studies were performed for the initial
ATZ concentration of 25, 50, and 100 mg L-1, where the liquid
samples were collected at 0, 5, 10, 20, 30, 60, 120, 180, and
240 min. The equations employed to calculate the adsorption
capacity at any time (qt, mg g�1), adsorption capacity at the equi-
librium (qe, mg g�1), and removal percentage (R, %) are shown in
Supplementary material (S1).

2.5. Isotherms, thermodynamics, and kinetics

For the adsorption equilibrium study, the following models
were chosen: Freundlich [27], Dubinin-Radushkevich [28], Tem-
kin [29], and Langmuir [30]. Concerning the calculation of ther-
modynamic parameters, it was employed the approach
suggested elsewhere [31]. The linear driving force model (LDF)
[32] was chosen to fit the experimental kinetic data. The respec-
tive models and equations are exhibited in Supplementary mate-
rial (S2 to S4).



Fig. 1. (a) N2 adsorption–desorption isotherms and (b) desorption pore size distribution for PSAC sample.
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2.6. Parameter estimation and evaluation

Concerning the LDF model, the parameter was estimated using
lsqnonlin, and the solution of the model was done by employing the
ode15s. The parameters for each chosen model for equilibrium
curves were estimated using the Matlab software with build-in
functions: particleswarm, nlinfit, lsqnonlin. Finally, the quality of
each model was evaluated through statistical parameters: determi-
nation coefficient (R2), adjusted determination coefficient (R2

adj),
3

average relative error (ARE, %), and mean square error (MSR, (mg
g�1)2). The respective equations are presented in the supplemen-
tary material (S5).

2.7. Treatment of river water containing ATZ

It is important to highlight that real waters containing ATZ
(river waters, for example) have different characteristics than syn-
thetic solutions. The main aspects are related to different salts,



Fig. 2. SEM images of (a, b, c) PSR sample and (d, e, f) PSAC sample under different magnifications.
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metals, organic compounds, and other organic molecules. The pres-
ence of these compounds directly affects the adsorption capacity
since the compounds can compete for the available activated sites
or interfere in the solubility of the ATZ, causing it not to be
adsorbed at all. However, these effects are not present or are mit-
igated when studying the adsorption experiment using an ideal
solution. Furthermore, the performance of an adsorbent to uptake
ATZ can be evaluated in synthetic solutions with concentrations in
the range of mg L-1 [8].

On the contrary, the ATZ concentrations in real water samples
like river waters range from ng L-1 to mg L-1 [7]. Adsorption
experiments in river water were carried out to check the
efficiency of activated carbon developed in this work in real
samples (PSAC). A sample of 100 mL from the Jacuí river (Agudo
city, Brazil; 29�38042 ”S � 53�1402400 W) was collected. First, the
river water sample was filtered with the intuition of removing
any coarse dirt. After that, atrazine was quantified by HPLC.
For this was employed a liquid chromatographer system (1100
Series, Agilent Technologies, Japan) equipped with a binary
pump (G1312A, Agilent Technologies), a vacuum degasser
(G1379A, Agilent Technologies), and an auto-sampler (G1313A,
Agilent Technologies) with 100 positions for 2 mL vessels
(PTFE/silicon septum, Clear vial, Agilent Technologies) coupled
with inductively coupled plasma triple quadrupole mass spec-
trometer (8800 ICP-QQQ, Agilent Technologies). It was found that
the initial atrazine concentration was 4.7 mg L-1. Then, duplicate
adsorption experiments were carried out with adsorbadsorbent
dosage of 3 g L-1 at the natural pH of the river water (6 � 7).
The suspension was stirred at 150 rpm for 2 h and posteriorly
separated by centrifugation. ATZ concentration after adsorption
was quantified by HPLC.
4

