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Abstract
The purpose of this work is to analyze the potential of two lignocellulosic wastes, namely peach and apricots stones, to 
adsorb 2,4-dichlorophenoxyacetic acid (2,4-D) pesticide from an aqueous solution. Both equilibrium and kinetic adsorption 
tests were performed. The maximum adsorption capacity achieved was 41.5 mg  g−1 at 50 °C. The fitting of the experimental 
results to several empirical equilibrium models was studied, being Langmuir model the one that best fitted the adsorption 
data for both adsorbents. The thermodynamic analyses confirmed that 2,4-D adsorption on both lignocellulosic wastes was 
endothermic, spontaneous, and of a physisorption nature. For the kinetic study, the effects of multiple factors were examined 
including initial pH, adsorption temperature, 2,4-D initial concentration, and adsorbent dose. The results support the feasible 
use of these wastes as adsorbents in water treatment applications.
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Introduction

Extensive amounts of artificial organic contaminants, such as 
pesticides (Khan et al. 2021), dyes (Abbas 2020; Noreen et al. 
2020), heavy metals, and pharmaceutical products (Bonilla-
Petriciolet et al. 2017), are emitted daily into many kinds of 
wastewater. These chemicals can penetrate natural systems and 
infiltrate in the aquatic ecosystem and ultimately enter the food 
chain posing a potential risk to animal and human health. The 
majority of these chemicals are anthropogenic from different 
sources (Osagie et al. 2021), including agriculture (Salman 
et al. 2011) and/or industrial activities (Goscianska and Ole-
jnik 2019). Pesticides, such as carbofuran, 2,4-dichlorophe-
noxyacetic acid and glyphosate, among many others, have 
been extensively documented in several studies to possess 
hazardous and toxic proprieties that can affect humans (Chen 
et al. 2021; Garabrant and Philbert 2016), animals (Goscianska 
and Olejnik 2019) and aquatic environments (Goscianska and 
Olejnik 2019; Saleh et al. 2020). Numerous methods have been 
studied to eliminate pesticide pollutants from water, includ-
ing anaerobic sludge, ion exchange, ultrafiltration, reverse 
osmosis, or adsorption, and several others (Saleh et al. 2020). 
Adsorption is used by industries to remove hazardous pollut-
ants, given its global recognition as a cost-effective, operation-
ally efficient, and easily designed technique for pollutant elimi-
nation (Abbas 2020). In this study, the primary focus lies in 
the utilization of two biomass waste materials, namely peach, 
and apricot stones, for the adsorption of the 2,4-dichlorophe-
noxyacetic acid (2,4-D), a widely recognized and commonly 
used pesticide. This compound can show an anionic character 
(Bedia et al. 2018), displaying high solubility and poor bio-
degradability (Cabrera-Barjas et al. 2020; Hassan et al. 2020; 
Kul et al. 2019). The selection of these adsorbents is driven by 
the low cost and the abundant availability (in Tunisia, where 
more than 120,000 tons of peach stones are produced annually) 
and applied for providing a valorization alternative for these 
agricultural wastes (Bedia et al. 2018). The objective of this 
study is to compare the behavior of peach and apricot stones as 
adsorbents of 2,4-D pesticide. The adsorption isotherms have 
been determined at four different temperatures (25, 30, 40, 
and 50 °C) and obtained the corresponding thermodynamic 
parameters. The influence of pH, adsorbent doses, initial 2,4-D 
concentration, and temperature on the adsorption kinetics was 
analyzed. In the literature, there are numerous studies that con-
centrate on the use of bioadsorbents for the removal of pesti-
cides.  Cabrera-Barjas et al. (2020) investigated the removal 
of dimethoate pesticide using bioadsorbents from Aspergil-
lus niger and Fusarium culmorum. Their findings revealed 
that the percentage of removal for the pesticide can achieve 
100% at the optimal pH of 4. Moreover, Hassan et al. (2020) 
noticed that date pits proved to be highly effective for adsorb-
ing an organophosphorus pesticide with total removal for 

concentrations of pesticide ranging from 2 to 10 ppm. Com-
bined with the degradation, adsorption on starch was used by 
Chen et al. (2021) for the elimination of pesticides.

