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Abstract: The excessive application of agrochemicals has resulted in significant workplace exposure for
agriculturists and environmental interaction for the general public, particularly in communities adjacent to
agricultural zones. Such exposure is associated with detrimental health effects, including mutagenic and cytotoxic
impacts. Agrochemical contamination frequently occurs through water, especially in rural villages where
conventional water treatment systems are not designed to address these specific contaminants. The efficacy of
activated carbon was investigated in this study as an adsorbent for the removal of 2,4-dichlorophenoxyacetic acid
(2,4-D) from contaminated water. The concentration of 2,4-D in water samples was quantified using ultraviolet-
visible (UV-Vis) spectroscopy at a wavelength of 283 nm. Preliminary adsorption experiments identified pH 2 as
the optimal condition for 2,4-D uptake. The adsorption kinetics were best described by the Elovich model, with
an equilibrium time of 480 minutes. Equilibrium studies revealed that three isotherm models—Redlich-Peterson,
Temkin, and Toth—effectively represented the experimental data, with a maximum adsorption capacity of 252.8
mg/g. The findings underscore the potential of activated carbon as a cost-effective and straightforward treatment
method for the removal of 2,4-D from drinking water, particularly in rural areas lacking access to advanced water
treatment infrastructure.
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1. Introduction

2,4-D is a weed control agent that ranks among the extensively used agrochemicals in agriculture. Its broad
application worldwide aims to prevent the growth of unwanted weeds and broadleaf pests, thereby increasing crop
yields for maize, soybeans, rice, wheat, and other crops (Georgin et al., 2021; Orduz et al., 2021; Song, 2014). 2,4-
D was classified by the International Agency for Research on Cancer (IARC) as a group 2B substance (WHO
IARC, 2004), indicating it is possibly carcinogenic to humans. Additionally, Brazil's National Health Surveillance
Agency classified it as extremely toxic (class I) (ANVISA, 2003).

The use of 2,4-D has raised significant environmental concerns, particularly regarding water pollution, due to
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its high aquatic persistence. This persistence poses threats to the health of humans, animals, and plants (Islam et
al., 2018; Salman & Hameed, 2010).

Studies, such as the one conducted by Bressiani et al. (2022), have highlighted the cytotoxic and mutagenic
risks associated with 2,4-D exposure. Centering on Vila Rural Agua Viva, a rural community situated in rural
areas of the Francisco Beltr&o City in the state of Paran& Brazil, those researchers established a correlation between
environmental exposure to this herbicide and mutagenic and cytotoxic alterations in human cells through the
buccal micronucleus cytome test. In this village, water is sourced from an artesian well located near agricultural
areas, with an additional surface water source used for livestock watering and vegetable irrigation. Both water
sources were found to contain traces of 2,4-D.

Herbicides play a crucial role in improving crop yields. In Brazil, 2,4-D is authorized for application during
both pre- and post-emergence stages to manage weeds in various crops, including rice, oats, coffee, sugarcane, rye,
barley, maize, pasture, soybeans, sorghum, and wheat. Vila Rural Agua Viva is surrounded by agricultural lands
primarily devoted to the cultivation of yearly agricultural products, which often rely heavily on the application of
agrochemicals (Bressiani et al., 2022).

Given the health and environmental risks associated with agrochemical contamination, particularly 2,4-D, the
development and implementation of effective water treatment methods are imperative (Georgin et al., 2021).
Conventional water treatment systems employed by sanitation companies are often insufficient to remove these
specific pollutants, underscoring the need for alternative solutions. Adsorption has garnered significant attention
for its operational simplicity, cost-effectiveness, straightforward design, low energy requirements, broad range of
applications, and potential for recycling (Tyagi & Anand, 2024). Adsorption using activated carbon has emerged
as a promising method, owing to its high surface area and porosity (Jawad et al., 2020). Adsorbents derived from
agro-waste are capable of removing organic molecules responsible for taste, odor, and toxicity from wastewater
(Scheufele et al., 2020). Biosorbents can also be employed to remove pharmaceuticals (Alberti et al., 2024;
MdGlenes et al., 2021; Xue et al., 2024; Wang et al., 2024), heavy metals (Hashem et al., 2024; Ren et al., 2022;
Steffen et al., 2015; Suzaki et al., 2023), dyes (Aniagor et al., 2024; Gita et al., 2023; Scheufele et al., 2015),
herbicides (Alberti et al., 2023), and more. Furthermore, activated carbon can be produced from coconut shells, an
abundant agroindustrial waste, offering a sustainable and cost-effective approach (Freitas et al., 2019).

