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Abstract: This study analyzes the adsorption of two model pesticides, namely, 2,4-dichlorophenoxyacetic
acid (2,4-D) and carbofuran on activated carbons obtained by chemical activation with phosphoric
acid of peach stones. The effect of the synthesis conditions on the surface area development was
analyzed. The highest surface area was obtained with an impregnation time of 5 h, an impregnation
ratio equal to 3.5, an activation temperature of 400 ◦C, and 4.5 h of activation time. Under these
conditions, the maximum specific surface area was equal to 1182 m2·g−1 which confirms the high
porosity of the activated carbon, predominantly in the form of micropores. The surface chemistry
of this activated carbon was also characterized using pH at point of zero charge, scanning electron
microscopy, and Fourier transform infrared spectroscopy. Both kinetics and equilibrium adsorption
tests were performed. Adsorption kinetics confirmed that 2,4-D adsorption follows a pseudo first-
order adsorption kinetic model, while carbofuran adsorption is better described by a pseudo second-
order one. Regarding the equilibrium adsorption, a higher adsorption capacity is obtained for 2,4-D
than carbofuran (c.a. 500 and 250 mg·g−1, respectively). The analysis of the thermodynamics and
characterization after use suggest a predominantly physisorption nature of the process.

Keywords: activated carbon; adsorption; pesticides; carbofuran; 2,4-dichlorophenoxyacetic acid;
isotherms; kinetics

1. Introduction

Aquatic ecosystems are the principal receptors of contaminants [1], which are dis-
charged directly or indirectly from diverse natural and human-caused sources, including
both industrial and municipal wastewater [2,3]. Their contamination represents a threat
to human health due to the potential health dangers produced by many different types of
pollutants [4,5]. Among these pollutants, pesticides are worldwide used for the regulation
of parasites in agricultural soils and for the control of insects that can cause and disseminate
some serious diseases [3]. Due to their persistence, they can bioaccumulate in soils [6] and
foods and can pose a threat to animal and human health [7]. Among various pesticides,
we selected 2,4-dichlorophenoxyacetic acid (2,4-D) and carbofuran as model pesticide
pollutants since they are widely used in the formulation of herbicides and insecticides,
respectively. The 2,4-D is an anionic pesticide, highly selective [8], and poorly biodegrad-
able [9,10]. It is a herbicide that kills dicots without affecting monocots and mimics natural
auxin at the molecular level. It is widely used, and consequently, it is commonly detected
in water lots, and in different soils. The World Health Organization (WHO) establishes the
upper allowable concentration for 2,4-D in potable water at 20 µg·L−1 [11]. On the other
hand, carbofuran (2,3-dihydro-2,2-dimethyl-7-benzofuranyl), is a highly toxic N-methyl
carbamate insecticide [12,13]. It is being widely applied in the agronomic field for its proven
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efficiency in controlling insects [7]. Carbofuran is an insecticide that poisons arthropods by
inhibiting the action of a specific acetylcholine esterase enzyme. In addition, this pesticide
is quite persistent in the ground and aqueous ecosystems under neutral or acidic conditions.
Therefore, it is considered exceedingly harmful to both birds and aquatic animals [14].

In this context, it is vital to look for effective methods to remove these hazardous
products from water [9]. We mention, for example, membrane separation, flocculation,
ozonation, coagulation, aerobic and anaerobic treatment [15], chemical precipitation, sol-
vent extraction, ion-exchange capacity, photocatalytic activity [16] and adsorption [17,18].
Compared with the different available technologies for the removal of pesticides, ad-
sorption is the most analyzed due to its flexibility, simplicity, low cost, and easiness of
use [9,19,20]. In addition, it is known for its low consumption of energy and relatively
high adsorption capacity [21]. Among the different adsorbents [22–24], activated carbons
have some clear advantages [25–27], namely, they can be synthesized from renewable ma-
terials (biomass), are of relatively low cost [19,28], and usually show well-developed and
tunable porosity [16]. Activated carbon can be obtained through two different activation
methods: physical and chemical activation [29]. Physical activations consist of the partial
gasification of the carbonaceous precursor using water vapor, carbon dioxide or oxygen.
The removal of the carbon atoms during the gasification reaction results in the formation of
porosity. Chemical activation is produced through the impregnation of the carbonaceous
precursor with an activating agent. During the subsequent heating, the precursor suffers
from dehydration and oxidation reactions; therefore, carbonization and activation take
place simultaneously. Different chemical activating agents have been used, such as H3PO4,
ZnCl2, FeCl3 or KOH. Chemical activation usually results in higher yields. Phosphoric acid
activation results in activated carbon with an acidic surface that can be very suitable for
some specific applications [30–32].