In recent studies, researchers have utilized peach stones, 
apricot stones, and their activated carbons as adsorbents to 
effectively remove pollutants from aqueous solutions. Kul 
et al. (2019) investigated the adsorption of a well-known 
basic dye (Acid Blue 25) by powdered peach seed. The 
findings indicate that the adsorption process was endother-
mic, spontaneous, and physisorption. In another research 
work, Maponga and Mahamadi (2019) studied the effect of 
different parameters on the synthesis of activated carbon 
from peach stones and its ability to remove aurocyanide. 
The results revealed that peach stones impregnated with 
 ZnCl2 exhibited higher removal efficiency compared to 
those treated with  H3PO4, with nearly 100% recovery for 
samples activated at 800 °C and treated for 2 hours. In the 
research, conducted by Abbas (2020), it was reported that 
the maximum adsorption capacity of methylene blue onto 
apricot stones was found to be 46.03 mg  g−1 at 25 °C. They 
also determined that the adsorption process was spontane-
ous, endothermic, and involved a chemisorption mecha-
nism. On a related note, Hashem et al. (2022) investigated 
the biosorption of acid blue 193 dye using an apricot seed 
shell. The highest quantity of dye adsorbed was recorded 
at 34.41 mg  g−1 when the initial dye concentration was 
40 mg  L−1.

It is worth highlighting that this study marks the first 
instance of utilizing peach and apricot stones for the adsorp-
tion of the widely used pesticide 2,4-D, through equilibrium 
and kinetic adsorption tests performed at different condi-
tions. This approach would allow the removal of this dan-
gerous pesticide using a cheap and environmentally friendly 
methodology.

Materials and methods

Pre‑treatment

The peach and apricot stones used in this work were col-
lected from local farms in Tunisia. Following several water 
rinses, to eliminate surface impurities, the peach and apricot 
shell wastes were dehydrated at 105 °C for 24 h. Afterward, 
they were crushed in a mortar and sieved to obtain adsorbent 
particles with an approximate size of 250 µm.

Characterization

The major surface groups of the adsorbents were identified 
using Boehm titration. Experimentally, a convenient method 
involves placing 750 mg of the sample in a solution of 
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 Na2CO3 (0.05 mol  L−1),  NaHCO3 (0.05 mol  L−1), and NaOH 
(0.05 mol  L−1) accordingly. The solutions are, then, stirred 
at room temperature for 24 h and subsequently filtered. After 
obtaining the filtrates, a volume of 10 mL was taken. Then, 
20 mL of HCl solution (0.05 mol  L−1) was added to the 
NaOH and  NaHCO3 filtrates. While 30 mL of HCl solution 
(0.05 mol  L−1) was also added to the  Na2CO3 filtrate. The 
neutralization points were determined by titrating NaOH 
solution (0.05 mol  L−1). The surface charge was determined 
by the pH value at the point of zero charge  (pHPZC). The pH 
was adjusted to the desired range of 2–12 by the introduc-
tion of solutions of NaOH or HC1 (0.1 M) and 150 mg of 
the adsorbent was introduced to each flask (50 mL). The 
suspensions are stirred at room temperature for 48 h, and the 
final pH  (pHf) was determined. The figure of  pHf as function 
of  pHi (initial pH) was traced. The intersection with the first 
bisector represents the isoelectric point. Fourier transform 
infrared (FTIR) spectra were obtained using a Bruker Ver-
tex 70 V spectrophotometer through transmission mode, in 
KBr pellets at wavenumbers ranging from 4000 to 400  cm−1 
and employing a resolution of 2  cm−1 (Gómez-Avilés et al. 
2022).

