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The application of pesticides to control plant pests and increase yield
introduces issues of pesticide contamination and toxicity. Endosulfan, a
persistent organic pollutant, poses serious ecological and public health risks
due to its toxicity, persistence, and bioaccumulative nature. Conventional
remediation methods are often costly and generate secondary waste, hence
the need for sustainable, low-cost alternatives. This work investigated the
mathematical modelling of endosulfan adsorption from aqueous solutions
using activated and unactivated boiler fly ash and maize cob. Batch
adsorption experiments were conducted to examine the effects of contact
time, initial concentration, and activation of adsorbents. The behavior of
pesticide adsorption data against certain isotherm and kinetic equations was
also investigated. The physicochemical properties of the activated and
unactivated maize cob and boiler fly ash, as well as FT-IR, XRD, and SEM
of the adsorbents, were determined. Both initial pesticide concentration and
contact time affected the adsorption capacity of the adsorbents. As the initial
concentration increased, the amount of pesticide adsorbed also increased. An
increase in contact time rapidly increased the amount adsorbed until it
reached a maximum at 60 minutes, after which it decreased; hence,
equilibrium was reached after 60 minutes. Activation enhanced the porosity,
cation exchange capacity, and surface functional groups of the adsorbents.
Activated maize cob exhibited the highest adsorption capacity, followed by
activated boiler fly ash, while unactivated forms showed comparatively lower
performance. Equilibrium data fitted best to multilayer and heterogeneous
surface models, while kinetic analysis suggested chemisorption tendencies.
Activated maize cob and boiler fly ash are effective, eco-friendly, and low-
cost adsorbents for the removal of endosulfan from aqueous systems.
Mathematical modelling provided predictive insights into adsorption
behavior, supporting process optimization. The findings demonstrate the
potential of agricultural and industrial residues as sustainable alternatives for
pesticide remediation and environmental protection.
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1. INTRODUCTION

Globally, the immense pressure exerted by the industrial activities on natural resources has resulted into
industrialization, urbanization and environmental pollution problems which affect its exploration and
utilization. As a result of these adverse effects of pollution problems that emanate from the discharge of
untreated industrial waste into the environment, agricultural activities and every living thing are faced with
serious ecological and public health risks due to its toxicity, persistence, and bioaccumulative nature of organic
pollutant. Analysis has shown that while the world’s population is on the increase, the need to increase food
production and its preservation with the use of hydrophobic and persistent pesticides increases and this require
the application of pesticides such as endosulfan, to control pests for increased crop yield. The widespread use
of pesticides in modern agriculture has raised significant environmental and public health concerns due to their
persistence, toxicity, and tendency to accumulate in ecosystems. Among these challenges, endosulfan, a
chlorinated cyclodiene pesticide, which has been classified as a persistent organic pesticide with best
adsorption behaviour and non-toxic [1], has attracted global attention because of its long environmental
benefits, and potential to bioaccumulate in soil and water systems [2].

Endosulfan is recognized as a commonly applied agricultural pesticide, extensively used worldwide
as a broad-spectrum insecticide on crops such as cotton, tea, sugarcane, vegetables, and fruits [3]. Despite being
banned recently or severely restricted in many countries under the Stockholm Convention, it has been reported
that residues of previously used endosulfan, are still detected in agricultural soils and water bodies, especially
in developing nations where regulation and monitoring are limited [4][5][6], causing various toxicity problems
and affecting farm lands, hence, affecting food security [7]. Therefore, the contamination of aquatic ecosystems
by endosulfan poses risks not only to aquatic organisms but also to human populations through the food chain
and drinking water supplies [2].

