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Abstract: The extensive use of 2,4-dichlorophenoxyacetic acid (2,4-D) pesticide leads to the contam-
ination of surfaces and groundwater. In this respect, it is critical to develop an inexpensive and
environmentally friendly adsorbent for 2,4-D-laden agricultural leachate. In the current study, termite
mound soil (TMS) from Ethiopia was used as an adsorbent in a batch mode aimed at the removal of
2,4-D from an aqueous solution. The TMS was characterized using Brunauer–Emmett–Teller (BET),
Fourier-transform infrared (FTIR), scanning electron microscopy (SEM), atomic absorption spectrom-
etry (AAS), and X-ray diffraction (XRD) techniques. The effects of various operating parameters
such as pH, contact time, adsorbent dose, and initial concentration were investigated. In addition,
the optimization process and interaction effect were studied using response surface methodology
(RSM). A high 2,4-D removal percentage (89.6%) was achieved for a 2,4-D initial concentration of
50.25 mg/L at pH 2, an adsorbent dose of 15.25 g/L, and a contact time of 180.5 min. The 2,4-D
adsorption isotherms could be adequately described by the Langmuir model (R2 = 0.9687), while
the kinetics of the 2,4-D adsorption on the TMS best fit the pseudo-second-order model. Overall the
study showed that TMS is an effective adsorbent for the removal of 2,4-D from agricultural leachate.

Keywords: agricultural leachate; 2,4-D; termite mound soil; adsorptive removal

1. Introduction

Biological creatures, such as weeds, insects, and rodents, can be killed by a wide range
of compounds known as pesticides [1]. Chemical pesticides have been used in agriculture
for decades to lower crop loss and fulfill the rising global food demand. According to [2],
almost one-third of farm products are produced using chemical pesticides. Pesticides
include a variety of substances, such as insecticides, fungicides, herbicides, rodenticides,
molluscicides, nematicides, plant growth regulators, and others. Of these, 2,4-D is the
most widely used herbicide due to its low cost, selectivity, efficiency, and wide range of
weed control [2,3]. However, because of its high water solubility, acidic characteristics,
and mobility, it has become a serious problem for soil and groundwater contamination [4].
It recommends a maximum of 10 mg/L in leachates from soils and wastes since it has
a serious, detrimental effect on the environment [5]. Surfaces and groundwater have
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become contaminated due to the widespread usage of 2,4-D [6], which denotes a serious
environmental issue and health risk [2,7].

Therefore, it is crucial and significant to create a technology that removes 2,4-D her-
bicides effectively. Several methods include electrochemical oxidation, catalytic reactions
(oxidation and ozonation), Fenton degradation, photocatalytic degradation, and bioremedi-
ation [6,8]. Electrochemical treatment results in the complete mineralization of the 2,4-D
pollutant in a short period of time. However, these technologies are expensive, and due to
the non-selective process, toxic byproducts can be created [9]. Likewise, catalytic reactions
(oxidation and ozonation) can totally destroy 2,4-D, but they demand a large amount of
energy and have a relatively short useful life for the degrading agent (hydrogen peroxide
or ozone). This makes it more difficult to apply the processes on a wide scale [9]. Due to
the metallic oxidation states, such as Fe (III) and Fe (III) (OH)2+, Fenton is able to degrade
the 2,4-D anion in as little as 40 min. However, this requires pH adjustment before using
the catalyst in situ, and maintaining the operational conditions, such as pH and catalyst
synthesis, is expensive [10].

The photocatalytic degradation process and operating conditions are simple, making
it easy to use. In comparison to most other processes, the photocatalytic reaction takes less
time. The removal percentage is also high. However, the practical use of this technique
is hampered by the necessity of a very potent UV light source and a catalyst with high
activity [9]. On the other hand, bioremediation, which uses naturally occurring biological
activity to decontaminate 2,4-D, is secure, relatively low-cost, and generally well-accepted
by the general public. However, the time scales involved are relatively long and, during
the biotransformation process, intermediates are formed, which can sometimes be more
toxic than the parent [11]. Due to the drawbacks of the above-discussed technologies,
adsorption using low-cost, locally available materials, with easy operation and design,
has been considered highly efficient and well-accepted for the 2,4-D removal process by
researchers in recent years [7,8,12]. The adsorbents used to remove pesticides include clays,
polymeric materials, synthetic and commercial activated carbons, as well as agricultural
and industrial waste [13]. Some of the adsorbents mentioned above (activated carbons) are
costly to manufacture and regenerate, while others are difficult to obtain in bulk, which has
occasionally limited their utilization [14].