The main objective of this study is to synthesize activated carbons from peach stones
through chemical activation with phosphoric acid. The effect of different synthesis param-
eters, namely, impregnation time, impregnation ratio (mass ratio of activating agent to
carbon precursor), activation temperature and activation time, on the surface area of the
resulting carbon was analyzed. The activated carbon with the highest surface area was fur-
ther used for the adsorption of 2,4-D and carbofuran. Different kinetic and thermodynamic
models were used to fit the experimental adsorption data.

2. Materials and Methods
2.1. Materials

All chemical products needed were obtained from Sigma Aldrich and employed
without any added purification. The phosphoric acid (H3PO4) with 85% of purity was
used for activated carbon synthesis. Equally, both pesticides, carbofuran (C12H15NO3) and
2,4-dichlorophenoxyacetic acid (C8H6Cl2O3) were obtained from this company and used
for the adsorption studies.

2.2. Preparation of Activated Carbons

Peach stones were collected and washed several times with water to eliminate the im-
purities. Then, the stones were crushed and sieved (particle size between 100 and 125 mm),
and dried for 24 h at 105 ◦C. The material was subjected to a chemical activation method
with phosphoric acid (50%) in a tubular horizontal furnace. The dried stones were phys-
ically mixed with a variable amount of phosphoric acid (impregnation ratios between
3 and 5) at different impregnation times (4–6 h). Next, the heterogeneous mixture was
introduced in a tubular furnace and heated at 10 ◦C·min−1 up to the activation tempera-
ture (300–600 ◦C) and maintained at this temperature during the activation time (3–5 h).
After cooling down, the samples were washed with distilled water to remove the remains
of the activating agent and reaction byproduct and to free the newly developed porous
texture. The experimental design provides the possibility of optimizing the parameters and
minimizing the error with a reduced number of experiences [33,34]. In the current study,
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experiments with the specific surface area as a response were designed with the Central
Composite Design (CCD) with four, two-level, factors using Design-Expert 13 software
with 30 essays.

2.3. Characterization Techniques

Elemental analyses were conducted in a LECO CHNS-932 apparatus to quantify the
content of C, N, and H in the activated carbon. N2 adsorption isotherms were acquired at
−196 ◦C with a Micromeritics TriStar II instrument to quantitatively examine the pore struc-
ture of the optimized activated carbon. The solid samples (weight between 100 and 150 mg)
were degasified at 150 ◦C during 24 h. The specific surface area was lastly determined by
the Brunauer−Emmett−Teller (BET) method. The micropore volume and external surface
area were obtained using the t-method applied to the adsorption branch of the isotherm.
Finally, the total pore volume was estimated from the amount of N2 adsorbed at relative
pressures close to 1 transformed in liquid volume.

Fourier Transform Infrared Spectroscopy (FTIR) analyses were carried out with a
Bruker Vertex 70 V spectrophotometer by transmission using KBr pellets in the wavenumber
range from 400 to 4000 cm−1.

The pH at the point of zero charge (pHPZC) was quantified using the pH drift method.
Briefly, the pH value of several solutions of NaCl was adjusted from 1 to 13 using HCl
(0.1 M) or NaOH (0.1 M). The activated carbon (20 mg) was suspended in the different
solutions and bubbled with N2 for 5 min to eliminate the gases dissolved in the solutions.
After 48 h under stirring, the pH was measured and represented versus the initial one,
corresponding to the intersection of the line with the diagonal to the pHPZC value.

Scanning Electron Microscopy (SEM) was performed to identify the morphology of
the selected activation carbon. The sample was covered with a 4 nm layer of platinum in
Leica EM ACE600 equipment and was measured in a FESEM TESCAN CLARA microscopy
with ultra-high resolution at 15 KV and an ET detector.

Thermogravimetric Analyses (TGA/TDA) were investigated for the thermal stability
of the best activated carbon in an SDT650 TA instrument, using a 10 ◦C·min−1 heating rate
up to 900 ◦C under a 100 mL·min−1 continuous air atmosphere.

2.4. Adsorption Tests

The selected activated carbon (that with the highest BET surface area) was used to
test the adsorption from aqueous solution of two model pesticides, 2,4-D and carbofuran.
Batch equilibrium tests were conducted at different temperatures (25, 45, and 65 ◦C) with
a volume equal to 250 mL of aqueous solution at various initial concentrations of the
pesticide ranging from 5 to 100 mg·L−1 with 50 mg·L−1 of the activated carbon. After 24 h
of controlled temperature and agitation (200 rpm), the solutions were filtered and finally,
the remaining concentration of the corresponding pesticide in the liquid solution phase
was analyzed by UV-Vis. Also, adsorption kinetic experiments were performed in the same
batch system with an initial pesticide concentration of 20 mg·L−1 with the same solution
volume, activated carbon concentration, and temperatures mentioned previously for the
equilibrium trials.