Adsorption tests

Table 1 summarizes some of the characteristics of 2,4-D her-
bicide, supplied by Sigma-Aldrich. According to the desired 
concentrations, specific quantities of the pesticide were dis-
solved in double-distilled water. Equilibrium adsorption tests 
were conducted in Erlenmeyer flasks of 250 mL maintaining 
a constant stirring speed for a duration of 3 h. The bioadsor-
bents (100 mg, with particle size under 250 µm) were intro-
duced in 100 mL of an aqueous solution of 2,4-D pesticide 
at concentrations ranging from 4 to 80 mg  L−1. Adsorption 
kinetic tests were conducted at 2,4-D concentrations rang-
ing from 5 to 10 mg  L−1. Various biomass weights were 
used ranging from 5 to 300 mg along with different stirring 
speeds of 300–600 rpm. The tests were carried out at vari-
ous adsorption temperatures between 25 and 50 °C with an 

initial pH of 3. All the mentioned tests were conducted with 
1 L in a double-walled reactor of 2 L volume controlled with 
a paddle stirrer. The 2,4-D concentration after adsorption 
was quantified with a UV–Vis spectrometer, specifically the 
Shimadzu UV-2600 model. It should be mentioned that the 
presented values are corresponding to the average points 
(each point is repeated three times) with an error always 
lower than 5%.

Table 1  Characteristics of 2,4-D herbicide

Pesticide name 2,4-dichlorophynoxyacetic acid

Chemical formula C8H6Cl2O3

λmax 228/238 nm
Molecular structure

Fig. 1  pHPZC of peach and apricot stones

Table 2  Surfaces functional groups for peach and apricot stones

Functional groups Peach stones Apricot stones

Carboxyl groups (meq/g) 2.05 0.29
Lactonic groups (meq/g) – 0.78
Phenolic groups (meq/g) – 0.45
Carbonyl groups (meq/g) 0.81 0.05
Total acidity (meq/g) 2.86 1.12
Total basicity (meq/g) – 0.78
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Results and discussion

Characterization of the adsorbents

The zero-charge point of the adsorbent  (pHPZC) was deter-
mined using the pH derive method. Figure 1 represents the 
final pH of the solutions versus the initial pH values, indi-
cating the point of intersection on diagonal of the  pHPZC of 
adsorbent’s surface. The  pHPCZ values obtained were 6.3 and 
5.5 for apricot and peach stones, respectively. Both of these 
values indicate slightly acidic surfaces, with peach stones 
being more acidic. When the pH of the solution is below 
the  pHPZC, the surface functional groups of the adsorbent 
become protonated due to an excess of  H+ protons from the 
solution. As a result, the adsorbent carries a net positive 
charge, leading to electrostatic attraction with negatively 
charged molecules. On the other hand, if the pH of the solu-
tion is higher than the  pHPZC of the adsorbent, the surface 
of the adsorbent will be negatively charged. This leads to 
electrostatic attraction for positively charged molecules and 
repulsion for negatively charged ones (Abbas 2020).

The surface chemistry of the lignocellulosic wastes is 
characterized by the diversity of heteroatoms (carboxyl, car-
bonyl, lactone, phenol, and other surface functional groups). 
Table 2 summarizes the amount of surface functional groups 
in peach and apricot kernels determined by the Boehm titra-
tion. The results confirm that both lignocellulosic wastes 
exhibit a predominantly acidic character, primarily due to 
the presence of acid groups such as carboxyl, carbonyl, and 
phenolic on their surfaces (Demiral et al. 2021; González-
García 2018) .It is also confirmed the slightly higher sur-
face acidity of peach than apricot stones (total acidities of 