Hence, studies have been going on to explore simple, low-cost, efficient, and socially
acceptable methods for the effective removal of pesticides from agricultural leachate. In
this context, TMS, which is abundant in Ethiopia, could be a good addition to enhance the
remediation of 2,4-D from agricultural leachate. TMS is found frequently and abundantly
in the farmland of Ethiopia. There are 12 mounds, on average, per hectare, and the average
mound soil mass is calculated to be 58.9 tons [15]. Minerals and soil nutrients (phosphorus,
sulfur, and organic matter) have been shown to be more abundant in termite mound soil
than in nearby soil [16], and TMS are also hotspots for bacterial concentration. Native
microorganisms utilize the phosphorus in the TMS for cell expansion, which increases their
activity to break down pesticides. Moreover, the surface characteristics and mineralogical
composition of TMS could position it as an excellent adsorbent [17].

However, the adsorption of 2,4-D herbicide from agricultural leachate by TMS has
not been reported yet. Particularly, the process parameters for 2,4-D removal by TMS have
not been optimized. Response surface methodology (RSM) has been used to optimize
procedures and product design by combining statistical design and numerical optimization
techniques [18]. The main advantages of this method are reducing the number of experi-
mental trials and calculating the complex interaction between the independent variables,
analysis, and optimization, as well as the improvement of the existing design [19]. To
the best of our knowledge, no information exists with respect to the adsorption capacity
of TMS for the removal of 2,4-D from agricultural leachate using RSM. Therefore, the
current study’s primary objective was to explore the effectiveness of TMS in removing
2,4-D from agricultural leachate by optimizing process factors such as pH, adsorbent (TMS)
dose, initial 2,4-D concentration, and contact time using response surface methodology.
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Moreover, the adsorption isotherm and adsorption kinetics of 2,4-D adsorption on the TMS
were investigated.

2. Materials and Methods
2.1. Adsorbent Preparation

Six different termite mound soil samples were collected from Meki town, East Shewa
zone, Oromia region, Ethiopia. The samplings were done from the top, middle, and
bottom parts of the parent soil, and then mixed in equal proportions. Dust and other tiny
particles from the TMS sample were thoroughly and repeatedly washed away prior to the
sorption experiment. The moist sample was then dried for 1440 min at a temperature of
105 ◦C [20]. Finally, the ground and sieved (0.075 mm) sample was kept in a desiccator
until the experiment began to prevent moisture absorption.

2.2. Adsorbent Characterization

The oxide and elemental (Ni, Pb, and Cd) compositions of the TMS were analyzed
using an atomic absorption spectrometer (AAS) and flame atomic absorption spectroscopy
(FAAS), respectively. The total carbon, total nitrogen, and total sulfur contents were
analyzed in a soil sample using ES ISO 14,235 (2015), ES ISO 11,261 (2015) (Kjeldahl), and
the turbidimetric procedure ISO 11,466 (1995), respectively. Using a pH meter with a
combination of gel-filled glass electrodes, the pH of the adsorbent in water (soil-to-solution
ratio: 1:2.5) was determined [20]. Techniques that entailed adding salt were used to find the
point of zero charge [21]. In this method, the sample (0.2 g) and 0.1 MNaNO3 (40 mL) were
mixed in 10 vessels. The pH was adjusted to an initial pH of 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12
using 0.1 M HNO3 and 0.1 M NaOH. Then, the beaker was shaken for 24 h on an orbital
shaker at 150 rpm. Each resulting pH was measured after settling, and the gap between the
initial and final pH values (∆pH) was displayed, taking the pzc value as the point where
∆pH = 0 [21].

Using a surface area analyzer (SA-9600 Horiba), the surface area of the TMS was
calculated based on the nitrogen gas isotherms of adsorption and desorption at a 700 mm
atmospheric pressure [22]. The surface morphology of the adsorbent was investigated by
applying scanning electron microscopy (SEM). The SEM INSPECTIF 50 machine was used
for the analysis, with a beam size of 7 and 10, and 3000 and 9000× magnifications [22].
The functional group on the surface of the TMS was examined using the FTIR spectropho-
tometer, which was scanned in the 400–4000 cm−1 range [23]. The TMS was investigated
utilizing an X-ray diffractometer model (XRD-7000, Shimadzu Corporation, Japan) with a
range of 10–90 (2θ) for characterizing the crystal structure and mineral content.