3. Results and Discussion
3.1. Characterization of Activated Carbons

The optimization of the activated carbon preparation procedure from peach stones was
carried out. The selection of the best activated carbon was made based on the maximization
of the specific surface area, as a response, to the experiences of the CCD plan. Table 1 shows
some results for the textural properties of activated carbons prepared at different condi-
tions. As can be seen, in all cases, the specific surface area was high, achieving the sample
AC5_4.5_400_4.5, that synthesized with an impregnation time of 5 h, at an impregnation ratio
of 4.5, an activation temperature of 400 ◦C and activation time of 4.5 h, the highest total surface
area (1182 m2·g−1). This value was higher than the values found in the literature for acti-



Processes 2024, 12, 238 4 of 17

vated carbons prepared from the same precursor. For example, Pérez-Rodríguez et al. [35]
obtained a specific surface area value of 846 m2·g−1 for activated carbon obtained from
peach stones through physical activation with water vapor, and the values presented by
Kozyatnyk et al. [36] did not exceed 500 m2·g−1 when activating peach stones with CO2.
Since AC5_4.5_400_4.5 showed the highest surface area and the most developed porous
texture, it was selected for the following adsorption tests and a complete characterization.

Table 1. Porous texture parameters.

Sample Impregn.
Time (h)

Impregn.
Ratio

Activation
Temperature

(◦C)

Activation
Time (h)

BET
(m2·g−1)

Sext
(m2·g−1)

Vmicro
(cm3·g−1)

Vtotal
(cm3·g−1)

AC5_3.5_400_4.5 5 3.5 400 4.5 782 215 0.271 0.398
AC5_4.5_400_3.5 5 4.5 400 3.5 631 232 0.188 0.327
AC5_4.5_400_4.5 5 4.5 400 4.5 1182 413 0.367 0.609
AC6_4.5_400_4.5 6 4.5 400 4.5 584 187 0.188 0.290

Figure 1 depicts the N2 adsorption–desorption isotherm of the ACs with highest
surface areas. The isotherm showed the typical shape of type I according to the UIPAC
classification [37]. This type of isotherm corresponds to a predominantly microporous
solid with some minor contribution of mesoporosity. This is confirmed by the low value
of external (Sext) compared to the BET surface areas as well as the higher proportion of
micropore (Vmicro) in the total pore volume (Vpore) [37–39], as can be seen in Table 1.

Processes 2024, 12, x FOR PEER REVIEW  4  of  17 
 

 

maximization of the specific surface area, as a response, to the experiences of the CCD 

plan. Table 1 shows some results for the textural properties of activated carbons prepared 

at different conditions. As can be seen,  in all cases,  the specific surface area was high, 

achieving the sample AC5_4.5_400_4.5, that synthesized with an impregnation time of 5 

h, at an impregnation ratio of 4.5, an activation temperature of 400 °C and activation time 

of 4.5 h, the highest total surface area (1182 m2·g−1). This value was higher than the values 

found in the literature for activated carbons prepared from the same precursor. For exam-

ple, Pérez-Rodríguez et al. [35] obtained a specific surface area value of 846 m2·g−1 for ac-

tivated carbon obtained from peach stones through physical activation with water vapor, 

and the values presented by Kozyatnyk et al. [36] did not exceed 500 m2·g−1 when activat-

ing peach stones with CO2. Since AC5_4.5_400_4.5 showed the highest surface area and 

the most developed porous texture, it was selected for the following adsorption tests and 

a complete characterization. 

Table 1. Porous texture parameters. 

Sample 
Impregn. 

Time (h) 

Impregn. 

Ratio 

Activation 

Temperature 

(°C) 

Activation 

Time (h) 

BET 

(m2∙g−1) 

Sext 

(m2∙g−1) 

Vmicro 

(cm3∙g−1)   

Vtotal 

(cm3∙g−1) 

AC5_3.5_400_4.5  5  3.5  400  4.5  782  215  0.271  0.398 

AC5_4.5_400_3.5  5  4.5  400  3.5  631  232  0.188  0.327 

AC5_4.5_400_4.5  5  4.5  400  4.5  1182  413  0.367  0.609 

AC6_4.5_400_4.5  6  4.5  400  4.5  584  187  0.188  0.290 

Figure 1 depicts the N2 adsorption–desorption isotherm of the ACs with highest sur-

face areas. The isotherm showed the typical shape of type I according to the UIPAC clas-

sification [37]. This type of isotherm corresponds to a predominantly microporous solid 

with some minor contribution of mesoporosity. This is confirmed by the low value of ex-

ternal  (Sext) compared  to  the BET surface areas as well as  the higher proportion of mi-

cropore (Vmicro) in the total pore volume (Vpore) [37–39], as can be seen in Table 1. 