2.86 vs. 1.12 meq  g−1, respectively). Indeed, it is notewor-
thy to mention the different surface group distributions of 
the two biomass adsorbents. Peach stones showed a much 
higher amount of carboxyl and carbonyl groups, while apri-
cot stones display more lactone and phenol surface groups. 
Peach and apricot stones were equally analyzed using the 
FTIR technique. The FTIR spectra of both adsorbents are 
depicted in Fig. 2. The large bands at 3400  cm−1 indicate 
the presence of O–H groups, most likely attributed to the 
presence of chemisorbed water molecules. Additionally, the 
presence of asymmetric C–H groups is justified by the pres-
ence of the bands at a wavenumber of 2924  cm−1. Further-
more, the bands observed at around 1732  cm−1 and between 
1600 and 1650  cm−1 confirm the presence of carboxylic 
and carbonylic groups, respectively. Phenolic groups cor-
responding to 1386  cm−1 is only observed in apricot stones. 
The presence of these groups confirms the results summa-
rized in Table 2 obtained by Bohem titration. The bands at 
1600 and 1460  cm−1 correspond to the presence of lignin 
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Fig. 2  FTIR spectra of peach and apricot stones.
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while the bands at 1640, 1650 and 1030  cm−1 are associated 
to the existence of cellulose and hemicellulose.

Adsorption results

The pH of the solution significantly influences the uptake 
of 2,4-D pesticide by natural adsorbents (peach and apricot 
stones) (Salman et al. 2011). Figure 3 displays the equilib-
rium adsorption capacity of both peach and apricot stones 
at an adsorption temperature of 25 °C. The initial pHs val-
ues ranged from 2 to 12 with a constant concentration of 
100 ppm. 2,4-D is a monobasic acid with moderate strength, 
as indicated by its pKa value of 2.64. Thus, at low pH values, 
the pesticide molecule exists in a neutral state, with no net 
charge. However, at pH values higher than 3, it is predomi-
nantly existing in a negative charged state (anionic state), as 
can be observed in the 2,4-D speciation diagram represented 
in Fig. 4. This agrees well with the evolution of the adsorbed 
amount with pH. The maximum amount is at pH equal to 3 

and the suitable region of adsorption of 2,4-D in peach and 
apricot is between 3 and 6. At pH values lower than 3, the 
2,4-D molecules are in their neutral state resulting in, no 
interaction with the adsorbent surfaces. However, at pH of 
3, the 2,4-D molecules become negatively charged (in their 
anionic state), leading to an electrostatic attractive interac-
tion between anions of 2,4-D and the positive charge of the 
surface of the adsorbent. Finally, in the basic zone, when 
the pH exceeds the  pHPZC of the adsorbent, the adsorption 
capacity decreases due to the repulsion between the pesti-
cide’s anions and the negative charge of the surface of the 
apricot and peach stones. This indicate that the main adsorp-
tion mechanism is primarily governed by the electrostatic 
interaction between the pesticide molecules and the surface 
of the bioadsorbents. Understanding the adsorption equilib-
rium data is crucial for the analysis of any adsorption study. 
Figure 5a and b represents the 2,4-D adsorption isotherms 
on peach and apricot stones at various adsorption tempera-
tures, respectively. These isotherms reflect the interaction 
between the adsorbate and the adsorbent until reaching the 
equilibrium state (Kumar et al. 2013). As the adsorption 
temperature increases, the amount adsorbed also increases, 
indicating that the adsorption process is endothermic (Guiza 
2017). The maximum adsorption capacities higher than 
40 mg  g–1 were obtained at 50 °C regardless of the adsor-
bent used. Several studies in the literature have focused on 
the adsorption of 2,4-D pesticides. For instance, Lazarotto 
et al. (2021) investigated the use of activated carbon derived 
from mushroom residue, chemically activated with  ZnCl2, 
aimed at eliminating 2,4-D pesticide. They notably achieved 
a maximum adsorption of 241.7 mg  g−1 which surpass the 
value obtained in the present work (41.5 mg  g−1). How-
ever, it is essential to consider that the proposed approach 
avoids the need of high temperatures in a chemical activation 
(500 °C) and the use of chemicals like  ZnCl2, making it cost 
effective and more environmentally friendly solution. Khan 
et al. (2021) reported significantly lower adsorption capaci-
ties of 2,4-D herbicide using polypyrrole and sugarcane 
bagasse adsorbents achieving 6.1 and 8.63 mg  g−1, respec-
tively. Hernandes et al. (2022) analyzed the adsorption of 
2,4-D pesticide on biochars derived from cedar bark sawdust 
and concluded that none of the adsorbents were efficient in 
removing 2,4-D. The study conducted by Aswani and Kumar 
(2021) investigated the bioadsorption of this pesticide on 
acid-thermally modified Merremia vitifolia (a vigorous 
climbing plant). The reported maximum adsorption capacity 
was close to 150 mg  g−1 but this result was obtained using a 
much more concentrated 2,4-D solution (200 mg  L−1). When 
using an initial concentration similar to that used in this 
work (50 mg  L−1), the maximum adsorption capacity was 
similar to the obtained in this study. However, it should be 