2.3. Sorption Experiment

The batch sorption experiment [24] was carried out using a synthetic aqueous solution
that contained 2,4-D. In order to create the 2,4-D-containing synthetic solution, 1.0 g of 2,4-D
(powder, technical grade) was dissolved in 1 L of distilled water to achieve a 1000 mg/L
concentration. This aqueous solution has then undergone the proper dilutions to achieve
the required concentrations. A ceramic magnetic stirrer (JIJE LAB GLASS) was used to
stir a solution containing a known amount of 2,4-D and the necessary amount of TMS at
250 revolutions per minute. The remaining 2,4-D concentration was then calculated using
an Agilent Cary 60 UV/Visible spectrophotometer at 282 nm after the liquids were spun at
3500 rpm for 15 min [3]. The difference between the concentrations of the beginning and
final solutions was used to calculate the quantity of 2,4-D adsorbed on the TMS.

2.3.1. Effect of Contact Time

A quantity of 15.25 g/L of the TMS sample was weighed into a centrifuge tube. The
addition of the solution containing 50.25 mg/L 2,4-D was followed by a measurement of
the effect of the contact time by adjusting the agitation duration from 0 to 360 min while
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maintaining the other parameters constant. The adsorption capacity (qt) and removal
percentages (A%) were computed using Equations (1) and (2), respectively [25].

qt =

(
C0 − Ct

M

)
× V (1)

A% =

(
C0 − Ct

C0

)
× 100 (2)

where Ct (mg/L) is the concentration of 2,4-D in the aqueous phase at any time, t; qt (mg/g)
is the quantity of 2,4-D adsorbed at any time, t (min); A (%) is the percentage of 2,4-D
removed; C0 (mg/L) is the initial 2,4-D concentration; V (L) is the volume of the aqueous
solution; and M (g) is the mass of adsorbents used in the experiment.

2.3.2. Effect of pH

By allowing 15.25 g/L TMS to adsorb 50.25 mg/L 2,4-D in the aqueous solution while
maintaining the other parameters constant, the influence of the solution pH was examined.

2.3.3. Effect of TMS Dose

By changing the amount of TMS from 0.5 g/L to 30 g/L, while maintaining the same
values for the other parameters, the impact of the adsorbent dosage on the removal of 2,4-D
was investigated.

2.3.4. Effect of 2,4-D Concentration

By changing the concentration of 2,4-D from 0.5 mg/L to 100 mg/L, while holding the
other variables constant, the initial concentration effect was assessed.

2.4. Adsorption Kinetics

The adsorption kinetics were analyzed using the pseudo-first-order, pseudo-second-
order, and intraparticle diffusion models, which are represented by Equations (3–5), respec-
tively [26].

ln
(
qe − qt

)
= lnqe − Kt (3)

t
qt

=
1

K2qe2
+

t
qe

(4)

qt = kpt1/2 + C (5)

where qe is the equilibrium mass of adsorbed 2,4-D (mg/g); qt is the adsorption quantity at
time t (mg/g); K (min_1) is the first-order rate constant; K2 (g/(mg.min)) is the second-order
rate constant; Kp (mg/(g.min0.5)) is the intraparticle rate diffusion constant; and C (mg/g)
is the intraparticle diffusion model’s intercept.

2.5. Adsorption Isotherm

The Langmuir model Equations (6) and (7), and the Freundlich model Equations (8) and (9),
respectively, were used to fit the adsorption data [27].

qe =
qmaxbCe

1 + bCe
(6)

The constants in the Langmuir isotherms were obtained by plotting 1/qe vs. 1/Ce and
using the equation above, which is now written as:

Ce

qe
=

1
qmaxb

+
Ce

qmax
(7)

The Langmuir constant (b) and the maximum adsorption capacity (qmax) of the adsor-
bent (mg/g) were calculated using the slope and intercept of the line that was obtained
from the plot of 1/qe versus 1/Ce.
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Where qe is the quantity of 2,4-D sorbed at equilibrium per unit mass of adsor-
bents (mg/g), Ce is the concentration of 2,4-D in the liquid phase (mg/L).

qe =KfCe1/n (8)

The constants in the Freundlich isotherms were found by graphing log qe vs.log Ce
and using the preceding equation, which is now written as:

logqe=logKf +1/n logCe
(9)

where 1/n is a dimensionless parameter known as the adsorption constant, and Kf is the
Freundlich coefficient.