 

Figure 1. N2 adsorption–desorption isotherm at 77 K. 

The results of the elemental analysis of peach stone precursor and AC5_4.5_400_4.5 

are collected in Table 2. After activation of raw material, the carbon content increases and 

becomes close to 80%, while the percentages of hydrogen, oxygen, and nitrogen decrease. 

This can be justified by the removal of the molecules of water and the decomposition/de-

volatilization  of  the  precursor  during  the  activation  stage.  The  ash  content  increased 

slightly with activation, although it remains very low (lower than 5%). These results agree 

with others found in the literature for activated carbons obtained from the same raw ma-

terial [40–44]. 

Figure 1. N2 adsorption–desorption isotherm at 77 K.

The results of the elemental analysis of peach stone precursor and AC5_4.5_400_4.5
are collected in Table 2. After activation of raw material, the carbon content increases
and becomes close to 80%, while the percentages of hydrogen, oxygen, and nitrogen
decrease. This can be justified by the removal of the molecules of water and the decom-
position/devolatilization of the precursor during the activation stage. The ash content
increased slightly with activation, although it remains very low (lower than 5%). These
results agree with others found in the literature for activated carbons obtained from the
same raw material [40–44].

Table 2. Elemental analysis of peach precursor and AC5_4.5_400_4.5 activated carbon.

Sample % C % H % N % O 1 % Ash

Peach 44.42 5.62 0.91 46.23 2.86
AC5_4.5_400_4.5 77.95 3.06 0.31 13.95 4.73

1 Obtained by difference.
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Thermogravimetric analyses for both activated carbon and raw material were con-
ducted in the temperature range from 30 to 900 ◦C under an air atmosphere (Figure 2).
Three major steps were observed in the case of the raw peach stone. The first one, from
30 to 100 ◦C corresponds to the lowest reduction in weight (less than 7%), and is associated
with the removal of water molecules (dehydration). The highest value of weight reduction
was found during the second step for temperatures ranging from 100 to 500 ◦C and it can
be explained by the oxidation of cellulose and hemicellulose in the peach stone. Finally, the
last part of the curve is expected to correspond to the oxidation of lignin, the most stable
biopolymer in biomass. In the case of the activated carbon, the TG profile is clearly dis-
placed to very significantly higher temperatures due to the previous devolatilization of part
of the organic matter during the activation step at 400 ◦C. Only a negligible mass loss (most
likely associated with the loss of humidity) is obtained below the activation temperature.
Above 500 ◦C, a dramatic mass loss is observed due to the fast combustion of the organic
matter in the carbon structure. It is worth mentioning the high oxidation resistance of this
activated carbon with no significant mass loss up to temperatures close to 500 ◦C. This
is a consequence of the formation of different phosphate groups on the activated carbon
surface that are responsible for this enhancement of the oxidation resistance as confirmed
by previous studies [45,46].

Figure 2. Thermogravimetric analysis of peach stones and AC5_4.5_400_4.5.

Figure 3 shows the morphology of the activated carbon at different resolutions. SEM
images highlighted the presence of many cavities that would allow for faster access to the
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internal porosity of the activated carbon improving the kinetics of the adsorption process.
This morphology is characteristic of activated carbons obtained from biomass precursors,
with high cavities coming from the original structure of the biomass precursor [47,48].
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Besides the morphological and textural properties, the surface charge and functional
groups are significant for the understanding of the adsorption mechanism. Figure 4
represents the evolution of the final pH of the solution versus the initial value for the
activated carbon. The pHPZC of the activated carbon was 4.3 characteristic of an acidic
surface. It is expected that the activation with phosphoric acid resulted in an acidic carbon
surface. Therefore, in aqueous solutions at a pH higher than 4.3, the activated carbon
surface would be charged negatively, while it would be charged positively for a pH lower
than this value. The pKa value of 2,4-D was approximately equal to 2.8, resulting in the
speciation diagram represented in Figure 5a. Consequently, at pH values lower than 2.8, the
2,4-D pesticide molecules are in a molecular state, and therefore no electrostatic interactions
between the positively charged surface of the carbon and 2,4-D molecules are expected [49].
In contrast, at pH values higher than 4.3, a certain electrostatic repulsion would be expected
for the 2,4-D adsorption. In the case of carbofuran, the pKa of this pesticide is 11.9 [50];
therefore, carbofuran is a non-ionic pesticide, without strong acidic or basic functionalities
and it does not dissociate in the solution (except at a very basic pH higher than 11.9, see
speciation diagram in Figure 5b) indicating that no electrostatic interactions would exist
between carbofuran and the activated carbon surface.
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Figure 6 represents the FTIR spectra of the original activated carbon and after its
use in 2,4-D and carbofuran adsorption. The spectrum of the original carbon shows a
limited number of bands. This is expected since the increase in the temperature during
the activation step removes part of the functional groups in the form of volatile matter.
The string band centered at around 3390 cm−1 is associated with the stretching vibrations
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of the O–H bonds, usually due to the presence of surface hydroxyl groups or adsorbed
water molecules. The asymmetry of this band at lower wavenumbers is characteristic of
the presence of strong hydrogen bonds. The broad band at 1570 cm−1 corresponds to C–C
vibrations in aromatic rings. The last broad band at 1161 cm−1 can be ascribed to C–O
stretching in acids, alcohols, phenols, ethers, and/or esters groups [51]. However, it is also
characteristic of phosphorous, and phosphor carbonaceous compounds present in the phos-
phoric acid-activated carbons, such as the stretching vibration of hydrogen-bonded P=O,
to O–C stretching vibrations in P–O–C (aromatic) linkage, and to P=OOH [52]. The band
at around 1700 cm−1 is related to the C=O stretching vibrations of carboxyl or carbonyl
groups, while those at 1430 and 1380 cm−1 are characteristic of the C=C vibrations of the
aromatic rings [53]. The band centered at 1050 cm−1 may be ascribed to the asymmetrical
stretch vibrations of C–O–C groups [54]. In the low wavenumber region, the bands at
870 and 750 cm−1 can be related to the out-of-plane bending of C–H groups in the
aromatic rings [55].
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3.2. Adsorption Isotherms