3. Results and discussion

3.1. PSAC characterization results

Fig. 1 shows the N2 adsorption/desorption isotherms and pore
size distribution for the activated carbon sample. According to
IUPAC, it was classified as type I, characteristic of microporous
material with pore diameter ranging from 1.0 to 3.5 nm, resulting
in an average pore diameter of 1.84 nm [33]. In addition, the speci-
fic surface area (SBET) was 1067 m2 g�1, and the total pore volume
(Vp) was 0.530 cm3 g�1. As highlighted below, these findings follow
other published works using different vegetable biomasses as pre-
cursor materials for preparing activated carbons. For example,
Lima et al. [34] obtained a surface area of 1457 m2 g�1 and Vp of
0.666 cm3 g�1 using nutshell as precursor biomass, while Kasper-
iski [35] obtained a surface area of 1469 m2 g�1 and pore volume
of 0.401 cm3 g�1 using Caesalpinia ferrea waste. In addition, Leite
et al. [36] used the avocado seed to prepare activated carbon sam-
ples, obtaining specific surface area values ranging from 1122
to1587 m2 g�1 and pore volume values ranging from 0.600 to
0.084 cm3 g�1.

Fig. 2 (a), (b), and (c) corresponds to SEM images for the PSR
sample. Particles with heterogeneous shapes form the material
surface but with a smooth surface with irregularities or cavities.
This type of structure has also been observed on other materials
of vegetable origin [14,37,38]. In addition, morphological changes
have occurred after the pyrolysis process (Fig. 2 d, e, f), appearing
in new cavities and cracks. These changes are also evident in other
activated carbon samples derived from vegetable wastes [39–41].
These new spaces can favor the adsorption since they become
occupied by the adsorbate molecules.



Fig. 3. FT-IR spectra of PSR and PSAC samples.
Fig. 4. XRD of PSR and PSAC samples.

Fig. 5. Thermogravimetric analysis and for the PSR and PSAC samples.
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Fig. 3 shows the FT-IR spectra of PSR and PSAC samples. It is
noted that a large part of the bands will remain in the material
after the pyrolysis step; however, they have lost their intensity.
The remained bands after the carbonization/activation step were:
(a), which corresponds to the OH stretching [42], the (c) identified
as the CO stretching [43]. After that, it is possible to identify the CO,
C = C, and CCO stretching vibration (e). These groups are related to
cellulose, hemicellulose, and lignin [44]. The last remaining band
(f) is related to the C-H aliphatic and aromatic bonds [45]. The
bands that disappear after pyrolysis can be identified as the C-H
(b) bond [43] and to stretching vibrations C-O, C-H, or C-C (d)
[46]. This trend indicates that the lignin and hemicellulose content
diminishes in the process, generating C = C bonds on the material.
Similar results for removing groups disposed on the surface of
plant residues by chemical or physical processes have been
reported elsewhere [47,48]. However, certain defined groups on
the activated carbon surface are favorable for adsorption [49].

Fig. 4 exhibits the diffraction patterns of both materials. Both
samples presented broad, amorphous peaks related to the amor-
phous carbon at 22.1 � for the PSR and 21.5 for the PSAC. After
the carbonization and activation step, it was found that the mate-
rial presents a lower peak at 45�; this peak is related to the pres-
ence of carbon graphite [50]. In general, it is possible to mention
that materials with disorganized structures may be favorable for
the adsorption phenomena since they may present more space that
favors the adsorption overall.

TGA (Fig. 5) curves make it possible to check the thermal stabil-
ity and the decomposition profile of PSR and PSAC samples. The
thermogravimetric profiles show that the PSR sample has three
stages of decomposition, where the first stage corresponds to mass
5

loss due to adsorbed water (between 50 �C and 100 �C) [51]. The
second stage occurs above 250 �C, attributed to the decomposition
of hemicellulose and cellulose [52]. The third, above 650 �C, refers
to the decomposition of the carbonaceous skeleton [53,54]. On the
other hand, the PSAC sample presented two stages of decomposi-
tion, being the first referring to water loss (around 100 �C) and
the second stage (above 650 �C) referring to mass loss due to the



Fig. 6. EDS results for (a) PSR and (b) PSAC samples.
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decomposition of lignin and carbonaceous skeleton [52,54].
Therefore, the thermal stability of the produced activated carbon
(PSAC) can be ensured between 100 and 650 �C, where a constant
value for the mass loss is observed.