2.6. Response Surface Modeling and Experimental Design

The optimal conditions for the adsorption of 2,4-D by the TMS adsorbent were discov-
ered using a central composite design (CCD) under RSM. Using four different variables
as inputs, optimization experiments were conducted (pH, contact time, adsorbent dose,
and initial concentration of 2,4-D). Design–Expert software version 13 (Stat-Ease Inc., Min-
neapolis, MN, USA) was used to construct the mathematical model. In a half-factorial
CCD design which produced 21 tests, each factor was examined. Table 1 provides the
components and levels.

Table 1. Factors and levels designed to remove 2,4-D in percentage.

Name (Factor) Units Low (−) Middle (0) High (+) −α +α

pH (A) 2 5.5 9 1.5 12.5
Contact time (B) Minute 1 180.5 360 121.4 482.4

Adsorbent dose (C) g/L 0.5 15.25 30 9.6 40.1
Initial 2,4-D concentration (D) mg/L 0.5 50.25 100 33.4 133.9

Equation (10) [28] represents the quadratic equation model for estimating the optimal.

Y = β0 + ∑k
i=1 βiXi + ∑k

i=1 βiiX
2
i + ∑k−1

i=1 ∑k
j=i+1 βijXiXj + ε (10)

where Y is the response; β0 is the constant coefficient; βi, βii, and βij are the coefficients for
the linear, quadratic, and interaction effects, respectively; Xi and Xj are the factors; and ε is
the error.

3. Results and Discussion
3.1. Adsorbent Characterization
3.1.1. Chemical Composition

Table 2 lists the chemical components of the TMS. High levels of silicon, aluminum,
and iron oxides make up 76.79 wt% of the mixture. The combined total carbon and total
nitrogen value of the sample was 2.43 weight percent. The TMS also contains K2O, CaO,
and P2O5, which function as soil micronutrients [8].

Table 2. Chemical composition of TMS.

Content (%) Value

SiO2 60.36
Al2O3 10.25
Fe2O3 6.18
TiO2 0.31
MgO 1.06
Na2O 1.68
K2O 2.74
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Table 2. Cont.

Content (%) Value

CaO 2.34
MnO 0.12
P2O5 0.33
SO3 <0.01
LOI 8.38

Total C 2.3
Total S ND
Total N 0.13

Pb ND
Ni ND
Cd ND

ND: Indicates not detected.

3.1.2. Point of Zero Charge (pHpzc)

The pH point of zero charge (pHpzc) of adsorbents is the pH level at which the overall
charge of the entire particle surface equals zero [22]. As seen in the following, Figure 1, the
TMS adsorbent’s pHpzc was 7.5. As a result, it is anticipated that cationic pollutants will
adsorb at pH levels greater than 7.5, while anionic pollutants can absorb at pH levels lower
than 7.5. At pH 2, the TMS surface becomes positive. As a result, the pHpzc value supports
the experimental results of 2,4-D adsorption, making the adsorbent vulnerable to 2,4-D
adsorption through electrostatic attraction.
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Figure 1. TMS adsorbent’s point of zero charge (pHpzc).

3.1.3. Specific Surface Area

The BET surface area of the TMS with particle sizes less than 0.075 mm was 28.5 m2/g;
28.4 m2/g was the prior study report for TMS [25].

3.1.4. SEM Examination

Prior to and following the adsorption, the TMS underwent SEM examination (Figure 2).
The adsorption of 2,4-D on the surface of the TMS was demonstrated by the smoothing-out
and filling-in of the pores and surface caves of the soil, as illustrated in Figure 2.



Water 2023, 15, 327 7 of 18

Water 2023, 15, x FOR PEER REVIEW 7 of 21 
 

 

Prior to and following the adsorption, the TMS underwent SEM examination (Figure 
2). The adsorption of 2,4-D on the surface of the TMS was demonstrated by the smooth-
ing-out and filling-in of the pores and surface caves of the soil, as illustrated in Figure 2. 

  
(A) (B) 

Figure 2. TMS’s surface morphology (A) prior to adsorption and (B) following adsorption. 