Figures 7 and 8 represent the adsorption isotherms at three different temperatures
(25, 45, and 65 ◦C) of 2,4-D and carbofuran, respectively. The tests were performed at natural
pH (c.a. 6.0). The isotherms correspond to type L according to Giles classification [56]
characteristics of a strong interaction between the molecules of adsorbate and adsorbent
and weak interaction between the molecules of adsorbates [57]. In this type of adsorption
isotherm, the initial curvature shows that as more sites in the substrate are filled, it becomes
increasingly difficult for the adsorbate molecules to find vacant sites. It can also be observed
that the increase in the adsorption temperature results in an increase in the amounts
adsorbed for both pesticides, suggesting an endothermic character of the adsorption process.
If we compare the adsorption capacities of the two pesticides, it is concluded that those of
2,4-D are significantly higher than the corresponding ones of carbofuran in agreement with
previous studies [5,58]. This can be explained on the basis of donor–acceptor mechanism
between the negatively charged oxygen of the carbonyl groups of 2,4-D molecule (which is
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in anionic state at the natural pH used in the tests, while carbofuran is in molecular form,
see Figure 5) and some surface oxygenated groups of the activated carbon surface.
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The adsorption capacities of both pesticides have been compared with those obtained
in previous studies with different adsorbents. Hameed et al. [10] reported a 2,4-D adsorp-
tion capacity of 238.1 mg·g−1 at 30 ◦C on an activated carbon from KOH chemical activation
of date stones. Lazarotto et al. [59] achieved an adsorption capacity of 250.8 mg·g−1 at
35 ◦C and pH 4 on mushroom-derived activated carbon synthesized by chemical activation
with zinc chloride. Other different studies can be found in the literature, most of them
reporting 2,4-D adsorption capacities significantly lower than those obtained in the current
study (between 350 and 500 mg·g−1, depending on the adsorption temperature). In the
case of carbofuran, Njoku et al. [48] found a maximum adsorption capacity of 198.4 mg·g−1

when using activated carbon from coconuts activated with phosphoric acid. This value is
similar to the adsorption capacity of carbofuran achieved in this work. However, other
authors reported significantly lower adsorption capacities for the same compound. For
example, J.M. Salman et al. reported values of 96.1 mg·g−1 [5] and 137.0 mg·g−1 [60] using
a commercial granular activated carbon and a date seed activated carbon, respectively. The
most plausible explanation for the higher adsorption capacities obtained by our activated
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carbon is related to its high total surface area (close to 1200 m2·g−1), higher than those of
the adsorbents used in the studies.

For the aim of investigating the relationship between equilibrium adsorbate and
adsorbent concentrations, the experimental data were fitted with five empirical models
(with two or three parameters), namely, Langmuir, Freundlich, Sips, Toth, and Redlich–
Peterson. Table 3 shows their non-linear equations with the coefficients of correlation and
the corresponding fitting parameters for both pesticides.

Table 3. Adsorption isotherms modeling for the 2,4-D and carbofuran pesticides.