The EDS results of PSR and PSAC samples are shown in Fig. 6.
The main differences are in the amounts of carbon (red) and oxy-
gen (green) present before and after the carbonization step. The
PSR sample (Fig. 6a) contains higher oxygen and lower carbon con-
tent than the PSAC sample. In numerical values, the C content is 90
% for PSAC and 60% for PSR, thus confirming the preparation of a
carbon-based adsorbent. This behavior occurred because, during
the pyrolysis process, the volatile materials containing O are
removed from the precursor, leading to a material with a high C
percentage. Besides, based on the O/C molar ratio, which can be
used to express an adsorbent’s hydrophilic nature [55], the car-
bonaceous material can be seen to present greater aromaticity
when compared to its precursor. These findings follow other stud-
ies that used materials of vegetable origin to obtain activated
carbon [55–57].
6

3.2. Effect of PSAC dosage on ATZ adsorption

The effect of PSAC dosage on the herbicide adsorption capacity
and efficiency is shown in Fig. 7a. The increase in the dosage causes
inverse effects. The first one is the increase of the percentage
removal, which goes from 48.09 to 97.88 %. The second is the
adsorbent capacity that decreases from 120.96 to 49.23 mg g�1.
These behaviors are related to the number of available sites for
the ATZ to be adsorbed. Considering that as the adsorbent dosage
increases, the overall number of responsible sites increases as well.
Besides that, the dosage effect also indicates the optimum dosage
for the system, where the points cross each other. In this case, it
was found that the dosage at 0.43 g L-1 leads to a removal of 77
% and an adsorption capacity of 91 mg g�1.

3.3. ATZ equilibrium isotherms and adsorption thermodynamics

Isotherms were used to describe the relation of ATZ adsorption
capacity (qe) in PSAC, ranging the concentration (0–150 mg L-1) and



Fig. 7. ATZ adsorption results: (a) adsorbent dosage effect (C0 = 50 mg L-1, T = 298 K, t = 180 min, V = 25 mL, pH = 7.0); (b) isotherm curves (pH = 6.5, Adsorbent dosage = 0.43 g
L-1, V = 25 mL); (c) kinetic curves (pH = 6.5, Adsorbent dosage = 0.43 g L-1, V = 25 mL).
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temperature (298–328 K), as shown in Fig. 7b. The ATZ adsorption
was favored by the increase in temperature (from 298 to 328 K);
however, the adsorption capacity was only 8.9 %, from 194.20 to
211.51 mg g�1, for an initial concentration of 150 mg L-1. This
increase may be related to an improvement in the process of mass
transfer of ATZ molecules through the boundary layer with the
increase in the temperature of the solution due to the reduction
in water viscosity and the increase in solute mobility, correspond-
ing to the increase in the temperature of the solution [58,59]. Sim-
ilar behavior was also found by Alahabadi and Moussavi [60], using
activated carbon prepared from the dry stem of Calligonum como-
sum. The capacity was from 348 to 748 mg g�1 when the temper-
ature was raised from 283 to 313 K. It was also observed that the
equilibrium curves were favorable since they were convex and pre-
sented high adsorption capacity coupled with high removal per-
centages. The plateau was not observed in the equilibrium
curves. This trend indicates that PSAC has more adsorption sites
to be occupied by ATZ, and consequently, the adsorbent can be
used in higher concentrations than the used in this work.