Georgin et al. (2021), Lazarotto et al. (2021), Orduz et al. (2021), and Rambabu et al. (2023) also assessed the
depletion of the 2,4-D via the adsorption process using agroindustrial waste, demonstrating its potential for treating
contaminated water containing this pollutant. Furthermore, due to the nature of this process, the possibility of
implementing water treatment systems in rural villages, operated by local residents, is highlighted. Such an
approach could significantly improve drinking water quality in these areas.

In the context of environmental pollution by agrochemicals like 2,4-D, this study aims to propose an alternative
water treatment solution for human consumption in rural villages supplied by artesian wells. In these regions,
water treatment is typically not conducted by public water supply companies, and specific processes for
agrochemical removal are lacking in water treatment plants across Brazil. As a result, the water treatment systems
in these areas must be low-cost and easy to operate to facilitate implementation directly within the rural
communities. Therefore, this study focuses on investigating the decontamination of water containing 2,4-D
employing activated carbon derived from palm coconut shells, a sustainable adsorbent sourced from agricultural
by-products.

2. Materials and Methods
2.1 Preparation of the 2,4-D Herbicide Solutions

2,4-D (active compound of the herbicide) was obtained from agricultural producers in rural areas of a small
town near Francisco Beltrdo, with a concentration of 806 g L. The solution of 2,4-D prepared for analysis was
obtained by dissolving the active ingredient in Milli-Q water to achieve the desired concentration for each test.

2.2 Adsorption Tests

Granular activated carbon from palm coconut shell (Bahia Carbon brand) was used as the adsorbent. After the
adsorption tests that were carried out in Erlenmeyer flasks of 125 mL adding approximately 0.10 g of adsorptive
material and a volume of 50 mL of the herbicide solution (initial concentration 100 mg/L), the adsorbent (solid
phase) was removed from the solution (liquid phase) using vacuum filtration using a 0.22 pm PVDF membrane.
All adsorption tests were conducted in batch mode and duplicated.

UV-Vis spectroscopy was used to measure 2,4-D concentration. This technique was suitable due to the high
concentrations of the agrochemical in the adsorption tests, which allowed for a more robust, lower-cost analysis
with guaranteed accuracy, as demonstrated in previous studies (Njoku et al., 2015; Rambabu et al., 2023; Salman
& Hameed, 2010). To validate the accuracy of the technique, the concentration values obtained from the HPLC
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calibration curve and those measured using UV-V is spectrophotometry (data not shown) were compared, yielding
consistent results.

2.2.1 Adsorption preliminary tests

Preliminary tests were conducted to determine the pH value that benefits the 2,4-D adsorption for use in the
equilibrium and kinetic tests. For this purpose, tests were performed with initial pH values of 2, 3, 5, and 7 at room
temperature (25<€). The adsorption tests were conducted in batch mode using Erlenmeyer flasks of 125 mL, with
the addition of approximately 0.10 g of adsorptive material and 50 mL of the 2,4-D solution (initial concentration
100 mg/L).

The contents of the Erlenmeyer flask were agitated at 100 rpm for eight hours. Then the samples were filtered
and analyzed using a UV-Vis spectrophotometer at a maximum wavelength of 283 nm. The concentration of the
adsorbed herbicide can be determined using the mass balance, which is represented by Eg. (1).

g = (914 (1)

m

where, q is the adsorbed herbicide concentration (mg g*), C, and C are concentrations in the liquid phase at
the start and the end of the process, respectively, i.e., the times when the contact between the phases begins and
ends (mg L?), V is the volume of the herbicide solution used in each batch experiment (L), and m is the mass
of the adsorptive material used in each run (g).

After the preliminary tests were conducted to define adequate pH conditions, the kinetic tests aimed at
determining the equilibrium time of the process under study and finally equilibrium tests were performed to
identify the isothermal behaviour of the adsorption in equilibrium and enable analyzing features like maximum
adsorption capacity.

2.2.2 Adsorption kinetic tests

To study the kinetics of adsorption, the adsorption tests were performed in batch with a herbicide solution at an
initial concentration of 100 mg L* using a proportion of 0.10 g of adsorptive material in 50 mL of herbicide
solution. The mixture was kept under agitation at 100 rpm and at room temperature (25<€) for contact times of 0,
3, 5, 10, 15, 30, 45, 60, 75, 90, 120, 180, 240, 360, 480, and 1440 minutes. These time points were carefully
selected to ensure a comprehensive understanding of the kinetic profile, capturing the rapid concentration changes
at the beginning of the experiment and the slower variations near equilibrium. After each contact time, the
adsorptive material was separated from the solution by filtration, and the solution concentration was measured by
absorbance at 283 nm.

