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Abstract

The persistence of endosulfan, a toxic organochlorine pesticide and persistent organic pollutant (POP),
in aquatic environments presents serious ecological and human health risks due to its bioaccumulative and
endocrine-disrupting properties. Conventional removal methods, such as advanced oxidation, membrane filtra-
tion, and biological degradation, often suffer from limitations including high cost, energy intensity, and secondary
pollution. Adsorption using low-cost, abundant biomass-based materials has emerged as a sustainable alterna-
tive. In this study, the effects of pH and thermodynamic parameters on the adsorption of endosulfan from
aqueous solutions were investigated using activated and unactivated boiler fly ash (BFA) and maize cob (MC).
Adsorbents were prepared, characterized, and applied under varying pH (2–12) and temperature (30–110 °C) con-
ditions to evaluate adsorption efficiency. Results indicated that pH significantly influenced adsorption behavior.
For BFA, adsorption decreased with increasing pH, while for MC, adsorption increased with fluctuations, with
maximum uptake observed at pH 10. Activation of the adsorbents enhanced adsorption capacity, attributable to
increased surface area and modification of surface functional groups. Thermodynamic studies revealed distinct
mechanisms: adsorption on BFA was exothermic with negative ∆H

◦ values, while adsorption on MC was en-
dothermic with positive ∆H

◦. Negative ∆G
◦ values for BFA indicated spontaneous adsorption, whereas positive

∆G
◦ values for MC suggested non-spontaneity under the studied conditions. The entropy changes (∆S

◦) were
negative for both adsorbents, implying decreased randomness at the solid–liquid interface. Sticking probability
analysis further showed physisorption predominance for MC and unfavorable sticking on BFA. Overall, the study
demonstrates that both boiler fly ash and maize cob, particularly in their activated forms, are effective low-cost
adsorbents for endosulfan removal, though with different thermodynamic behaviors. These findings contribute to
the development of sustainable, waste-derived adsorbents for pesticide remediation and highlight the importance
of pH and thermodynamics in optimizing adsorption processes.

Keywords: Agricultural by-products; Biomass adsorbents; Contaminants; Environmental Remediation; Pesti-
cides; Pollutants

1 Introduction

Endosulfan with chemical name 6,7,8,9,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,3,4-benzodioxathiepin-
3-oxide, has been reported to be used on a variety of fruits, vegetables and many other plants. It is described as
a broad spectrum contact insecticide. It is a widely used agricultural pesticide as a broad-spectrum insecticide on
cotton, tea, sugarcane, vegetables, and fruit crops [51] despite its life-threatening toxic effects [45]. It has been
reported that it is classified as a toxicity category 1 pesticide [50], and also described as a persistent organic pol-
lutant (POP). Acute, accidental or intentional ingestion of large amounts of endosulfan has resulted to death in
humans [17]. Some of the problems associated with POPs are their uptake by plants, resulting to increased food
contamination and their persistence in the environment even when their application in the environment has been
discontinued for a long time. Residues of a previously used pesticide, such as endosulfan, have been reported to
occur around the world, giving rise to various toxicity problems [10, 9]. It became a highly controversial agricultural
chemical due to its acute toxicity, potential for bioaccumulation, and role as an endocrine disruptor.
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Figure 1: Chemical structure of Endosulfan pesticide [66]

Pesticides are common water pollutants and their major sources includes wastewaters from agricultural runoff,
pesticides & insecticides production [48]. The mobility of pesticides is very high because most of them are highly
water soluble, hence, the probability of their reaching and contaminating water sources downstream is very high.
The mechanisms involved in the adsorption of endosulfan and the prediction of its movement in soils have been
reported [37, 66]. Therefore, very high levels of Endosulfan concentrations in the environment can result to both
acute and chronic toxicity. Hence, it is very important to find ways to remove endosulfan pesticide from the
environment.

Processes such as advanced oxidation, Fenton’s reaction, photochemical degradation, chlorination, biological
treatment and membrane filtration [43, 57, 62, 5, 33] have been investigated for the removal of pesticides and
other contaminants from aqueous solutions. These processes have some advantages and disadvantages, but their
disadvantages, far outweigh the advantages. Such disadvantages include, sludge formation, formation of by-products,
energy and cost intensive process, etc. [13]. The best method that has been recommended for the decontamination
of wastewater such as pesticide contaminated wastewater, is adsorption because it is easy and cheap to carry out, it
is cost effective and highly efficient. Also, there is wide availability of adsorbents, large surface area of adsorbents,
high adsorption capacity and the existence of some surface functional groups, which enhances adsorption [6, 42, 21].
The only disadvantage reported for the use of adsorption method is that pesticides are transferred form one medium
to another and not destroyed [6, 42]. This problem can be solved by follow-up regeneration after adsorption.