Environmental pollution and toxicity problems caused by pesticides such as Endosulfan have been
well reported [8][9][7]1[5][10][11]. To address these risks, numerous techniques have been developed to remove
pesticide contaminants from aqueous solutions, including leaching, chromatography, volatilization,
precipitation, ozonation, hydrostatic pressure, and adsorption, thereby ensuring effective decontamination
[12][13]. But effective and sustainable methods for pesticide removal from aqueous solutions are urgently
needed. Conventional treatment methods such as advanced oxidation processes, chemical precipitation, and
membrane filtration are often costly, energy-intensive, and generate secondary pollutants [ 14]. Many pesticides
exhibit strong affinity for soil particles; consequently, their high sorption capacity, low water solubility, and
low vapor pressure render leaching, precipitation, and volatilization insignificant pathways for pesticide
dissipation.

Adsorption has been widely reported as a key unit operation in waste decontamination and is regarded as
a highly effective technique, wherein contaminants adhere to the surface of an adsorbent, enabling their
removal from wastewater [15][10]. Moreover, adsorption is a critical factor influencing the environmental fate
of pesticides in soil, as it governs their distribution between soil and aqueous phases [8]. Therefore, adsorption
technology has emerged as a simple, economical, and efficient approach for removing persistent organic
pollutants from water [16][17]. The choice of adsorbent is critical, with increasing emphasis on low-cost, eco-
friendly alternatives derived from agricultural and industrial residues. Activated carbon has been employed in
the adsorption of pesticides from aqueous solution but conventional activated carbon adsorption has been
reported to be very expensive [18]. Hence, the search for low cost, readily available agricultural by-products
such as maize cob and boiler fly ash for pesticide decontamination, hence, conversion of waste to wealth.

Boiler fly ash (BFA), an industrial by-product from palm oil mills, thermal power plants, etc., is rich
in silica, alumina, and carbon, making it a promising material for adsorption applications. However, its
adsorption capacity is often limited by surface characteristics, necessitating activation treatments such as
chemical or thermal modification to enhance porosity and functional groups [19]. Similarly, maize cob, an
abundant lignocellulosic agricultural waste in many parts of Africa and Asia, has been recognized as a
sustainable bio-adsorbent precursor. When activated, maize cob biomass develops functional oxygen-
containing groups and a high surface area that can improve pesticide uptake [20].

Mathematical modelling of adsorption processes is essential for understanding adsorption
mechanisms, designing treatment systems, and predicting performance under varying conditions. Models such
as the Langmuir and Freundlich isotherms describe equilibrium behaviour, while pseudo-first order and
pseudo-second-order kinetics explain adsorption rates. Applying these models to endosulfan adsorption onto
activated and unactivated BFA and maize cob is crucial for assessing their potential as sustainable adsorbents
for pesticide remediation.

Therefore, in this research, the adsorption of Endosulfan pesticide using boiler fly ash and maize cob
was studied. The effects of adsorption contact time, initial concentration of pesticides, and activation of the
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adsorbents were investigated. Comparison of the sorption capacity of the adsorbents was investigated, and the
experimental results were fitted to some isotherm and kinetic models. By integrating experimental adsorption
studies with mathematical linear models of the adsorption isotherms, this research aims to evaluate the
efficiency, mechanisms, and feasibility of these low-cost adsorbents for environmental remediation of
pesticides. Therefore, this study will serve as a cost effective, as well as an environmental sound alternative to
the conventional methods of pesticides decontamination and elucidate on the fitness of the models to the
sorption data for mathematical model predictive studies. Although several studies have examined adsorption
of pesticides on natural and synthetic adsorbents, limited attention has been given to the comparative evaluation
of activated and unactivated industrial and agricultural wastes such as BFA and maize cob. Moreover, the
integration of comprehensive mathematical models-covering equilibrium studies-remains underexplored for
endosulfan removal. Addressing this gap will provide a deeper understanding of adsorption mechanisms and
support the development of low-cost, sustainable treatment technologies