Models Non-Linear
Expression

Parameters
R2

2,4-D Carbofuran

Langmuir qe =
qL ∗ KL ∗ Ce
1 + KL ∗ Ce

T = 25 ◦C; qL = 417.4 mg/g;
KL = 0.22

T = 25 ◦C; qL = 163 mg/g;
KL = 0.25 0.959 0.985

T = 45 ◦C; qL = 474.7 mg/g;
KL = 0.29

T = 45 ◦C; qL = 207.9 mg/g;
KL = 0.16 0.958 0.987

T = 65 ◦C; qL = 508.8 mg/g;
KL = 0.49

T = 65 ◦C; qL = 296.7 mg/g;
KL = 0.086 0.939 0.987

Freundlich qe = KF ∗ Cn
e

T = 25 ◦C; KF = 140.9 mg/g;
n = 0.25

T = 25 ◦C; KF = 70.2 mg/g;
n = 0.19 0.875 0.909

T = 45 ◦C; KF = 165.5 mg/g;
n = 0.25

T = 45 ◦C; KF = 68.2 mg/g;
n = 0.24 0.887 0.927

T = 65 ◦C; KF = 208.9 mg/g;
n = 0.22

T = 65 ◦C; KF = 60.5 mg/g;
n = 0.34 0.889 0.930

Sips q =
qs ∗ (Ks ∗ Ce)

n

1 + (Ks ∗ Ce)
n

T = 25 ◦C; qs = 117.1 mg/g;
Ks= 2.04 mg/g; n = 0.25

T = 25 ◦C; qs = 62.0 mg/g;
Ks = 1.78 mg/g; n = 0.19 0.995 0.996

T = 45 ◦C; qs = 140.9 mg/g;
Ks = 1.86 mg/g; n = 0.24

T = 45 ◦C; qs = 61.1mg/g;
Ks = 1.47 mg/g; n = 0.24 0.969 0.991

T = 65 ◦C; qs = 178.3 mg/g;
Ks = 2.02 mg/g; n = 0.22

T = 65 ◦C; qs = 55.1 mg/g;
Ks = 1.25 mg/g; n = 0.34 0.940 0.992

Toth
qe =

qt ∗ KT ∗ Ce

[1 + (KT ∗ Ce)
n]

1
n

T =25 ◦C; qT = 377.1 mg/g
KT = 0.118 mg/g; n = 2.39

T = 25 ◦C; qT =153.8 mg/g
KT = 0.16 mg/g; n = 1.67 0.998 0.997

T = 45 ◦C; qT = 438.4 mg/g;
KT = 0.185 mg/g; n = 2.40

T = 45 ◦C; qT = 193.1 mg/g;
KT = 0.107 mg/g; n = 1.61 0.970 0.993

T = 65 ◦C; qT= 515.2 mg/g;
KT = 0.54 mg/g; n = 0.92

T = 65 ◦C; qT = 256.2 mg/g;
KT = 0.06 mg/g; n = 2.20 0.939 0.996

Redlich–
Peterson

qe =
qRP ∗ KRP ∗ Ce

1 + (KRP ∗ Ce)
n

T = 25 ◦C; qRP = 627.0 mg/g;
KRP = 0.10 mg/g; n = 1.22

T = 25 ◦C; qRP = 225.4 mg/g;
KRP = 0.12 mg/g; n = 1.15 0.979 0.997

T = 45 ◦C; qRP = 612.6 mg/g;
KRP = 0.18 mg/g; n = 1.10

T = 45 ◦C; qRP = 276.5 mg/g;
KRP = 0.09 mg/g; n = 1.15 0.965 0.994

T = 65 ◦C; qRP = 523.7 mg/g;
KRP = 0.46 mg/g; n = 1.01

T = 65 ◦C; qRP = 425.9 mg/g;
KRP = 0.04 mg/g; n = 1.27 0.939 0.997

In the case of 2,4-D, Langmuir and Freundlich models presented high deviations
with respect to the experimental data (specially Freundlich), which suggests that the ideal
hypothesis of preferential monolayer coverage and energetic homogeneity of adsorption
sites must be discarded. Toth model is the most adequate for the description of the
experimental data as justified by the highest value of the correlation coefficient, although
any of the three parameter models fit properly the experimental adsorption data. Toth
model is typical of the adsorption of gas or organic compounds [61] and indicates that the
adsorbent surface is heterogenous [62]. In the case of carbofuran adsorption, deviations
were lower than those of 2,4-D, being Toth and Redlich–Peterson models the most suitable
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for the description of the experimental adsorption equilibrium by the activated carbon. As
it is mentioned in the literature [61,62], the Redlich–Peterson model can be used to describe both
heterogeneous and homogeneous systems. Figures 7 and 8 represent the fitting of the 2,4-D and
carbofuran adsorption experimental data (points) to Toth and Redlich–Peterson models (solid
lines), respectively. As can be seen, these models fit the experimental results properly.