2.2.3 Adsorption equilibrium tests

For the equilibrium test, herbicide solutions were obtained by diluting the active compound in Milli-Q water at
concentrations ranging from 10 to 800 mg L. These concentration points were carefully selected to provide a
comprehensive understanding of the adsorption equilibrium profile up to the saturation of the adsorbent. The
adsorption tests, conducted to study the adsorption equilibrium, were performed in batch using a proportion of
0.10 g of adsorptive material in 50 mL of herbicide solution. During the tests, the contents of the Erlenmeyer flask
were agitated at 100 rpm and maintained at room temperature (25<€) for eight hours. After each test, the adsorptive
material was separated from the solution by filtration, and the solution concentration was measured by the UV-
Vis spectrophotometer at a wavelength of 283 nm.

3. Results and Discussion
3.1 Adsorption Preliminary Tests

In the present study, the influence of pH on the adsorption of 2,4-D was initially examined. According to Njoku
et al. (2013), the pH of the solution containing the adsorbate plays a crucial role in influencing the adsorption
process. As summarized in Table 1, no substantial difference was observed in the 2,4-D removal capacity values
for the tests performed with initial solution pH values of 2 and 3. Therefore, pH 2 was chosen for further
experiments, as an increase in pH was found to reduce the removal capacity, with the process being favored at
acidic pH values. Rambabu et al. (2023) reported the low pKa value of 2,4-D (2.81), which leads to high mobility
at natural pH levels in its anionic form.
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Table 1. Influence of pH on the 2,4-D uptake, adapted from Bressiani et al. (2023)

Initial pH Initial Concentration (mg L) Final Concentration (mg L) g(mgg?h
2 82.7x10 111+11 35.6 0.6
3 89.7 £1.2 16.1 +0.5 36.5+0.2
5 94421 37.2+6.4 28.4+31
7 95.2 1.2 40.7 204 27.1+0.2

According to Aksu & Kabasakal (2004), Njoku et al. (2013), and Salman & Hameed (2010), pH 2 also favored
the 2,4-D uptake. Under higher pH conditions, 2,4-D dissociates more extensively, remaining in its ionized form
(2,4-dichlorophenoxyacetate ion), which leads to repulsion or dispersion between the 2,4-D ions and the adsorbent
surface, thus decreasing the adsorption efficiency. Furthermore, at high pH, the increased mobility of hydroxyl
ions can compete with the ionized form for active adsorption sites (Diaz-Flores et al., 2006). Salman & Hameed
(2010) suggested that the increase in removal capacity is influenced by the surface properties of the adsorptive
material and the structure of the agrochemicals. Therefore, in an acidic medium, the uptake of the herbicide occurs
more rapidly than in a basic medium.

3.2 Adsorption Kinetic Assays

Subsequently, the adsorption kinetics tests were conducted under the optimal operational conditions determined
from the preliminary pH test (pH 2), with the temperature kept constant at 25<€ and the agitation speed at 100 rpm.
From the kinetic data, it was found that equilibrium was achieved after roughly 480 minutes of interaction between
the adsorptive material and the 2,4-D liquid solution (Figure 1), which was used as the contact time for the other
tests. Among the various kinetic models, the data were evaluated using Elovich, pseudo-first-order and pseudo-
second-order models, as these are the most widely used and well-established models in the literature to describe
adsorption processes. The pseudo-first-order and pseudo-second-order models are particularly popular due to their
simplicity and ability to describe different adsorption behaviors, such as chemisorption and physisorption. The
Elovich model, on the other hand, is often applied to systems with heterogeneous adsorbent surfaces, which may
better capture the multifaceted nature of the adsorption process in this study. The estimated kinetic model
parameters, along with the corresponding model fits to the experimental data, are shown in Table 2 and illustrated
in Figure 1.

In the discussion of the kinetic models, the Elovich model best fitted the experimental data, presenting the
highest coefficient of determination value (0.974). This model is commonly applied to systems where
chemisorption occurs, particularly when adsorption takes place on heterogeneous surfaces. In these systems, the
adsorption rate decreases exponentially as more adsorbate accumulates on the surface. The Elovich equation
accounts for the initial rapid adsorption and the gradual slowing down as the adsorption sites become occupied,
which is characteristic of many adsorption processes.
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Figure 1. 2,4-D kinetic behavior (pH 2, 25<C, agitation of 100 rpm)
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Table 2. Parameters fitted of kinetic models to experimental adsorption data, adapted from Bressiani et al.