3.1.5. FTIR Analysis 
It is possible to identify the surface functional groups of adsorbents using Fouri-

er-transform infrared spectroscopy [29]. Figure 3 displays the TMS FTIR spectra before 
and after adsorption. The bands at 1019 (Si-O stretching) show where substantial ab-
sorption occurs, in the range of 800–1200 cm−1 [30]. The Si-O-Si bond’s tetrahedral bend-
ing vibration is attributed to the medium bands at 794 cm−1 and 463 cm−1; this peak is 
typical of crystalline quartz [31]. The Si-O and Al-OH, two of the primary functional 
groups, were seen to vibrate in the 1000–500 cm−1 range. Figure 3 displays the 2,4-D 
spectra that have been adsorbed on the TMS (after adsorption), which clearly demon-
strates the loss of peaks at 1452 cm−1 and the formation of new bands at 1645 cm−1. Due to 
2,4-D’s transfer of electrons to the TMS surface, the peak has shifted. The existence of 
2,4-D in the anionic form is confirmed by these new bands, which are caused by the 2,4-D 
anion’s C=O vibration. 

 

4000 3500 3000 2500 2000 1500 1000 500

Tr
an

sm
ita

nc
e 

(%
)

Wavenumber (cm−1)

 A
B

463

794

1019

1452

432

779
1006

1645

Figure 2. TMS’s surface morphology (A) prior to adsorption and (B) following adsorption.

3.1.5. FTIR Analysis

It is possible to identify the surface functional groups of adsorbents using Fourier-
transform infrared spectroscopy [29]. Figure 3 displays the TMS FTIR spectra before and
after adsorption. The bands at 1019 (Si-O stretching) show where substantial absorption
occurs, in the range of 800–1200 cm−1 [30]. The Si-O-Si bond’s tetrahedral bending vibration
is attributed to the medium bands at 794 cm−1 and 463 cm−1; this peak is typical of
crystalline quartz [31]. The Si-O and Al-OH, two of the primary functional groups, were
seen to vibrate in the 1000–500 cm−1 range. Figure 3 displays the 2,4-D spectra that have
been adsorbed on the TMS (after adsorption), which clearly demonstrates the loss of peaks
at 1452 cm−1 and the formation of new bands at 1645 cm−1. Due to 2,4-D’s transfer of
electrons to the TMS surface, the peak has shifted. The existence of 2,4-D in the anionic form
is confirmed by these new bands, which are caused by the 2,4-D anion’s C=O vibration.
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3.1.6. XRD Analysis

Figure 4 shows the TMS diffraction structure. The notable diffraction peak and corre-
sponding angles are 12.45 (kaolinite), 20 (opal), 23.7 (hematite), 26.8 (quartz), 27.7 (feldspar),
29.7 (kaolinite), 35 (goethite), 47 (quartz), and 50 (calcite) found in the TMS [22,32]. From
Figure 4, it can be concluded that the predominant element is quartz (SiO2). This confirms
the previous AAS result in Table 2.
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3.2. 2,4-D Sorption
3.2.1. Effect of pH

The effect of pH on 2,4-D removal by the TMS is graphically represented in Figure 5.
Figure 5 demonstrates that the highest 2,4-D adsorption capacity (qe) and the percentage of
2,4-D removal (A%) by the TMS were observed at pH 2, which were 2.9 mg/g and 88%,
respectively. The percentage of 2,4-D removal decreased significantly from 88 to 27%, as the
solution pH increased from 2 to 9. The reduced adsorption at the basic pH is thought to be
caused by the pesticide and adsorbent surfaces repelling one another [33]. The results are
in line with those of a previous study [34], in which they discovered that the 2,4-D removal
decreased when the pH increased from 2 to 7.5.

Water 2023, 15, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 5. Effect of pH on 2,4-D percentage removal (A%) and adsorption capacity (qe). The error 
bars show the standard deviation for three different sample runs. 

3.2.2. Effect of TMS Dose 
The influence of the adsorbent dose on the removal of 2,4-D was examined by in-

creasing the amount of TMS from 0.5 g/L to 30 g/L while maintaining the concentration of 
2,4-D at 50.25 mg/L. The percentage of 2,4-D removal and the adsorption capacity at dif-
ferent TMS dosages are shown in Figure 6. According to the findings, the adsorption 
capacity decreased from 44.2 to 1.01 mg/g with the increase in adsorbent dose from 0.5 to 
30 g/L. The 2,4-D molecule had not completely covered the active sites of the TMS, and 
this was the main reason for the decrease in the adsorptive capacity value [12]. However, 
the percentage of 2,4-D removal increased rapidly from 44 to 80% as the adsorbent dose 
increased from 0.5 to 15.25 g/L, and, after 15.25 g/L, the percentage of removal decreased. 
As a result, 15.25 g/L was the TMS dose in this trial that gave the maximum 2,4-D re-
moval percentage. Similar findings have been reported in previous studies [35,36]. 