Activated carbon has been reported as the major conventional adsorbent used in adsorption [1]. Adsorption of
pesticides from aqueous solutions using activated carbon has been reported [28, 20, 44, 48, 23]. As a result of the
expensive nature of conventional activated carbon, adsorbents derived from waste biomass, can be a great asset to
reduce the cost of wastewater treatment. Hence, in this study, boiler fly ash and maize cob biomass, both abundant
agricultural wastes, were applied for the removal of Endosulfan pesticide from aqueous solutions. In this case, the
use of adsorbent materials from agricultural wastes serves also as a means of waste reduction, increase in utilization
of natural resources, sustainable development and increase in resource proficiency in a circular bioeconomy [22, 3,
14, 46, 31]. The use of maize cob and boiler fly ash as adsorbents for other contaminants have been previously
reported [29, 8, 36, 24].

When it comes to adsorption processes, temperature and pH have been reported as very important parameters
that affect adsorption reactions [12, 55]. Investigation of the effect of temperature helps to elucidate the classifi-
cation of adsorption as either physisorption or chemisorption process. An increase in adsorption with increasing
temperature suggests strong interaction between the [27]. Also, to understand the spontaneity and energy changes
during adsorption reactions, a knowledge of the effect of temperature and thermodynamic parameters must be well
understood. Again, it is a reported fact that the pH of adsorption solutions, usually affects the adsorption studies
and most adsorption reactions are pH dependent [2, 68, 41]. During adsorption reactions, solution pH greatly affects
the degree of ionization of the adsorbate and surface charge characteristics of the adsorbent (N’diaye et al. 2019).
Therefore, this study investigated the influence of pH and temperature on the sorption capacity of boiler fly ash
and maize cob waste biomass for the removal of Endosulfan pesticide from aqueous solutions.

2 Methodology

Boiler fly ash was obtained from an oil mill located at Uturu, Abia state, while maize cob was obtained from a refuse
dump site at Eke market Okigwe, Imo State Nigeria. All reagents used were of analytical grade, purchased and used
without further purification. InstakillEndosulfan pesticide (C9H6Cl6O3S), (6,7,8,9,10-hexachloro-1,5,5a,6,9,9a-
hexahydro-6,9-methano-2,3,4-benzodioxathiepin-3-oxide), 350g/L, manufactured by Zibo Nab Agrochemicals Ltd
China was purchased and used without further purification. The chemical structure of the Endosulfan pesticide is
shown in Figure 1 [66], while the properties of the pesticide are shown in Table 1 [52]. Doubly distilled-deionized
water was used in all dissolutions and dilutions.
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Table 1: Properties of Endosulfan pesticide [52].

Chemical formula Molar mass Appearance Odour Density
C9H6Cl6O3S 406.90 g mol−1 Brown crystals Slight sulphur dioxide odour 1.745 g/cm3

Melting point Boiling point Solubility in water Vapour pressure
70 to 100 ◦C decomposes 0.33 mg/L 0.00001 mmHg (25 ◦C)

2.1 Preparation of adsorbents and adsorbates

The maize cob was washed thoroughly with water and then with de-ionized water, ground to powdered form and air
dried. Big lumps in the boiler fly ash were removed and both maize cob and boiler fly ash were sieved using a test
sieve shaker (EFL IMK3 model made by Endecotts England). The meal that was retained on the 250 µm was used.
The adsorbents were divided into two parts each. One part each was dissolved in 2% (v/v) nitric acid for 24hrs,
filtered and air dried. These were stored as activated boiler fly ash (Act-BFA) and activated maize cob (Act-MC)
for experimental studies. The remaining parts each were left unactivated and labelled as unactivated boiler fly ash
(Unact-BFA) and unactivated maize cob (Unact-MC). The physicochemical characteristics of the adsorbents and
other characterizations such as FT-IR, XRD, SEM, have been reported. Stock solutions of known concentrations
of Endosulfan were prepared. Different concentrations were obtained from the stock solutions by serial dilutions.
A 200-960 nm wavelength UV/vis spectrophotometer was used to determine concentrations of pesticide in the
solution after adsorption. A calibration curve using Beer Lambert principle was used to obtain residual Endosulfan
concentrations.