2. METHODS
2.1. Materials

Boiler fly ash was obtained from Palm 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. Instakill Endosulfan pesticide (COH6C1603S),(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 presented in Figure 1 [11], and its physicochemical properties are
summarized in Table 1. Doubly distilled—deionized water was employed for all dissolution and dilution

procedures.
|
Fig. 1. Chemical structure of Endosulfan pesticide
Table 1. Properties of Endosulfan pesticide
Chemical Molar mass Appearance Odour Density
formula
CoHsCls05S 406.90 g'mol! Brown crystals Slight sulphur 1.745 g/em®
dioxide odour
Melting Boiling point Solubility in Vapour pressure
point water
70 to 100 °C Decomposes 0.33 mg/L 0.00001 mmHg
(25°0)
2.2, Method

The linear forms of mathematical adsorption kinetics and intraparticle diffusion model equations were
used for the analysis of this study to determine the absorption diffusion rate of endosulfan pesticide on the
prepared adsorbents and adsorbates of maize cob and boiler fly ash. Also, Mathematical isotherm models to
determine the adsorption equilibrium data. The maize cob was thoroughly washed with tap water followed by
deionized water, ground into a powdered form, and air-dried. Large agglomerates present in the boiler fly ash
were removed, after which both the maize cob and boiler fly ash were sieved using a test sieve shaker (EFL
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IMK3 model, Endecott’s, England). The fraction retained on the 250 pm sieve was selected for use. Each
adsorbent was divided into two portions. One portion was treated with 2% (v/v) nitric acid for 24 h, followed
by filtration and air-drying; these samples were designated as activated boiler fly ash (ABFA) and activated
maize cob (AMC) for experimental analysis. The remaining portions were left untreated and designated as
unactivated boiler fly ash (UBFA) and unactivated maize cob (UMC). Some portions were used to characterize
the adsorbent, using FT-IR, XRD, SEM and other physicochemical characteristics.

Stock solutions of endosulfan with known concentrations were prepared and working solutions of varying
concentrations were obtained through serial dilution. The concentration of endosulfan remaining in solution
after adsorption was determined using a UV—Vis spectrophotometer operating in the 200-960 nm wavelength
range. Residual endosulfan concentrations were quantified using a calibration curve constructed in accordance
with the Beer—Lambert law.

2.3. Effect of initial concentration

About 100 mL of different concentrations (10 mg/L to 100mg/L) of Endosulfan pesticide solutions were put
in reagent bottles and 1.0 g each of ABFA, UBFA, AMC and UMC of 250 um size were separately added to
different reaction mixtures and agitated in a constant temperature rotary shaker at 100 rpm, temperature of
30°C and pH of 7.5 for 1 hr. After 1 hr, the reaction mixtures were centrifuged, and the supernatants were
filtered rapidly through a Whatman No. 41 filter paper. The pesticide concentration in the filtrate was
determined using a UV-vis absorption spectrophotometer model SP-300.

2.4. Effect of Contact Time

Batch absorption experiments were performed at various time intervals. 100 mL of Endosulfan pesticide
solution concentration of 100 mg/L were put in reagent bottles and 1.0g each of ABFA, UBFA, AMC and
UMC of 250 um size were separately added to the different solution mixtures and were monitored in a constant
temperature rotary shaker for different time intervals (10 mins to 120 mins), at a constant temperature of 30°C
and pH of 7.5. After the required time interval, the reaction mixture was centrifuged, and the supernatant was
filtered rapidly through a Whatman No. 41 filter paper. The pesticide concentration in the filtrate was
determined using a UV-vis absorption spectrophotometer model SP-300.

3. RESULTS AND DISCUSSION

The linear forms of mathematical adsorption kinetics and intraparticle diffusion model equations used for
this study are pseudo-first order [21] (Eq. 14 below), pseudo-second order [22] (Eq. 15 below), Ritchie’s second
order [23] (Eq. 16 below), for adsorption kinetics; Penetrant transport equation (Eq. 17 below) Elovich equation
(Eq. 18 below), and McKay and Poots (Eq. 19 below) equations [24][25][26] to determine the adsorption
behaviour of Endosulfan over other hydrophobic and persistent pesticides. Endosulfan adsorption behaviour
does not occur at the surface alone but also involves gradual penetration into the pores of the adsorbent. This
behaviour is best described by the intra-particle diffusion, which evaluates diffusional relationships and
differences of Endosulfan pestcide into the internal pores of the adsorbent without the rate-limiting step. The
amount of Endosulfan pesticide adsorbed for each of the parameters; initial concentration and contact time
were plotted to find the variation in the adsorption capacity for the effect of the parameters. Adsorption
isotherms, kinetic and intraparticle diffusion equations were used to treat the adsorption date to obtain various
important interpretation of the adsorption process. Mathematical isotherm models as stated in equations 1,
2,3,4,5 and 6 were also applied to determine the adsorption equilibrium data. The analysis of the obtained
adsorption data using the applied mathematical models as stated in literature are presented in tabular and
graphical forms below.