2 3 4 5 6 7 8 9
20

30

40

50

60

70

80

90

 A%
 qe

pH

2,
4-

D
 a

ds
or

be
d(

A
%

)

0.5

1.0

1.5

2.0

2.5

3.0

q e
(m

g/
g)

)
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show the standard deviation for three different sample runs.
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3.2.2. Effect of TMS Dose

The influence of the adsorbent dose on the removal of 2,4-D was examined by in-
creasing the amount of TMS from 0.5 g/L to 30 g/L while maintaining the concentration
of 2,4-D at 50.25 mg/L. The percentage of 2,4-D removal and the adsorption capacity at
different TMS dosages are shown in Figure 6. According to the findings, the adsorption
capacity decreased from 44.2 to 1.01 mg/g with the increase in adsorbent dose from 0.5 to
30 g/L. The 2,4-D molecule had not completely covered the active sites of the TMS, and
this was the main reason for the decrease in the adsorptive capacity value [12]. However,
the percentage of 2,4-D removal increased rapidly from 44 to 80% as the adsorbent dose
increased from 0.5 to 15.25 g/L, and, after 15.25 g/L, the percentage of removal decreased.
As a result, 15.25 g/L was the TMS dose in this trial that gave the maximum 2,4-D removal
percentage. Similar findings have been reported in previous studies [35,36].
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Figure 6. Effect of TMS dose on 2,4-D percentage removal (A%) and adsorption capacity (qe). The
standard deviation for three different sample runs is shown by the error bars.

3.2.3. Effect of 2,4-D Initial Concentration

By changing the concentration from 0.5 mg/L to 100 mg/L while keeping the other
parameters constant, the impact of the 2,4-D initial concentration on its removal was
evaluated. Figure 7 shows the 2,4-D adsorption capacity and the percentage of 2,4-D
removal at various 2,4-D initial concentrations. The percentage of 2,4-D removal decreased
from 80 to 22% with the rise in the 2,4-D initial concentration from 0.5 to 100 mg/L.
This reduction could be the result of the 2,4-D saturating the available active sites on the
TMS [37]. The adsorption capacity rose from 0.03 to 1.78 mg/g with the rise in 2,4-D initial
concentration from 0.5 to 80 mg/L; with a further increase to 100 mg/L, it dropped to
1.44 mg/g. The increase in adsorption capacity may be due to the utilization of all the
available active sites for adsorption at higher 2,4-D concentrations, a larger mass transfer of
driving force, as well as a rise in the number of collisions between the 2,4-D molecules and
the TMS [37,38]. In earlier investigations, Ref. [13], the 2,4-D removal results were similar
when bagasse fly ash was used as an adsorbent.
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Figure 7. Effect of 2,4-D initial concentration on 2,4-D percentage removal (A%) and adsorption
capacity (qe). For three different sample runs, the error bars show the standard deviation.

3.2.4. Effect of Contact Time

The results of a study on the effect of time on 2,4-D adsorption by TMS are depicted
graphically in Figure 8. The results show that the 2,4-D percentage removal rapidly
increased from 0 to 80% when the contact time increased from 0 to 180 min. After 180 min
of equilibration, its rate becomes constant. The equilibrium contact time showed a very
quick reaction as compared to other findings, such as 240 min [39] and 4 days [40], for
activated carbon generated from date stones and granular activated carbon, respectively.
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3.2.5. Adsorption Kinetics

The 2,4-D adsorption on TMS is explained by the pseudo-first-order, pseudo-second-
order, and intraparticle diffusion theories (Table 3). As demonstrated in Table 3 and Figure 9,
the pseudo-second-order kinetic model fit the adsorption kinetic data with a 0.99 correlation
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coefficient, and the computed adsorption capacity (qe,cal) and experimental adsorption
capacity were similar (qe,exp). The rate constant, K2, dropped from 0.63 to 0.103 with an
increased starting concentration, suggesting that 2,4-D adsorption was proceeding more
quickly [25]. Table 3 demonstrates that greater concentrations had a higher diffusion rate
(Kp) value than lower concentrations, indicating that higher concentrations had a faster
diffusion rate than lower concentrations [41].

Table 3. Pseudo-first-order, pseudo-second-order, and intraparticle diffusion characteristics of 2,4-D
adsorption on TMS.