2.2 Effect of pH

The effect of pH of the endosulfan pesticide solutions was determined for each adsorbent for one hour at constant
temperature. 100 mL of a known concentration of pesticide solution and 1g of each adsorbent of 250 µm particle
size were used. The pH of each solution was adjusted to 2, 4, 6, 8, 10 and 12 respectively using 0.1M HCl or 0.1M
NaOH. Each solution was placed in a rotary shaker and agitated for one hour after which the content of each flask
was filtered using Whatman No.41 filter paper. The pesticide concentration in the filtrate was also determined
using a UV-vis absorption spectrophotometer model SP-300.

2.3 Effect of Temperature

Sorption studies at different temperatures were carried out according to the procedure described by [30]. The effect
of temperature of adsorption of the Endosulfan pesticide solutions were determined for each adsorbent for 1hr at
constant pH of 7.5. 100 mL of a known concentration of pesticide solution and 1g of each adsorbent of 250 µm
particle size were used. The temperature of each solution was adjusted to 30, 50, 70, 90 and 110 °C using a water
bath. Each solution was placed in a water bath at regulated temperature and agitated for 1hr after which the
content of each flask was filtered using Whatman No.41 filter paper. The pesticide concentration in the filtrate was
also determined using a UV-vis absorption spectrophotometer model SP-300.

3 Results And Discussion

The activation of the boiler fly ash and maize cob biomass with 2% (v/v) nitric acid was to possibly open up the
microspores of the adsorbent and make them ready for adsorption. Also, activation helps to wash off any soluble
biomolecule that might interfere with the adsorption process. The amount of Endosulfan pesticide adsorbed for
each of the parameters; pH and temperature were plotted to find the variation in the adsorption capacity for the
effect of each of the parameters. The amount of pesticide adsorbed from solution was calculated by a mass balance
equation as shown below:

qe =
V (C0 − Ce

m
(1)

where, qe is the amount adsorbed (mg/g); V is the volume of the solution (L); C0 is the initial pesticide concentration
(mg/L); Ce is the pesticide concentration in the filtrate (mg/L) and m is the mass of adsorbent used (g).
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Figure 2: Amount adsorbed against pH for adsorption of Endosulfan pesticide using activated and unactivated
boiler fly ash and maize cob

3.1 Effect of pH of Solution

adsorbate and surface charge characteristics of the adsorbent is greatly influenced by solution pH [53]. Therefore,
the initial solution pH plays a pivotal role in the adsorption process by altering the adsorbent’s surface charge via
the point of zero charge and influencing the speciation, hydrogen bonding potential, and interfacial behavior of
the adsorbate. These pH-dependent changes affect electrostatic attraction or repulsion, hydrophobic partitioning,
and surface hydrogen-bonding interactions—all of which critically determine adsorption efficiency across different
adsorbents and pesticides [4, 58]. The results for the effect of pH of solution are shown on Figure 2 for Endosulfan
adsorption.

Figure 2 shows that increase in the pH from 2 to 12 resulted to a decrease in adsorption of Endosulfan on acti-
vated (Act-BFA) and unactivated (Unact-BFA) boiler fly ash. For activated (Act-MC) and unactivated (Unact-MC)
maize cob, it increased but fluctuated. Maximum adsorption for Endosulfan was observed at pH of 10. Activation
of the adsorbents also affected their adsorption capacity with respect to solution pH. Most adsorbents (activated
carbon, metal oxides, biochars, geopolymers) have surface functional groups (–OH, –COOH, –NH2) whose proto-
nation changes with pH. Changes in electrostatic interactions with anypolar or ionized species at the interface can
influence orientation and packing of neutral hydrophobic molecules at the surface. For endosulfan (neutral), changes
in surface polarity and hydrogen-bond donor/acceptor behavior have been reported to be very important [39, 32,
25]. This indicates that at high pH the adsorbent surface was charged negatively, while at low pH the adsorbents
surface was charged positively [69].