3.3. Adsorption Kinetics

Figures 9 and 10 represent the adsorption kinetic curves of 2,4-D and carbofuran at
different temperatures (25, 45, and 65 ◦C), respectively. Adsorption was slow for both
pesticides, requiring around 200 min to achieve equilibrium.
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To understand the adsorption mechanisms and the rate-limiting step, and to identify
the kinetic parameters, numerous models were employed in the literature [5,63,64]. In
the current study, four models were checked, namely, pseudo-first order, pseudo-second
order, Elovich, and intraparticle diffusion. Table 4 summarizes the non-linear form of each
equation with the regression coefficients and the corresponding parameters obtained from
the fitting of the models to the experimental adsorption kinetic data.
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Table 4. Adsorption kinetics modeling for the 2,4-D and carbofuran pesticides.

Model Non-Linear
Expression

Values of the Parameters R2

2,4-D Carbofuran 2,4-D Carbof.

Pseudo
first-order

qt = qe·
(

1 − e−k1t
)

T = 25 ◦C; qe = 271.4 mg/g;
k1 = 0.073

T = 25 ◦C; qe = 134.2 mg/g;
k1 = 0.048 0.969 0.929

T = 45 ◦C; qe = 310.9 mg/g;
k1 = 0.095

T = 45 ◦C; qe = 176.6 mg/g;
k1 = 0.059 0.979 0.988

T = 65 ◦C; qe = 340.7 mg/g;
k1 = 0.112

T = 65 ◦C; qe = 234.9 mg/g;
k1 = 0.058 0.990 0.968

Pseudo
second-order

qt =
k2 · qe

2 · t
1 + k2 · qe · t

T = 25 ◦C; qe = 290.9 mg/g;
k2 = 0.00035

T = 25 ◦C; qe = 149.5 mg/g;
k2 = 0.00039 0.961 0.915

T = 45 ◦C; qe = 330.0 mg/g;
k2 = 0.00043

T = 45 ◦C; qe = 188.7 mg/g;
k2 = 0.00045 0.977 0.988

T = 65 ◦C; qe = 367.3 mg/g;
k2 = 0.00047

T = 65 ◦C; qe = 242.2 mg/g;
k2 = 0.00045 0.980 0.916

Elovich qt =
1
β ·Ln(1 + α·β·t)

T = 25 ◦C; α = 202.7;
β = 0.026

T = 25 ◦C; α = 18.9;
β = 0.036 0.900 0.860

T = 45 ◦C; α = 840.1;
β = 0.027

T = 45 ◦C; α = 62.2;
β = 0.034 0.926 0.941

T = 65 ◦C; α = 822.1;
β = 0.022

T = 65 ◦C; α = 25.4;
β = 0.019 0.936 0.866

Intraparticle
diffusion

qt = Kp ∗
√

t + C

T = 25 ◦C;
Kp = 10.19; C = 110.1

T = 25 ◦C;
Kp = 7.02; C = 32.1 0.618 0.685

T = 45 ◦C
Kp = 10.73; C = 145.5

T = 45 ◦C
Kp = 8.17; C = 57.2 0.577 0.699

T = 65 ◦C
Kp = 18.42; C = 141.3

T = 65 ◦C
Kp = 12.61; C = 49.6 0.588 0.683

According to the results, the pseudo first-order model yielded the best fitting for
both 2,4-D and carbofuran adsorption on the activated carbon. Aksu et al. [64] found
similar results for the adsorption of the 2,4-D on a commercial activated carbon. Meththika
Vithanage et al. [65] confirmed that both pseudo first-order and pseudo second-order
models described properly the kinetics of carbofuran adsorption. The intraparticle diffusion
model does not fit properly with the experimental data (very low values of the correlation
coefficients), suggesting that intraparticle diffusion is not the limiting step for the adsorption
of both pollutants [66].

3.4. Thermodynamics

Temperature is a key parameter in adsorption since the change in temperature can
modify the adsorption process, and consequently, the adsorption uptake. The thermody-
namic parameters, standard free energy (∆G0), standard enthalpy (∆H0), and standard
entropy (∆S0) were calculated for the following equations:

∆G0 = −R·T·ln (KL) (1)

∆G0 = ∆H0 − T·∆S0 (2)

where KL is the Langmuir constant in (L·mol−1) [67], T is the absolute temperature in
kelvins, and R is the gas constant (8.314 J·mol−1·K−1). Table 5 summarizes the values of the
thermodynamic parameters obtained for the adsorption of both pesticides. The negative
values of the standard free energy for both adsorbates are characteristic of spontaneous
processes, as usual in adsorption.
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Table 5. Thermodynamic parameters of the 2,4-D and carbofuran pesticide adsorption.