Fig. 5  Isotherms of adsorption of 2,4-D herbicide onto a peach 
stones and b apricot stones (pH = 3; V = 400 rpm; mads = 0.1 g; V = 
250 mL)
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mentioned that the proposed bioadsorbents do not require 
any thermal or acidic treatment. Despite the straightforward 
preparation process and the absence of high temperatures or 
complex chemicals, the bioadsorbents proposed in the cur-
rent study, peach and apricot stones demonstrated compara-
ble or even higher 2,4-D adsorption capacities than those of 
other bioadsorbents reported in previous studies.

The equilibrium data of Fig. 5a and b were fitted to some 
of the most relevant isotherm models: Langmuir (1918), Fre-
undlich (1907), and Dubinin–Radushkevich (Dubinin 2002). 
The Langmuir adsorption isotherm has been applied with 
considerable success in many adsorption processes. This 
model assumes that all adsorption sites are uniform and that 
each adsorption site can capture only one molecule. The 
adsorption occurs in a monolayer and homogenous surface. 
The linearized form of the Langmuir model is expressed by 
the equation below:

where Ce is the adsorbate equilibrium concentration 
(mg  L−1), Qe is the amount adsorbed in the equilibrium 
(mg  g−1), Qmax is the maximum adsorption capacity in mon-
olayer (mg  g−1), KL is the Langmuir equilibrium constant 
in (L  mg−1) and  C0 is the initial adsorbate concentration 
(mg  L−1) (Chair et al. 2017; Semerjian 2018). The Freun-
dlich isotherm model assumes a limited number of adsorp-
tion sites on a heterogonous surface. In this case, the adsorp-
tion process can proceed in multiple layers of adsorbate. 
This involves that the adsorbate molecules can be adsorbed 
on each other, creating an interfacial zone, that enables 
mutual interactions. The linear equation of Freundlich is 
represented as follows:

(1)
C
e

Q
e

=
C
e

Q
max

+
1

Q
max

∗ K
L

(2)R
L
=

1

1 + C
0
K

L

where Kf and nf are the distribution coefficient and the Fre-
undlich affinity factor, respectively.

Finally, the Dubinin–Radushkevich isotherm model is 
commonly employed to describe the adsorption phenom-
enon on a heterogeneous surface with Gaussian energy dis-
tribution. This model is specifically designed to estimate the 
apparent free energy of the porosity and the features of the 
adsorption. It is calculated based on Eqs. (4) and (5):

where ε is the constant of the isotherm; Qm represents the 
maximum amount adsorbed per unit mass of the adsorbent 
(mg  g‒1); and Kad is the Dubinin–Radushkevich isotherm 
constant  (mol2/J2).

The results of fitting the equilibrium data to different 
models are summarized in Table 3. Among the models con-
sidered, the Langmuir model best fitted the experimental 
data, although a very good fitting is also obtained with the 
Dubinin-Radushkevich isotherm model. For the Langmuir 
model, the values of RL are between 0 and 1 suggesting that 
2, 4-D adsorption is favorable onto both supports (Abbas 
2020). For both adsorbents, peach and apricot stones, the 
value of nf is higher than 1 which indicates the high affin-
ity between the solute and the adsorbent (Hidayat et al. 
2021). For, Dubinin–Radushkevich model, the adsorption 
energy (E) onto peach and apricot stones ranges from 1.29 
to 2.5 kJ  mol−1 and from 1.29 to 1.58 kJ  mol−1, respectively.