Optimal pH levels for adsorption has been reported to vary depending on the particular pesticide and adsorbent,
but generally, pH around neutral value (6.5-7.5) have been reported [64, 38]. Although, a slightly acidic to neutral pH
(around 5-7) have also been reported as often observed to be beneficial [38, 32]. For Endosulfan-a technical mixture
of α− and β− isomers, it has been reported as a largely neutral, hydrophobic organochlorine pesticide. Because it
is non-ionizable, pH does not change it’s charge directly; instead pH may affect adsorption largely by (1) changing
the surface charge and protonation of the adsorbent, (2) altering hydrogen-bonding capability and site availability,
(3) controlling competition with OH− and other ions for adsorption sites, and (4) changing the chemical stability of
endosulfan by alkaline hydrolysis, which reduces initial concentration and can be mistaken for reduced adsorption
[47, 39, 25]. Therefore, endosulfan adsorption often depends on hydrophobic partitioning into non polar regions of
the adsorbent (carbonaceous domains, organic matter). Acidic pH that keeps surface functional groups protonated
can increase hydrophobic character and favour adsorption in some adsorbents. Conversely, deprotonation (higher
pH) increases surface polarity and can reduce hydrophobic partitioning. Hydrogen bonding, that is, adsorbent –OH
with endosulfan O/Cl sites, can also be pH-sensitive [47, 39]. At high pH (alkaline), abundant OH− competes for
and screens active sites, and deprotonated surfaces repel polar adsorbates or reorganize the interfacial water, often
lowering adsorption. Several experimental studies report decreased removal efficiency as pH rises beyond neutral
[39, 32, 25]. Activated adsorbents (Act−MC and Act−BFA) behaved differently from their unactivated forms.
Activation by chemical treatment modifies the surface area, porosity, and functional groups on the adsorbent.This
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Figure 3: Amount adsorbed against Temparature (K) for adsorption of Monocrotophos pesticide using activated
and unactivated boiler fly ash and maize cob

affects how the adsorbent interacts with pesticide molecules under different pH conditions. Activation generally
enhances adsorption, but its effect is pH dependent [65, 18]. At low pH, adsorbent surfaces are protonated, carrying
a positive charge.At high pH, they become deprotonated, carrying a negative charge. Endosulfan, though largely
neutral, has polar groups and can interact with charged sites through-Van der Waals forces, Hydrogen bonding and
electrostatic interactions if partial ionization occurs [35, 15]. Thus, the solution pH affected both the surface charge
of the activated and unactivated boiler fly ash and maize cob and the hydrophobic partitioning of the pesticide into
non polar regions of the adsorbent

3.2 Effect of Temperature of Solution

The importance and role of temperature in adsorption studies has been described as crucial because it helps to
classify adsorption as either physical or chemical. When adsorption increases with increase in temperature, it depicts
strong interaction between the adsorbent surface and adsorbate, which suggests chemisorption [27]. For proper
understanding of the spontaneity and changes in energy during the entire sorption process, adequate knowledge of
the thermodynamic parameters for the equilibrium process is very important [11, 16]. The results of the effects of
varying temperature of the sorption system are shown in Figure 3.

3.3 Thermodynamic Modelling

Thermodynamic analysis provides insights into the feasibility, spontaneity, and nature of adsorption. Parameters
such as Gibbs free energy (∆G◦), enthalpy (∆H◦), and entropy (∆S◦) are commonly evaluated. Negative ∆G◦

values confirm spontaneous adsorption, while positive ∆H◦ values suggest endothermic processes, indicating that
higher temperatures enhance adsorption efficiency [19]. Thermodynamic parameters such as enthalpy change (∆H◦)
and entropy change (∆S◦), were calculated from the van’t Hoff equation (Eq. 2); the Gibbs free energy change
(∆G◦) for the adsorption process were calculated using equation 3 [49]; while activation energy (EA) and sticking
probability (S∗) were evaluated from the sticking probability plot (Eq. 4) [29].

InK =
∆S◦

R
−

∆H◦

RT
(2)

∆G◦ = −RTInK (3)

S∗ = (1 − θ) exp−
EA

RT (4)

where R is the molar gas constant; T is absolute temperature, K is the equilibrium constant for the adsorption
process and θ is the fractional attainment to equilibrium, given by the equation below:

θ = 1 −

Ce

Co

(5)

The graph of the linear form of Eq. 4 was used to evaluate the sticking probability (S∗) values. The Van’t Hoff
plots are shown on Figure 4, while the sticking probability plots are shown on Figure 5.
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Figure 4: Vant Hoff plot for adsorption of Endosulfan pesticide using activated and unactivated boiler fly ash and
maize cob

Figure 5: Sticking probability plot for adsorption of Endosulfan pesticide using activated and unactivated boiler fly
ash and maize cob