Model Parameters
2,4-D Concentration (mg/L)

20 50.25

Pseudo-first -order qe,exp (mg/g) 0.92 2.64
K1 (min−1) −1.71 −2.3

qe,cal (mg/g) 0.92 0.36
R2 0.53 0.35

Pseudo-second-order K2 g/(mg.min) 0.63 0.103
qe,cal (mg/g) 0.87 2.62

R2 0.99 0.99
Intraparticle diffusion Kp mg/(g.min0.5) 0.043 0.128

C (mg/g) 0.214 0.631
R2 0.73 0.75
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3.2.6. Adsorption Isotherm

The Freundlich and Langmuir models were used to examine the equilibrium data.
The Langmuir isotherm predicts a monolayer adsorption process over the homogeneous
surface sites, whereas the Freundlich isotherm predicts multilayer adsorption of a solution
on the heterogeneous surface sites of a solid [42]. The equilibrium 2,4-D adsorption
isotherm plots are graphically displayed in Figures 10 and 11, and the equilibrium constant
values calculated using the isotherm models are provided in Table 4. The value of the
determination coefficients (R2 > 0.9687) was proved using the Langmuir isotherm. The 2,4-D
adsorption on the TMS equilibrium data is thus better described by the Langmuir isotherm
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model. By analyzing the key elements of the Langmuir isotherm, which are denoted by
a dimensionless constant separation factor, RL, and calculated by RL = 1/(1 + bC0), it is
possible to determine the type of the adsorption isotherm [43], where b (L/mg) is the
Langmuir constant and C0 (mg/L) is the initial 2,4-D concentration (Table 5). The value
of RL demonstrates that the adsorption process is unfavorable if RL > 1, linear if RL = 1,
favorable if 0 < RL < 1, and irreversible if RL = 0. Therefore, the obtained value of RL (0.25),
which is within the range of 0–1, shows the favorable equilibrium adsorption of 2,4-D on
the TMS [43].
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Table 4. Isotherm variables for 2,4-D adsorption on TMS.

Isotherm/Models Freundlich Constants Langmuir Constants

Variables 1/n K R2 qmax (mg/g) KL (L/mg) RL R2

Values −0.23 3.47 0.8164 22.78 0.06 0.25 0.9687
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Table 5. Comparison of 2,4-D Langmuir adsorption capacities of different adsorbents.

Adsorbent Adsorption Capacity (mg/g) References

Rice husk ash 1.4 [35]
Activated carbon from corncob 95.26 [13]

Mustard plant ash 0.76 [44]
Bentonite clay 136.14 [45]

Granular activated carbon 0.688 [46]
Cladium mariscus 65.58 [7]

Bagasse fly ash 5.63 [37]
Termite mound soil 22.78 This study

3.3. Central Composite Design (CCD)

The traditional “one-at-a-time” method of optimization is time-consuming and im-
practical for achieving the genuine optimum state, due to poor interaction between the fac-
tors [47]. This is why the combined influence of the factors on the response was optimized
and examined using CCD under RSM. Table 6 displays an experimental measurement for
the percentage of 2,4-D removed from agricultural leachate. At a contact time of 180.5 min,
pH 2, and an adsorbent dose of 15.25 g, 89.6% of the adsorptive removal was recorded,
while at a contact time of 360 min, pH 9, and 0.5 g of adsorbent dosage, 25% of the removal
was discovered. Table 7 provides the 2,4-D removal ANOVA. All the individual factors
and their combinations demonstrated statistically significant beneficial effects on 2,4-D
adsorption, as shown by the influence factors shown in the ANOVA (Table 6). The model’s
F value was 152.76 and its p-value was less than 0.05, which suggests that the model is
significant, according to the findings of the Design–Expert 13 test. If a model’s p-value
(significance probability value) is less than 0.05, it is deemed significant. The coefficient of
determination (R2 = 0.9972) and the adjusted R2 (0.9907) are in close agreement with the
predicted R2 (0.8836) value. According to the p-values in Table 7, the linear terms A, B, C,
and D, and their interactions AB, AC, AD, BD, and CD, as well as the quadratic terms A2,
B2, C2, and D2, are significant model terms. Figure 12 displays the actual and projected
plots. The data points on the plot were reasonably dispersed close to the straight line, as
seen in Figure 12, demonstrating a reasonable match between the experimental and the
anticipated response values. Additionally, the outcome indicated that the quadratic model
was capable of correctly predicting the response variables for experimental data.
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Table 6. 2,4-D experimental design matrix adsorption percentage values.