(2023)
Kinetic Models Parameters Value of Fit
-1
Pseudo-first-order Ge (mg_lg ) 44.9 2.7
(t) = q.[1 — exp(=k,t)] ki (h™) 0.020 +0.005
q qe p 1 12 0877
Pseudo-second-order de (mg gb) 493 2.4
(t) = qekst ke (g mg*ht) 6.0 10* 15104
A = e ) + 1 r2 0.939
Elovich a 0.093 +0.025
_1 B 7.9+04
q(t) = Eln(l + aft) " 0.974

The applicability of the Elovich model to the 2,4-D adsorption by activated carbon in this study suggests that
the process is controlled by chemical interactions between the adsorptive material and the 2,4-D liquid solution.
Specifically, the bond formed during chemisorption is typically stronger than that in physisorption and may involve
electrostatic forces or even covalent bonding, which can lead to irreversible adsorption (Qiu et al., 2009; Ruthven,
1984). This is in contrast to the pseudo-first-order and pseudo-second-order models, which assume linear
adsorption rates and may not adequately capture the complex interactions present in this system, especially
considering the adsorbent surface non-uniformity.

Thus, the Elovich model is more suitable than the other kinetic models for describing the 2,4-D adsorption by
activated carbon, as it better reflects the chemical nature of the interaction and the dynamics of adsorption on a
heterogeneous surface. This model also indicates that the adsorption process is not simply a diffusion-controlled
or monolayer adsorption mechanism, but rather a more complex process involving chemical binding.

3.3 Adsorption Equilibrium Assays

The equilibrium tests were conducted under the optimal operating conditions obtained from the preliminary pH
test (pH 2), keeping the adsorbent and adsorbate at room temperature (25%€) and maintaining a stirring rate of 100
rpm. Among the various adsorption isotherms, five were selected to fit the 2,4-D adsorption equilibrium data—
namely, Langmuir, Freundlich, Redlich-Peterson, Temkin, and Toth—since these are the most commonly used.
The estimated model parameters and their corresponding fits are shown in Table 3 and Figure 2.
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Figure 2. 2,4-D adsorption equilibrium data (pH 2, 25<C temperature, 100 rpm agitation) and isotherm settings

When evaluating the coefficient of determination, it was found that the Redlich-Peterson, Temkin, and Toth
isotherms had very similar determination coefficient values (namely, 0.986, 0.986, and 0.988, respectively),
indicating that all three isotherms were suitable to represent the experimental data of 2,4-D adsorption on activated
carbon.

The Redlich-Peterson isotherm combines features of either the Langmuir and Freundlich isotherms, making it
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applicable to both homogeneous and heterogeneous systems (Akpa & Unuabonah, 2011; Qiao et al., 2009). About
the Redlich-Peterson isother, one key parameter is g (0.87), which, according to Aksu & Kabasakal (2004),
indicates favorable adsorption when g is between 0 and 1, meaning the occurrence of the 2,4-D removal and the
realization of equilibrium.

The Langmuir isother, which is widely utilized to represent monolayer adsorption on homogeneous surfaces,
showed a saturation capacity (g,,q.) 0f 200.4 mg g*. This saturation capacity (also known as the maximum
adsorption capacity) represents approximately the maximum amount of 2,4-D that can be adsorbed per unit mass
of the adsorbent under ideal conditions. However, the assumption of surface homogeneity inherent to the Langmuir
model may be limiting, as materials like activated carbon typically exhibit highly heterogeneous surfaces, with a
wide distribution of pore sizes and various surface functional groups. The results for the Freundlich isotherm,
which is better suited for heterogeneous systems, indicate a strong interaction between the adsorptive material and
the adsorbed compound.