6



For Endosulfan pesticide studied, boiler fly ash gave higher adsorption as temperature increased than maize cob.
Temperature may affect endosulfan adsorption in three major ways: (1) it changes the rate, that is, the kinetics
of the adsorption process- higher temperature usually speeds mass transfer and diffusion to adsorbent sites; (2) it
changes the equilibrium capacity depending on the adsorption mechanism, that is, if the adsorption is endothermic
or exothermic; and (3) it affects competing loss processes, that is, alkaline hydrolysis, volatilization, or biodegrada-
tion, that can reduce initial pesticide concentration [7]. Raising the temperature increases molecular diffusivity and
often reduces the thickness of the stagnant boundary layer at particle surfaces, so endosulfan reaches adsorption
sites faster and shorter equilibration times are observed. Many batch studies therefore report faster approach to
equilibrium at higher temperatures [39]. If the adsorption process is endothermic (∆H◦ > 0), increasing temper-
ature increases equilibrium adsorption capacity because heat supplies the energy for the interaction (commonly
observed when adsorption involves chemical bond formation, structural re-arrangements in the adsorbent, or dis-
placement of strongly bound water) [66]. It has also been reported that if the adsorption is primarily physisorption
(van der Waals/hydrophobic partitioning) it is often exothermic (∆H◦ < 0); therefore adsorption capacity may
decrease with increasing temperature From Figure 3, it could be seen that the adsorption process is exothermic for
adsorption of endosulfan on boiler fly ash and endothermic for adsorption of endosulfan on maize cob, influenced
by hydrophobic interactions and hydrogen bonding [63]. Several adsorption studies reported increasedendosulfan
uptake with temperature and computed positive ∆H◦ values, indicating endothermic sorption [67, 60, 25]. Also,
different adsorbents have been reported to show either trend-endothermic or exothermic [59, 56, 54], the direction
depends on adsorbent surface chemistry, porosity and the dominant sorption mechanism. Thermodynamic param-
eters, ∆H◦ , ∆S◦ , EA and the sticking probability (S*) were evaluated and recorded in Table 2. The Gibbs free
energy (∆G◦ ) for the sorption process were calculated and shown in Table 3. The values of ∆H◦ are negative
for boiler fly ash and positive for maize cob and large values were obtained suggesting exothermic for adsorption
of Endosulfan on boiler fly ash and endothermic for adsorption of Endosulfan on maize cob. Also, the values of
∆S◦ were all negative for Endosulfan on boiler fly ash and maize cob. The negative values of ∆S◦ suggest a
reduced randomness at the adsorbent/solution interface during the sorption process. On the other hand, positive
and high values of ∆S◦ suggest an increased randomness. Other authors have reported similar results [34, 61].
Calculation of activation energy helps distinguish diffusion-controlled from chemically-controlled adsorption. Low
activation energies typically indicate physisorption/diffusion control; higher values indicate chemisorption. Several
endosulfan adsorption papers report activation energies and use them to interpret whether adsorption is mainly
physical or chemical. All the values of ∆G◦ were negative and large for adsorption of Endosulfan on boiler fly
ash, but positive for maize cob, indicating that the sorption of the pesticide on boiler fly ash was spontaneous but
was not spontaneous on maize cob. Higher negative value of ∆G◦ (above -40 KJ gmol−1) involve charge sharing
from the biomass surface to the pesticide to form a coordinate bond (Chemisorption), while a lesser negative value
of ∆G◦ (up to -20 KJ gmol−1) are consistent with physisorption, i.e. electrostatic interaction between pesticide
molecules and sorption sites. The decrease in ∆G◦ (i.e. increased negative) values with increase in temperature
indicated more efficient adsorption at higher temperature.The values of thermodynamic equilibrium constant range
from 0.76 to 0.86. This shows that a greater amount of the pesticides was removed because their values were greater
than 0.5. Also, the potential sticking probability model was used to ascertain whether the sorption process was of
physiosorption or chemisorption mechanism. It was also used to confirm the probability of the pesticide molecules
remaining on the surface of the adsorbent. The values of the activation energy EA were very high and negative for
adsorption of Endosulfan on boiler fly ash but positive for adsorption using maize cob.