Run Order pH Contact Time (Min) Adsorbent Dose (g/L) Initial 2,4-D
Concentration (mg/L) 2,4-D Removal (%)

1 2 360 30 100 50.9
2 2 1 0.5 0.5 50
3 5.5 180.5 15.25 33.4 65
4 9 1 0.5 100 37
5 5.5 180.5 15.25 50.25 53.3
6 5.5 180.5 15.25 50.25 53.8
7 5.5 121.4 15.25 50.25 43
8 2 360 0.5 100 30
9 9 360 30 0.5 35
10 5.5 180.5 40.1 50.25 52
11 12.5 180.5 15.25 50.25 45
12 2 180.5 15.25 50.25 89.6
13 5.5 180.5 15.25 133.9 27
14 5.5 180.5 15.25 50.25 50
15 5.5 180.5 9.6 50.25 50
16 5.5 482.4 15.25 50.25 34
17 1.5 1 30 0.5 83
18 5.5 180.5 15.25 50.25 50.1
19 9 1 30 100 43
20 5.5 180.5 15.25 50.25 50
21 9 360 0.5 0.5 25

Table 7. Analysis of variance (ANOVA), test of significance for 2,4-D adsorption on termite mound soil.

Source Sum of Squares Df Mean Square F-Value p-Value

Model 5261.85 14 375.85 152.76 <0.0001 Significant
A-pH 1307.51 1 1307.51 531.41 <0.0001

B-contact time 69.63 1 69.63 28.30 0.0018
C-adsorbent dose 628.45 1 628.45 255.42 <0.0001

D-initial concentration 957.11 1 957.11 389.00 <0.0001
AB 359.40 1 359.40 146.07 < 0.0001
AC 179.55 1 179.55 72.98 0.0001
AD 111.89 1 111.89 45.48 0.0005
BC 8.20 1 8.20 3.33 0.1177
BD 273.01 1 273.01 110.96 <0.0001
CD 32.40 1 32.40 13.17 0.0110
A2 622.12 1 622.12 252.85 <0.0001
B2 222.66 1 222.66 90.50 <0.0001
C2 192.74 1 192.74 78.34 0.0001
D2 82.63 1 82.63 33.58 0.0012

Residual 14.76 6 2.46
Lack of Fit 4.42 2 2.21 0.8551 0.4907 not significant
Pure Error 10.34 4 2.59
Cor Total
Std. Dev.

5276.61
1.57 R2 0.9972

Mean 48.35 Adjusted R2 0.9907
C.V.% 3.24 Predicted R2 0.8836

Adeq Precision 49.2631

Interaction between the Relevant Parameters

To calculate the combined impact of the independent factors on the adsorption effi-
ciency, three-dimensional response surface plots were created. Figure 13 depicts the plots.
Figure 13A illustrates how the contact duration and pH affect the elimination of 2,4-D. At
pH 2, with a 180-minute contact duration, the maximum 2,4-D elimination (89.6%) was
noted. In the interaction between the adsorbent dose and the pH (Figure 13B), at pH 2, the
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range of adsorbent dosages within which the maximum 2,4-D removal was achieved was
12.3 g/L to 18.2 g/L. The interaction between the pH and the initial concentration is seen in
Figure 13C, with the maximum 2,4-D removal occurring at pH 2 and initial values between
20 mg/L and 51 mg/L.
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4. Conclusions

The aim of the investigation was to establish TMS’s capacity for sorbing 2,4-D from
agricultural leachate. Additionally, the adjustment of the operational variables to increase
the 2,4-D adsorption on the TMS was investigated. The impact of four independent factors
on the 2,4-D sorption by TMS from agricultural leachate was investigated using the RSM
model, based on a half-factorial CCD. The most important variables for 2,4-D removal,
according to the quadratic model employed for the response surface analysis, were pH,
contact time, adsorbent dose, and initial 2,4-D concentration. The results showed that
a pH of 2, contact time of 180.5 min, adsorbent dose of 15.25 g/L, and an initial 2,4-D
concentration of 50.25 mg/L were the ideal adsorption conditions, and the sorption process
followed pseudo-second-order kinetics. Moreover, the data from the Langmuir isotherm
model (R2 = 0.9687) revealed that the Langmuir isotherm’s qmax was 22.78 mg/g. Overall,
it can be said that TMS, which is widely available on agricultural land in Ethiopia but
is typically regarded as waste, has the ability to remove 2,4-D from agricultural leachate.
However, before reaching a firm conclusion for practical application, further investigation
is required on the desorption and reuse of spent TMS, as well as the TMS 2,4-D removal
potential from real wastewater.
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