Table 3. Adjusted parameters of evaluated adsorption isotherms, adapted from Bressiani et al. (2023)

Isotherms Parameters Fitting Value
Langmuir gmax (Mg g1) 200.4 +9.2
_ GmaxbCe b (L mg?) 0.051 +0.008
Qe =77 bC, r2 0.978
Freundlich k(Lg?) 39.0+6.0
_ o1/ n 3.6 +0.4
Ge = kCe r2 0.959
Redlich-Peterson kp (Mg g?) 17.8 £55
Ky Ce amp (Mg™) 0.2+0.1
Qe =17, CF B 0.87 £0.05
Tpe r? 0.986
Temkin B 11402
RT kt(L mg?t 23+17
de = Fln(kTCe) T( rz g ) 3 03986
Toth Qmaxt (Mg ) 252.8 +38.5
qmabeTCe bT (L mg-l) 012 iOOG
Qe =15 (byCymr ) /r nr 0.5+0.1
¢ r 0.988

Based on the outcomes obtained from the Langmuir and Freundlich isotherms, which account for both
homogeneous and heterogeneous behaviors, such as Redlich-Peterson and Toth, presented a better fit to the
equilibrium data. This suggests that the adsorbent possesses adsorption sites with varying energy levels,
highlighting the heterogeneous nature of the activated carbon surface.

Finally, the Temkin isotherm takes into account the interactions between adsorbate and adsorbent material,
suggesting that adsorption energy decreases linearly with increasing surface coverage, which is characteristic of
heterogeneous systems. The good fit of this model (r> = 0.986) reinforces that adsorption on activated carbon is
influenced by a combination of factors, including surface heterogeneity and chemical interactions.

The Temkin model considers indirect adsorbate molecule interactions and the decrease in adsorption heat as the
adsorbate removal rate increases. Moreover, this model suggests that adsorption is characterized by an
homogeneous distribution of binding energies (Ayawei et al., 2017; Daneshvar et al., 2012).

The Toth isotherm is a modification of the Langmuir model, aimed at minimizing the discrepancies between
experimental and predicted values. It considers adsorption on a heterogeneous surface (Rangabhashiyam et al.,
2014).

Both the Toth and Langmuir isotherms define the maximum adsorption capacity ( ¢max aNd Gmaxr
respectively). According to Oliveira et al. (2018), this parameter reflects the number of non-occupied sites on the
adsorbent and represents the full saturation of the adsorptive material surface. Based on the Toth isotherm fitting
to the experimental data, the saturation capacity of 2,4-D was determined to be 252.8 mg g*, while the Langmuir
isotherm resulted in 200.4 mg g*.

The second parameter represents the affinity coefficient between the adsorptive material and the adsorbed
compound, determined from the Toth (b;) and Langmuir (b) isotherms. The higher the affinity coefficient value,
the stronger the affinity. The affinity coefficient values obtained were 0.124 L mg* for the Toth isotherm and
0.051 L mg* for the Langmuir isotherm.

Georgin et al. (2021) evaluated the 2,4-D removal using chalice generated from the production of Physalis
peruviana fruit chemically treated with acid. The study also determined the optimal conditions for the 2,4-D
adsorption at pH 2, with the pseudo-second-order model offering the best quality on the representation of kinetic
data. The maximum adsorption capacities observed in their study were 244 and 320 mg g™ for the Langmuir and
Toth models, respectively, which are similar to the findings of this study.
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Overall, the results of this study highlight the importance of developing affordable and easy-to-implement water
treatment methods, particularly for rural communities like Vila Rural Agua Viva. In this context, the results for
the removal of the 2,4-D agrochemical using activated carbon are promising, with a removal capacity of
approximately 250 mg g%, according to the Toth model (r? = 0.988), indicating that equilibrium was achieved after
eight hours of contact in a batch experiment.

4, Conclusions

The adsorption process proved to be an efficient method for treating water contaminated with the 2,4-D
agrochemical. The Elovich adsorption kinetic model was identified as the best representation of the uptake Kinetics,
with equilibrium achieved in approximately 480 minutes. Equilibrium studies revealed that three isotherm
models—Redlich-Peterson, Temkin, and Toth—effectively described the experimental data, with the Toth model
predicting a saturation capacity of 252.8 mg/g. This study highlights the importance of treating drinking water
contaminated with agrochemicals and proposes a low-cost, user-friendly method applicable in rural communities.
These findings offer a practical solution to improve water quality in areas lacking advanced water treatment
infrastructure.

This study primarily focused on evaluating the adsorption performance under specific conditions. However, key
factors, such as the influence of temperature on the removal process behavior and the quantification of parameters
like thermodynamic ones, were not investigated. Future studies should focus on these aspects to provide a more
thorough understanding of the adsorption process. Moreover, experiments using actual rural water samples are
essential to evaluate the method’s practical effectiveness and uncover potential limitations in real-world scenarios.
Another weakness of this study is the absence of practical application guidelines. Implementing the findings in
real-world settings would require a well-designed adsorption column system, with provisions for easy adsorbent
replacement. However, this demands careful planning and further studies to optimize operational conditions and
system scalability.
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