Pollutant T (◦C) ∆G0 (kJ·mol−1) ∆H0 (kJ·mol−1) ∆S0 (kJ·mol−1·K−1)

2,4-D
25 −26.7

16.9 0.14645 −29.2

65 −32.6

Carbofuran

25 −27.0
−22.4 0.01645 −27.6

65 −27.7

In the case of 2,4-D adsorption, the standard enthalpy is 16.9 kJ·mol−1. The positive
value indicates that the adsorption process of this compound is endothermic, and the
relatively low value is characteristic of predominantly physical adsorption. The standard
entropy is −0.146 kJ·mol−1·K−1. The negative value is indicative of a decrease in the
randomness of the molecules at the solid−liquid interface and a higher ordering of the
2,4-D molecules after being adsorbed on the activated carbon surface, although it should
be considered that the value is very low, and consequently, indeed implies no significant
change in entropy during adsorption. These results agree with other previous reports. In
this sense, Kamaraj et al. [68] reported values of 0.13 kJ·mol−1 and 0.412 kJ·mol−1·K−1 for
standard enthalpy and entropy, respectively, when analyzing the 2,4-D adsorption on metal
hydroxides. A very similar value of the standard enthalpy 15.6 kJ·mol−1 was obtained by
Ding et al. [69] when analyzing the adsorption of 2,4-D on a magnetic ion-exchange resin,
although they reported a low positive value of the standard entropy (0.076 kJ·mol−1·K−1).
In the case of carbofuran, values of −22.4 kJ·mol−1 and 0.016 kJ·mol−1·K−1 were obtained
for the standard enthalpy and entropy, respectively. The negative value of the standard
enthalpy implies an exothermic adsorption process and again predominantly physical ad-
sorption. The value of the standard entropy is very low, suggesting that the adsorption does
not produce significant changes in the ordering of carbofuran molecules. The value of the
standard enthalpy agrees with that reported by Mayakaduwa et al. [70] (−27.85 kJ·mol−1)
for the carbofuran adsorption on an extruded activated carbon. Although, it should
be noticed that this same study obtained positive standard enthalpy values for the ad-
sorption of this same compound on a carbon black and a granular activated carbon
(9.71 and 8.72 kJ·mol−1, respectively).

3.5. Adsorption Mechanism

At the adsorption pH used (c.a. 6.0), the activated carbon surface is negatively charged
(see Figure 4) and 2,4-D and carbofuran molecules are in an anionic and molecular state,
respectively. Considering this, in the case of 2,4-D, some repulsive interaction is expected
between the carbon surface and the pesticide molecules, despite which high 2,4-D adsorp-
tion capacities have been observed. In the case of carbofuran, no significant electrostatic
interaction is expected. This suggests that the adsorption mechanism of both pesticides
is not governed by electrostatic forces. Most likely, a specific interaction between the
oxygenated surface groups of the carbon surface and some groups of the molecules of the
pesticides would take place, in addition to a physical adsorption process as suggested by
the relatively low values of the standard adsorption enthalpies for both pollutants. Figure 6
represents the FTIR spectra of the activated carbon after adsorption of 2,4-D and carbofuran.
In the case of 2,4-D adsorption, a new band is observed at 1474 cm−1 that can be associated
with the corresponding C=C vibration of the aromatic ring of the molecule, confirming
the presence of the component of the carbon surface. However, no additional bands or
significant modifications are observed which support the predominant physisorption of
the 2,4-D molecules. The carbofuran adsorption results in the appearance of bands at 2964,
2920, and 2848 cm−1 related to the stretching vibrations of C–H bonds in the pesticide
molecule. In addition, a broadening and displacement of the stretching vibrations of the



Processes 2024, 12, 238 14 of 17

O–H bonds up to 3416 cm−1 can be observed, which suggest the participation of alcohols,
phenols, and/or carboxylic acid groups in carbofuran adsorption via hydrogen bonding or
dipole interactions [70].

4. Conclusions

The chemical activation of peach stones with phosphoric acid resulted in carbons
with well-developed surface area, obtaining the highest surface area (1182 m2·g−1) with an
impregnation time of 5 h, an impregnation ratio equal to 3.5, an activation temperature of
400 ◦C, and 4.5 h of activation time. This carbon showed promising behavior for the adsorp-
tion of two model pesticides, 2,4-D and carbofuran. Adsorption kinetics confirmed that
2,4-D adsorption follows a pseudo first-order adsorption kinetic model, while carbofuran
adsorption is better described by a pseudo second-order one. Regarding the equilibrium
adsorption, a higher adsorption capacity is obtained for 2,4-D than carbofuran (c.a. 500 and
250 mg·g−1, respectively). The analysis of the thermodynamics and characterization after
use suggest a predominantly physisorption nature of the process. It should be considered
that all the adsorption tests were performed with only one pollutant, future work should
be performed in the evaluation of the performance of these carbon-based adsorbents in
a more complex mixture of pollutants, and in the presence of other components usually
found in natural waters. In addition, fixed-bed adsorption tests can be analyzed in the
future to assess the interest of the proposed adsorbents in real practical applications.
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