Table 2: Thermodynamic constants for adsorption of Endosulfan pesticide using activated and unactivated boiler
fly ash and maize cob

Constants Boiler fly ash (BFA) Maize Cob (MC)
Unactivated BFA Activated BFA Unactivated MC Activated MC

∆S0 -5.63 -15.03 -2.27 -7.85
∆H0 -7809.34 -11329.49 1132.37 1618.65
R2 0.7680 0.9315 0.0674 0.0058
S∗ 1.25 3.55 0.57 0.55
EA -6872.93 -10114.81 407.59 1038.00
R2 0.7719 0.9393 0.0767 0.0582

Also, the potential sticking probability (S∗) which is used to ascertain the mechanism of adsorption, was em-
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ployed according to the following conditions: (1) S∗ > 1: Adsorbate unsticking to adsorbent no sorption; (2) S∗ = 1:
Linear sticking relationship between adsorbate and adsorbent-possible mixture of physiosorption and chemisorp-
tion; (3) S∗ = 0: Indefinite sticking of adsorbate to adsorbent chemisorption mechanism predominant and (4)
0 < S∗ < 1: Favourable sticking of adsorbate to adsorbent physiosorption mechanism predominant. It was also
used to confirm the probability of the pesticide molecules remaining on the surface of the adsorbent. As seen from
the results of the sticking probability on Table 2, S∗ values were 1.25 and 3.55 for unactivated BFA and activated
BFA respectively, showing conforming to condition (1) S∗ > 1: Adsorbate unsticking to adsorbent no sorption.
On the other hand, the S∗ values for unactivated and activated MC were 0.57 and 0.55 respectively, agreeing to
condition (4) 0 < S∗ < 1: Favourable sticking of adsorbate to adsorbent physiosorption mechanism predominant.
Sticking probability model has been used to evaluate the mechanism of adsorption processes [29].

Table 3: Values of change in standard Gibbs free energy (∆G0) for adsorption of Endosulfan pesticide using activated
and unactivated boiler fly ash and maize cob

∆G0KJgmol−1

Activated BFA Unactivated BFA Activated MC Unactivated MC
303 -6775.4 -6103.5 3996.6 1820.2
323 -6474.8 -5990.9 4154.2 1865.6
343 -6174.2 -5878.3 4311.2 1911.0
363 -5873.6 -5765.7 4468.2 1956.4
383 -5573.0 -5653.1 4625.2 2001.8

Again, for intraparticle diffusion to occur [26], then it means that the adsorbate diameter is smaller than the
adsorbents pore size, hence, the adsorbate ion can easily be trapped on the adsorbent surface in the micropores
and mesopores of the adsorbent [40]. But only the surface area and filling of pores, cannot determine the adsorbate
adsorption during the process of adsorption. The SEM analysis shows that the surface morphology of the adsorbent
changes after adsorption, indicating that pesticides partially adsorbed on the adsorbents outside surfaces through
the process of diffusion [70]. This means that both surface diffusion and intraparticle diffusion took place during
the sorption process.

4 CONCLUSIONS

This study has shown that activated and unactivated boiler fly ash (BFA) and maize cob (MC) can serve as effec-
tive, low-cost adsorbents for the removal of endosulfan pesticide from aqueous solutions. Adsorption was strongly
influenced by pH, with BFA exhibiting higher uptake at acidic conditions while MC favored alkaline conditions. Ac-
tivation improved performance in both cases, underscoring the role of surface modification in enhancing adsorption
sites. Thermodynamic analysis revealed different mechanisms of adsorption. For BFA, the process was spontaneous
and exothermic, suggesting a favorable physical adsorption pathway. In contrast, MC adsorption was endothermic
and non-spontaneous within the studied range, indicating dependence on external energy input. The negative en-
tropy changes for both adsorbents point to decreased randomness at the solid–liquid interface during endosulfan
binding. Overall, the findings demonstrate that agricultural and industrial wastes such as maize cobs and boiler
fly ash can be valorized into environmentally friendly materials for pesticide remediation. Their distinct adsorption
behaviours also provide useful insights for tailoring conditions to optimize removal efficiency in real water treat-
ment applications. It is recommended that (1) Optimization of operating conditions: Since adsorption efficiency is
strongly influenced by pH and temperature, water treatment systems employing BFA or MC should be designed to
operate under conditions that maximize removal efficiency; (2) Scaling up for field application: Pilot-scale studies
are needed to assess the performance of these adsorbents under real wastewater conditions, where multiple contam-
inants and fluctuating water chemistries may interact with adsorption processes; (3) Further material modification:
Surface functionalization of maize cob and boiler fly ash using green activation methods could enhance their ad-
sorption capacity and selectivity for pesticides and related organic pollutants; and (4) Integration with treatment
technologies: BFA and MC adsorbents can be combined with biological or advanced oxidation processes to develop
hybrid, cost-effective, and sustainable remediation systems.
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