3.1. Adsorbent Characterization

The results of the physicochemical properties of the activated boiler fly ash (Act-BFA), activated maize
cob (Act-MC), unactivated boiler fly as (Unact-BFA) and unactivated maize cob (Unact-MC) are presented in
Table 1. The results of the FT-IR, XRD and SEM are shown in Figure 2, Figure 3, Figure 4 and Figure 5
respectively.

Table 1. Physicochemical properties of unactivated and activated maize cob and boiler fly ash
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Adsorbent Ash Bulk Pore Pore Cation Exchange Electrical
Content  Density Density Volume Capacity (CEC)  Conductivity
(%) (g/ml) (Porosity) (cmol/kg) (EC) (us/cm)
Unact-MC 4210 0.068 0.932 46.6 0.072 103.200
Act-MC 4.773 0.042 0.958 47.9 0.097 89.132
Unact-BFA 5.211 0.144 0.856 42.8 0.024 84.712
Act-BFA 5.624 0.075 0.925 46.25 0.075 91.421

Fig. 2. FT-IR spectra of Unact-MC (C1) and Act-MC (C2)

Fig. 3. FT-IR spectra of Unact-BFA(CS5) and Act-BFA (C6) for adsorption of endosulfan
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Ash content slightly increased after activation for both adsorbents; Unact-MC (4.210%); Act-MC
(4.773%) and Unact-BFA (5.211%), Act-BFA (5.624%). This implies that the activation process enhanced the
concentration of inorganic constituents. The increase may be due to the removal of volatile organic matter
during activation, leaving behind more stable inorganic residues. High ash content is beneficial for adsorption.
Bulk density decreased with activation for both adsorbents; Unact-MC (0.068), Act-MC (0.042), Unact-BFA
(0.144), Act-BFA (0.075), indicating that the activation process made the structure lighter and more porous,
which is consistent with the development of internal pore networks. A lower bulk density generally implies
higher surface area per unit mass, which enhances adsorption capacity.

Activation increased porosity in both adsorbents. This confirms that activation treatments successfully
opened more pores, improving accessibility for adsorbate molecules. Higher porosity means improved
diffusion and adsorption efficiency. Also, the pore volume increased after activation, further demonstrating
that activation created more pores and channels in the adsorbents. More pesticide molecules are accommodated
at higher pore volume. CEC increased significantly after activation. This is critical because higher CEC means
more sites are available for ion exchange, which strengthens the adsorbent’s ability to bind cationic species
and polar pesticide molecules. The improvement in BFA is particularly striking; suggesting activation strongly
enhanced its surface functional groups. Electrical conductivity (EC) decreased slightly for maize cob but
increased for boiler fly ash after activation. A decrease in EC for maize cob may indicate partial removal of
soluble salts during activation. In contrast, the increase for BFA suggests exposure of mineral salts or oxides
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with ionic mobility. EC values reflect the presence of soluble inorganic ions, which can influence adsorbent—
adsorbate interactions.

Activation improved the surface and structural properties (porosity, pore volume, CEC) of both
adsorbents, making them more effective for adsorption. Maize cob (MC), both unactivated and activated,
shows lower ash content and bulk density but higher porosity compared to BFA, suggesting it is more
lightweight and potentially better suited for organic pesticide adsorption. Boiler fly ash (BFA) has higher ash
content and bulk density but, after activation, shows remarkable improvement in porosity and CEC, making it
competitive as an adsorbent. Generally, the activation process enhanced the adsorptive potential of both maize
cob and boiler fly ash by increasing porosity, pore volume, and CEC, while modifying their bulk density and
conductivity, which are key for adsorption performance.