From the experimental data, the parameters of four isotherm
models were selected (Table 1). It was observed that the Freundlich
model obtained a better fit compared to the other models. Fre-
undlich model presented high values of determination coefficient
(R2 > 0.9983) and adjusted determination coefficient
(R2

adj > 0.9972) and lower values of ARE (<2.71 %) and MSE
7

(<11.03 mg g�1). The high value of the determination coefficient
may suggest that the high heterogeneity plus the number of pores
present on the surface of the adsorbent were fundamental for the
ATZ adsorption, where different sites with various adsorption ener-
gies were performed. In addition, the value of 1/n < 1 indicates a
favorable ATZ adsorption on the PSAC sample. The KF value slightly
increased with the temperature, indicating a better ATZ adsorption
at 328 K. The results found for the Freundlich fit follow other
reported works studying carbonaceous materials as adsorbents
[61–66].

Table 2 was elaborated to verify the adsorption capacity of sev-
eral adsorbents employed to remove ATZ in water. Among all the
adsorbents analyzed, the activated carbon developed in this work
presented the second-best adsorption capacity (qmax = 211.5 mg g
�1), indicating that the adsorbent is highly effective in removing
ATZ in water.

The obtained thermodynamic parameters (Table 3) are in agree-
ment with the isotherm results. The plot ln(Ke) versus 1/T presented
a linear relation with an R2 of 0.93. The system presented sponta-
neous DG0 values from �18.00 to �20.74 kJ mol�1, confirming that
ATZ adsorption was favored at 328 K (more negative DG0 values).
The DS0 value was 0.09 kJ mol�1 K�1, being that the positive sign
points out that some rearrangements on the adsorbent surface
may have occurred during herbicide adsorption. The DH0 value of
8.89 kJ mol�1 confirms that the ATZ adsorption on the activated



Table 1
Isotherm parameters for ATZ adsorption onto PSAC sample.

Temperature (K)
Model 298 308 318 328

Langmuir
qL (mg g�1) 180.70 194.18 201.37 208.78
KL (L mg�1) 0.3137 0.2622 0.2426 0.2266
R2 0.9444 0.9493 0.9526 0.9563
R2adj 0.9073 0.9155 0.9210 0.9271
ARE (%) 14.63 14.69 14.55 14.31
MSE (mg g�1)2 341.76 341.86 334.70 322.81
Freundlich
KF ((mg g�1)(mg L-1)-1/nF) 66.01 66.52 66.92 67.44
1/n (dimensionless) 0.2530 0.2666 0.2729 0.2789
R2 0.9983 0.9990 0.9989 0.9985
R2adj 0.9972 0.9983 0.9981 0.9975
ARE (%) 2.50 2.25 2.46 2.71
MSE (mg g�1)2 10.33 7.07 7.87 11.03
Dubinin-Radushkevich
qmDR (mg g�1) 150.07 155.45 158.19 160.96
bx107 (kJ2 mol�1) 2.5421 2.5039 2.4110 2.3279
R2 0.8443 0.8319 0.8263 0.8209
R2adj 0.7405 0.7199 0.7104 0.7016
ARE (%) 17.51 19.08 19.87 20.67
MSE (mg g�1)2 957.01 1133.65 1226.34 1321.60
Temkin
a (mg g�1) 85.09 80.67 79.85 79.00
b (L mg�1) 7.8949 6.5414 6.0132 5.5612
R2 0.9798 0.9810 0.9815 0.9818
R2adj 0.6886 0.6639 0.6525 0.6419
ARE (%) 4.23 4.73 4.95 5.15
MSE (mg g�1)2 53.91 58.14 60.55 63.25

Table 2
Maximum adsorption capacities of several adsorbents for the herbicide ATZ.