Thermodynamic studies

The thermodynamic study aimed to investigate the temper-
ature effect on the adsorption of the 2,4-D pesticide onto 
peach and apricot stones. In other terms, this study helps 
anticipate the method of retention established between the 
adsorbate (2,4-D) and the adsorbent (peach and apricot 
stones) under different temperature conditions.

The distribution coefficient Kd was determined using the 
following equation:

where Qe is the solid phase concentration (mg  g−1) and Ce 
is the liquid phase concentration (mg  L−1) at equilibrium.

The enthalpy change (ΔH0), the free energy change 
(ΔG0), and the entropy change (ΔS0) of 2, 4-D pesticide 
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Table 3  Thermodynamic study for the 2.4-D pesticide adsorption

Adsorbent T (K) ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/mol K)

Peach stones 298 − 23.3 24.5 82.2
303 − 24.0
313 − 25.7
323 − 27.3

Apricot stones 298 − 7.5 2.0 6.8
303 − 7.8
313 − 8.4
323 − 8.9
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adsorption were calculated using the Van't Hoff formula: 
(Gómez-Avilés et al. 2022)

The plots of Ln (Kd) in the function of 1/T  (K−1) permit 
to obtain the values of entropies (ΔS0) and enthalpies (ΔH0) 
for the adsorption of the anionic pesticide 2,4-D onto both 
peach and apricot stones while the values of free energies 
(ΔG0) are calculated using the Eq. (8). The main findings are 
tabulated in Table 3. Both are endothermic (ΔH0 > 0), spon-
taneous (ΔG0 < 0) and with a high degree of heterogeneity 
between the liquid and the solid phases. These values agree 
to those previously reported by Aksu and Kabasakal (2004) 
when analyzing the adsorption of 2,4-D onto a granular acti-
vated carbon and Vinayagam et al (2023) for the adsorption 
of the same pesticide on algal magnetic activated carbon 
nanocomposite. Higher 2,4-D adsorption enthalpies were 
obtained by Almahri et al (2023) on coffee waste biochar, 
although with agreement on the spontaneous and endother-
mic nature of the adsorption process.

(7)Ln
(

K
d

)

=
ΔS0

R
−

ΔH0

RT

(8)ΔGo = −RT Ln
(

K
d

)

Adsorption kinetics

To elucidate the rate of adsorption, several models have been 
developed. In this work, the most frequent ones were used, 
namely pseudo-first order, pseudo-second order, and Elovich 
considering various initial 2,4-D concentrations (5, 7, 8, 
and 10 mg  L−1). Table 4 sums up the empirical expressions 
and their findings for this effect. The coefficient of correla-
tion (very close to the unit) shows that the Elovich model 
achieved the best fitting to the experimental data for both 
adsorbents (mentioned in Fig. 6a, b for peach and apricot 
stones, respectively). Raíssa et al. (2021) also concluded that 
the adsorption of 2,4-D on the  H2SO4-modified bark from 
Campomanesia guazumifolia followed the Elovich model. 
On the contrary, Kirbiyik et al (2017) stated that the pseudo-
second order kinetic model best fitted the adsorption kinetic 
of 2,4-D on biomass-based activated carbon, and Njoku et al 
(2015) confirmed the Avrami model as that that best fit the 
kinetic data when analyzing the adsorption of this same pes-
ticide on coconut shell-activated carbon. The concentration 
of the 2,4-D pesticide, the amount of adsorbent, and the tem-
perature can significantly influence the adsorption process. 
As the concentration of aqueous solution of 2,4-D pesticide 