The FTIR spectra of the adsorbents revealed the presence of surface functional groups that play critical
roles in Endosulfan adsorption. A broad band around 3400 cm™ corresponded to —OH stretching vibrations of
hydroxyl groups from cellulose and hemicellulose groups, which can form hydrogen bonds with the
electronegative atoms in Endosulfan molecules (e.g., oxygen in the sulfone group). Peaks near 2920-2850 cm™!
were attributed to aliphatic C—H stretching, while a distinct band at ~1630—-1650 cm™ indicated C=O0 stretching
vibrations of carboxyl and carbonyl groups that can interact with Endosulfan through dipole—dipole forces.
Strong bands observed in the region of 1000—1100 cm™ represented Si—~O-Si and C-O stretching, which may
also participate in adsorption through electrostatic interactions. After activation, the intensities of O-H and
C=0 bands increased, reflecting the exposure of more surface functional groups.

SEM micrographs provided evidence of morphological transformations induced by activation and
adsorption. The unactivated adsorbents showed relatively smooth and compact surfaces with limited pore
structures, which restrict adsorption efficiency. Activated maize cob and boiler fly ash, on the other hand,
exhibited highly porous, fractured, and heterogeneous surfaces, with numerous cavities and channels that
enhance accessibility for pesticide molecules. These morphological observations corroborate the improved
adsorption capacities recorded in equilibrium experiments.

XRD analysis revealed differences in structural characteristics between maize cob and boiler fly ash.
For maize cob, XRD analysis confirmed its largely amorphous structure, which is beneficial for endosulfan
adsorption due to greater surface defects and disordered regions that promote n—n interactions with the aromatic
rings of endosulfan. In contrast, boiler fly ash displayed sharp diffraction peaks corresponding to crystalline
silica (Si02) and alumina (ALOs), indicating a mineral-rich composition. These crystalline oxides can
participate in surface complexation and electrostatic interactions with the polar functional groups of
endosulfan. Activation resulted in reduced peak intensities and slight broadening of amorphous regions,
reflecting structural modification and increased active surface sites.

The complementary results from FTIR, SEM, and XRD analyses confirm that activation significantly
enhances the adsorption capacity of maize cob and boiler fly ash for Endosulfan by (i) exposing more active
functional groups, (ii) enhancing surface roughness and porosity, and (iii) introducing structural modifications
that increased surface defects. FTIR confirmed the functional groups responsible for binding, via hydrogen
bonding, hydrophobic effects, and surface complexation. SEM showed the development of rough, porous
surfaces that facilitated greater pesticide uptake, while post-adsorption images confirmed surface coverage by
endosulfan. XRD highlighted the contributions of both amorphous phases (in maize cob) and crystalline
mineral phases (in boiler fly ash) to the adsorption process. The amorphous structure of maize cob favoured
-7 interactions with the aromatic components of endosulfan, while the mineral phases in fly ash supported
electrostatic binding. Together, these findings provide strong evidence that surface chemistry, morphology,
and structural phases work synergistically to improve endosulfan adsorption after activation.

3.2. Effect of Initial Pesticide Concentration

The effect of varying initial concentration of pesticide solutions is very important because this will help
to show how initial concentration of pesticides solution affects the adsorption of the pesticides by the
adsorbents. The result of the effect of varying initial concentration of Endosulfan is shown in Figure 8.
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Fig. 8. Amount adsorbed against initial concentration for adsorption of Endosulfan pesticide using activated
and unactivated boiler fly ash and maize cob

An increase in the initial pesticide concentration led to a corresponding increase in the adsorption capacity (qe,
mg-g'). This behavior can be attributed to the greater availability of pesticide molecules at higher
concentrations, which enhances the mass transfer driving force from the bulk solution to the adsorbent surface.
The elevated concentration gradient reduces boundary layer resistance, thereby facilitating the diffusion of
more molecules to occupy the available adsorption sites [27]. However, as q. rises, the percent-removal falls
at very high concentrations because the same number of sites must accommodate more molecules. This
concentration-dependence is a common observation in adsorption studies and is routinely captured by isotherm
models and explained by increased adsorbate—adsorbent driving force and site-saturation effects [28][29].