Adsorbent pH
(-)

T
(K)

C0
(mg L-1)

qm
(mg
g�1)

Reference

Persimmon seed activated
carbon

7 328 0–150 211.5 This work

Mixed biochars generated from
corn straw and sawdust

– 298 15–55 48.6 [4]

Acid-activated zeolite-rich
tufts

3.7 298 5–25 1.1 [9]

Sludge activated carbon 4 298 20–80 45.5 [67]
Alluvial soil 7 288 5–20 15.9 [68]
Rice soil 7 288 5–20 5.58
Laterite 7 288 5–20 9.51
ACs derived from apricot peel 3 293 60–100 46.3 [18]
Activated carbon modified with

C16H26SO3

2 308 70–110 222.22 [69]

Reduced graphene oxide
supported by biochar

6 298 10 67.55 [70]

Magnetic carbon nanotubes 6 298 1–20 40.16 [66]
Multi-walled carbon nanotubes 6 298 4.2 17.35 [71]
Corn straw biochar 7 313 5–25 53.85 [72]
Bentonite modified with benzyl

chloride octadecyl dimethyl
ammonium

7 298 10–20 4.24 [73]

Iron-modified biochar 7 318 5–30 58.87 [74]

Table 3
Thermodynamics properties for ATZ adsorption onto PSAC sample.

T (K) Ke (-) DG0 (kJ mol�1) DH0 (kJ mol�1) DS0 (kJ mol�1 K�1)
298.15 1425.0 �18.00 8.89 0.09
308.15 1538.3 �18.80
318.15 1669.8 �19.62
328.15 2001.2 �20.74

Table 4
Kinetic parameters for ATZ adsorption onto PSAC sample.

LDFM Initial ATZ concentration (mg L-1)
25 50 100

qexp (mg g�1) 58.31 102.16 156.38
qpred (mg g�1) 56.86 102.85 158.46
kLDF x104 (s�1) 0.0147 0.0169 0.0268
DS x109 (cm2 s�1) 0.89 1.02 1.63
R2 0.9105 0.9842 0.9618
ARE (%) 23.95 13.56 17.62
MSE (mg g�1)2 35.16 23.38 115.91
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carbon is an endothermic process, in which predominantly physi-
cal forces act in the process (Van der Waals forces, < 20 kJ mol�1)
[75].
3.4. ATZ adsorption kinetics and application of the LDF model

Fig. 7c illustrates the time required for the ATZ/PSAC system to
come into equilibrium. For these studies, three different herbicide
concentrations were used, is found that the initial concentration
little influenced the equilibrium time. The adsorption capacity
8

increased, reaching 58.03, 102.06, and 156.38 mg g�1 for the initial
concentrations of 50, 100, and 200 mg L-1, respectively. The exper-
imental data show that the adsorption is rapid in the first minutes,
related to the high quantity of available sites. After that, however,
the adsorption sites have been progressively occupied over time,
becoming saturated, decreasing the adsorption capacity [76]. Ala-
habadi and Moussavi [60] reported similar kinetic behavior when
studying the adsorption of atrazine onto the Calligonum Comosum
biochar. The linear driving force model (LDF) was fitted to the
experimental data (Table 4) to interpret the kinetic results better.
It can be observed through the statistical parameters that the
model presented a satisfactory statistical adjustment
(R2 � 0.9105) and (MSE � 115.91 (mg g�1)2, and the values of
adsorption capacity agree with those studied experimentally. In
addition, the mass transfer coefficient (KLDF) increased with the ini-
tial ATZ concentration, agreeing with the study reported by Zurro
[77]. Last, the diffusion coefficient was estimated to be 0.89x10-9

to 1.63x10-9 cm2 s�1. Similar behavior was also reported by
Moreno-Pérez [78] when studying the ketoprofen adsorption onto
ZnAl/biochar.

In summary, the kinetic profiles revealed a fast ATZ adsorption.
The majority of the phenomena occurred until 60 min. After the
adsorption rate decreased, the equilibrium was attained at around
240 min. The LDF is close to the experimental data and can explain
the curves and the trends concerning the ATZ concentration,
adsorption capacity, and time.
3.5. Physical statistics modeling and adsorption mechanism

The sta-phy models are another approach to interpret the
adsorption isotherm. Here it was chosen the monolayer model
(ML) with one energy site and the double layer (DL) model with
one energy site [79,80] (supplementary material S6). The DL model
showed the best statistical parameters in comparison with the ML
(Table S1). Thus, the steric parameters of the adsorption equilib-
rium of ATZ onto the activated carbon are shown in Fig. 8

The parameter n is the number of molecules per site and is also
associated with the anchorage of the molecule on the surface of the
adsorbent. When n > 1, the molecules tend to be adsorbed in a per-
pendicular position [81]. If n � 0.5, the atrazine molecules can be
shared by two adsorbent sites (at least), thus reflecting a parallel
orientation, and the adsorption is a multi-docking process. If
0.5 < n < 1, both parallel and inclined orientations are possible.