Table 4  Kinetic adsorption experimental data adjustment

Model Nonlinear expression Values of the parameters Coefficient of correlation

Peach stones Apricot stones Peach stones Apricot stones

Pseudo first order t = qe.(1 − e−k1t) C = 5 mg/L; qe = 38.1 m/g; K1 
= 0.05

C = 5 mg/L; qe = 40.7 m/g; K1 
= 0.0623

0.996 0.980

C = 7 mg/L; qe = 43.1 mg/L; K1 
= 0.045

C = 7 mg/L; qe = 47.1 mg/L; K1 
= 0.06

0.994 0.978

C = 8 mg/L; qe = 50.6 mg/L; K1 
= 0.059

C = 8 mg/L; qe =51.7 mg/L; K1 
= 0.059

0.918 0.905

C = 10 mg/L; qe = 54.3 mg/g; 
K1 = 0.057

C = 10 mg/L; qe = 55.4 mg/g; 
K1 = 0.061

0.991 0.988

Pseudo second order qt =
k
2.
qe

2
.t

1+k
2
.qe .t

C = 5 mg/L; qe = 45.6 mg/g; K1 
= 0.001

C = 5 mg/L; qe = 47.3 mg/g; K1 
= 0.0016

0.999 0.995

C = 7 mg/L; qe = 47.3 mg/L; K2 
= 0.001

C = 7 mg/L; qe = 47.3 mg/L; K2 
= 0.001

0.973 0.994

C = 8 mg/L; qe = 59.3 mg/L; K2 
= 0.001

C = 8 mg/L; qe = 60.0 mg/L; K2 
= 0.001

0.978 0.975

C = 10 mg/L; qe = 45.2 mg/g; 
K1 = 0.001

C = 10 mg/L; qe = 64.7 mg/g; 
K1 = 0.001

0.986 0.997

Elovich qt =
1

�

.Ln(1 + �.�.t) C = 5 mg/L; α = 3.93; β = 
0.091

C = 5 mg/L; α = 6.28; β = 
0.095

0.999 0.999

C = 7 mg/L; α = 3.68; β = 
0.076

C = 7 mg/L; α = 7.17; β = 0.08 0.999 0.999

C = 8 mg/L; α = 7.09; β = 
0.075

C = 8 mg/L; α = 8.21; β = 
0.076

0.999 0.999

C = 10 mg/L; α = 17.0; β = 
0.0962

C = 10 mg/L; α = 8.16; β = 
0.069

0.999 0.999
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is increased, the adsorption capacity also increased for both 
apricot and peach stones, aligning with the isotherm curves 
(Fig. 5a, b). In addition, the increase in the adsorbent dose 
led to a higher percentage of pesticide removal, as expected.

In order to assess the regeneration of the adsorbents, the 
peach and apricot stones were regenerated with hot water at 
80 °C under vigorous stirring for 2 h in order to desorb the 
pollutant molecules and reuse them in successive adsorp-
tion-regeneration cycles. Figure 7 represents the evolution 
of the adsorption capacities of both peach and apricot stones 
(pH = 3, 50 °C, mads = 0.1 g and 2,4-D initial concentra-
tion of 10 mg/L) on four successive adsorption-regeneration 
cycles. As can be seen, the equilibrium adsorption capacities 
remain rather stable even after the fourth cycle, with a negli-
gible decrease, for both peach and apricot stones.

Conclusion

In this study, simple, eco-friendly, and low-cost bioadsor-
bents were employed successfully for eliminating 2,4-D 
pesticide from an aqueous solution. Experiments were con-
ducted to characterize both bioadsorbents, namely peach and 
apricot stones.

It was observed that the percentage of pesticide removal 
increased with contact time and reached equilibrium after 
120 minutes.

Both adsorbents, peach, and apricot stones, exhibited an 
optimal pH of 3 for the removal of the 2,4-D pesticide. This 
pH value was found to be favorable due to enhanced elec-
trostatic interactions.

The maximum amount adsorbed is almost equal to 
41.5 mg  g−1 for a temperature equal to 50 °C, for both adsor-
bents, confirming the endothermic nature of the adsorption 
process. This observation was confirmed by the thermody-
namic parameter ΔH0 (> 0).

These results provide strong evidence for the practical 
applicability of these waste materials as effective adsorbents 
in water treatment applications.
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