Activation of the adsorbent, improved the sorption capacity of the adsorbent, as can be seen that the
activated adsorbents adsorbed more than the unactivated adsorbents. This could be as a result of two linked
reasons: (1) physical/chemical activation increases specific surface area and accessible porosity (micropores
and mesopores) so there are simply more sites for pore-filling and surface adsorption, and (2) activation alters
surface chemistry-introducing or exposing oxygen-containing functional groups (-OH, —COOH, etc.) or
changing surface polarity-which can strengthen interactions (hydrogen bonding, n—m, electrostatic or ligand-
type interactions) with particular pesticide molecules. Together these textural and chemical changes normally
lead to higher q. and often faster uptake kinetics compared with the unactivated adsorbents [30].

Maize cob (MC) gave better sorption capacity than the boiler fly ash (BFA). This is consistent with
many studies comparing biomass-derived activated carbons and unmodified industrial by-products. It has been
reported that lignocellulosic precursors such as corn/maize cobs produce activated carbons with high surface
areas, higher porosity and surface functional groups well suited for adsorbing organic pesticide molecules,
whereas raw fly ash is predominantly inorganic (silica, alumina, unburnt carbon fractions) and usually requires
chemical or thermal transformation to reach comparable affinity for organic pesticides [31]. Fly ash needs to
be specifically functionalised or converted to a zeolite/carbon composite, otherwise, biomass-derived activated
carbons commonly show superior sorption for many organic pesticides [10]. Similar results have been reported
[32][33][29].

Mechanistically, for organochlorine and other hydrophobic pesticides, it has been reported that the
dominant contributions are often (a) pore-filling of micropores/mesopores and (b) hydrophobic/van-der-Waals
and m—r interactions with aromatic surface domains on activated carbon. For polar pesticides, electrostatic
interactions and hydrogen bonding with surface oxygen groups become more important. Therefore, the better
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performance of Act-MC likely reflects a combination of larger surface area/porosity and a surface chemistry
that favours the adsorption of endosulfan pesticide [11][34][35].

3.3.  Adsorption isotherm studies

Adsorption isotherms are crucial for understanding the mechanisms governing the uptake of pesticides
such as endosulfan from aqueous solutions. The adsorption isotherm models used for this study are Langmuir
[36] (Eq. 1), Freundlich [37] (Eq. 2), Dubunin-Radushkevich [38] (Eq. 3), Temkin (Eq. 4), Harkins and Jura
(H-J) (Eq. 5), and Florry-Huggins (F-H) (Eq. 6), [39] isotherms. The linear form of these equations as shown
below, were used to plot the equilibrium adsorption data.

Langmuir :Ce/qe = o T Ce/Am €9
Freundlich :Inge = InKg + %lnCe 2
Dubunin-Radushkevich:Inq, = In qp — €2 3)
Temkin :ge = BInA+BInC, 4
Harkins and Jura :1/qe2 = % - %logCe 5)
Flurry-Huggins :log(g) =logKa+nlog (1—-6) (6)

In these models, q. represents the amount adsorbed (mg-g™), while C. denotes the equilibrium concentration
remaining in solution. K L (L-g™) is a constant associated with the adsorption—desorption energy, and ¢ m
refers to the maximum adsorption capacity corresponding to complete saturation of the biomass surface. K F
and n are the Freundlich constants, whereas q_D is the Dubinin—Radushkevich (D—R) isotherm constant related
to the extent of sorbate uptake by the sorbent surface. The Polanyi potential (¢) is defined as € = RT In(1 +
1/C.), and B is related to the mean free energy of adsorption (E) per mole of sorbate as it migrates from the
bulk solution to the biomass surface, expressed as E (kJ-mol™) = (2p)~"/2 [40,41]. The adsorption isotherm
plots for the Langmuir, Freundlich, Dubinin—Radushkevich, Temkin, Harkins—Jura (H-J), and Flory—Huggins
(F—H) models for endosulfan adsorption are presented in Figures 9-14.