Fig. 8. The behavior of the steric parameters for the double layer model.

Fig. 9. Schematic demonstration of the ATZ adsorption according to the double layer model.
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All n values were lower than 0.5 (Table S1), so the adsorption
occurred in Fig. 9. In this case, it was found that n values tend to
increase with the temperature. So, the atrazine molecules will be
adsorbed parallelly and stacked to each other, forming a double
layer due to the hydrogen bonds. The Nm (mg g�1) represents the
density of the receptor site, which is related to the adsorption
capacity and the number of molecules per site. For his adsorption
system, it was found that the Nm tends to decrease with the evolu-
tion of the system temperature. This effect is related to the dilata-
tion of the surface due to thermal agitation [82]. The C1/2 (mg L-1) is
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the concentration at half-saturation, which is employed to deter-
mine the adsorption energy (DE kJ mol�1). For the endothermic
adsorption, the C1/2 tends to decrease with the temperature. This
trend is further corroborated by the adsorption energy, which pre-
sented the inverse behavior with the temperature evolution. Fur-
thermore, the adsorption energy was found below 40 kJ mol�1.
This trend indicates that the adsorption is a physisorption type
[83]. Thus, the adsorption of ATZ onto the activated carbon
depends on the hydrogen bonds, electrostatic interactions, and
p–p interactions.
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3.6. Treatment of the river water sample

A real water sample from the Jacuí river (Agudo, Rio Grande do
Sul, Brazil) was collected and treated by adsorption with PSAC.
Jacuí is a river surrounded by riparian forests but mainly by exten-
sive crops. It is often used to supply animal drinking fountains;
therefore, the analysis and treatment showed that the water
resources are highly necessary. The sample presented a 4.7 mg L-1

initial ATZ concentration. However, after the adsorption with PSAC
(section 2.7), the remaining ATZ concentration was 0.70 mg L-1. This
result represents a removal efficiency of 85%. Besides, the concen-
tration after adsorption with PSAC was below the maximum
allowed value of Atrazine in water, considering the Brazilian legis-
lation (2 lg L-1) [7]. Thus PSAC is an efficient adsorbent to treat
river waters containing atrazine.
4. Conclusions

Diospyros kaki fruit waste was successfully employed as a
precursor material for obtaining high surface area activated
carbon, which was highly adsorptive towards atrazine removal
in synthetic solutions and river waters. The high adsorption per-
formance of the material is due to its important properties, such
as high surface area and pore volume, besides the presence of
intrinsic functional groups on the material surface. The isotherm
curves were favorable, and the adsorption capacity increased with
the temperature in the range from 298 to 328 K. A better fit of
the equilibrium curves was found by the Freundlich isotherm
model. Thermodynamic studies indicated a spontaneous and
endothermic process, where physical forces were responsible for
the ATZ adsorption. The kinetic studies found that the equilib-
rium occurred within 240 min, but most adsorption occurred
until 60 min. The experimental data were well represented by
the LDF model, obtaining a diffusion coefficient ranging from
0.89x10-9 to 1.63x10-9 cm2 s�1. PSAC adsorbent was also efficient
in uptake ATZ from the Jacuí river waters, with a removal per-
centage of 85%. Therefore, the activated carbon sample prepared
from Diospyros kaki fruit waste can be employed as a promising
adsorbent for treating aqueous systems contaminated with
atrazine.
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