Adsorption isotherm models are commonly employed to describe equilibrium sorption behavior
[371[10][33][34][42]. The results indicate that different models adequately fitted the experimental sorption
data, showing good agreement with the observed trends. The suitability of each model in describing equilibrium
data is strongly influenced by the physicochemical properties of both the adsorbent surface and the adsorbate
molecules. Among the widely applied models, the Langmuir and Freundlich isotherms are most frequently
used to characterize pesticide adsorption, with numerous studies reporting the Freundlich model as providing
the best fit to experimental sorption data [21][22][43].

The overall order of model fitness was determined as Freundlich > Langmuir > Temkin > Dubinin—
Radushkevich (D-R) > Harkins—Jura (H-J) > Flory—Huggins (F-H). The Freundlich isotherm is particularly
suitable for describing non-monolayer adsorption processes occurring on heterogeneous adsorbent surfaces
[44][45]. It describes heterogeneous surface energies and multilayer adsorption, making it more applicable to
natural and modified adsorbents [46][47]. Therefore, several studies have shown that the Freundlich isotherm
often provides the best fit for endosulfan adsorption data, indicating heterogeneous surface adsorption and
multilayer uptake, especially when agricultural wastes or biosorbents are used [29].
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Fig. 11. Adsorption Isotherm plots for Dubinin-Radushkevich (D-R) adsorption of Endosulfan pesticide
using activated (Act) and unactivated (Unact) boiler fly ash (BFA) and maize cob (MC)
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Fig. 13. Adsorption Isotherm plots for Harkins and Jura (H-J) adsorption of Endosulfan pesticide using
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Fig. 14. Adsorption Isotherm plots for Flurry-Huggins (F-H) adsorption of Endosulfan pesticide using
activated (Act) and unactivated (Unact) boiler fly ash (BFA) and maize cob (MC)

In some cases, the Langmuir isotherm has been found suitable, particularly when adsorption occurs via
monolayer coverage on more uniform surfaces. It has been reported that endosulfan adsorption onto amine-
modified magnetic diatomite fitted well with the Langmuir model, indicating finite adsorption sites and
chemical affinity between endosulfan and surface groups [10]. The Langmuir separation factor (RL) in such
studies typically indicated favorable adsorption (0 < RL< 1), reinforcing the applicability of the model. Other
models, such as the Temkin isotherm, have also been applied to pesticide sorption. The Temkin model assumes
adsorbate—adsorbent interactions and a uniform distribution of binding energies, while the D-R model helps in
distinguishing between physical and chemical adsorption by estimating mean sorption energy [3]. These
complementary models provide deeper insight into adsorption mechanisms beyond simple capacity estimation.
Temkin and Dubinin—Radushkevich (D-R) isotherms were applied to describe endosulfan adsorption onto soil
organic matter and was found out that adsorption was influenced by chemical interactions rather than purely

Mathematical Modelling of Endosulfan Adsorption Using Activated and Unactivated Boiler Fly Ash and
Maize Cob (Osu Bright O)



Indonesian Journal of Modern Science and Technology (IJMST) 102

physical forces [6][48]. The D-R model further indicated that the mean sorption energy values were consistent
with chemisorption processes. The coefficient of linear regression (R2) for all the isotherms and the isotherm
constants were calculated and are shown in Table 2.

Table 2. Adsorption Isotherm constants for adsorption of Chlorpyrifos pesticide using activated and
unactivated boiler fly ash and maize cob

S/N  Isotherm/Constants Boiler fly ash (BFA) Maize Cob (MC)
Unactivated BFA Activated BFA Unactivated MC Activated MC

Langmuir
qm (mg/g) 50.251 51.020 49.020 72.464
Ky (L/mg) 0.0432 0.3270 0.0501 0.1390
R? 0.7837 0.8247 0.9540 0.9727
Freundlich
I/n 0.4763 0.4392 0.4424 0.7289
Kr (mg/g) 5.7425 4.5341 2.4536 13.5363
R? 0.9469 0.9593 0.9523 0.8648
D-R
B (mol%/J?) 1.0E-6 8.0E-7 3.0E-7 8.0E-6
qo (mg/g) 22.426 20.641 29.794 39.283
R? 0.5051 0.5546 0.7962 0.9431
E (KJ/mol) 707.11 790.57 1291.00 250.00
Temkin
A 0.8636 0.6074 0.3379 2.6892
B 8.385 8.2470 12.294 12.647
R? 0.7898 0.8024 0.9198 0.9525
H-J
A 107.527 86.207 13.333 185.185
B 1.6560 1.681 1.657 1.222
R? 0.9552 0.9406 0.6784 0.8384
Flurry-Huggins
Ka 2.275E-3 1.952E-3 9.358E-4 3.276E-3
n -3.206 -3.632 -4.554 -1.977
R? 0.9202 0.9392 0.9647 0.5785

Overall, the close fit of experimental data to Freundlich and related models highlights the complexity of
adsorption processes, particularly for pesticides like endosulfan, where surface heterogeneity, pore structure,
and adsorbate affinity significantly influence adsorption performance. The suitability of Freundlich isotherm
in pesticide sorption studies suggests the presence of surface heterogeneity and varying adsorption energies.
The Freundlich constant n, which indicates adsorption intensity, typically reflects a favourable adsorption
process when values range between 1 and 10 [37][10][49]. From Table 3, it could be seen that 1/n ranged from
0.4392 for Act-BFA, 0.4424 for Unact-MC, 0.4763 for Unact-BFA to 0.7289 for Act-MC, which translates to
n values of 2.28 for Act-BFA, 2.26 for Unact-MC, 2.10 for Unact-BFA to 1.37 for Act-MC. It could be seen
that the n values are between 1 and 10. Several studies have demonstrated that activated agricultural residues
exhibit this behaviour, confirming their effectiveness as low-cost and environmentally sustainable adsorbents
[44][45][10][46][47].

Surface coverage is a critical parameter in adsorption studies, as it reflects the extent to which the
adsorbent’s surface is utilized for binding adsorbate molecules. The surface coverage was used to investigate
the extent of coverage on the surface of the adsorbent by the adsorbate. It is given by equation (7).
6= (1-c/c,). (7
Where Ce is the equilibrium concentration and Co is the initial concentration. The plot of surface coverage (6)
versus initial concentration (Co) is shown in Figure 15.
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Fig. 15. Fractional Coverage against initial concentration for adsorption of Endosulfan pesticide using
activated and unactivated boiler fly ash and maize cob

In this study, surface coverage was found to vary with initial concentration of the pesticide. At lower
concentrations, the surface coverage was relatively higher. This suggests that at lower concentrations; the
available active sites on the adsorbent are not saturated, thereby allowing a larger fraction of the surface to
participate in the adsorption process. Conversely, as the initial concentration of adsorbate was increased, the
surface coverage decreased. This decline may be attributed to competition among the excess adsorbate
molecules for a finite number of surface binding sites. Once most of these sites are occupied, additional
molecules remain unadsorbed in solution, thereby lowering the relative surface coverage [50]. This behaviour
also reflects the principle of surface site saturation. Adsorption is inherently limited by the surface area and
pore structure of the adsorbent; hence, beyond a certain concentration, further increases in adsorbate do not
proportionally increase adsorption but instead decrease efficiency [51][52].

Comparative performance of the adsorbents revealed that activated maize cob (Act-MC) exhibited the
highest surface coverage values, followed by unactivated maize cob (Unact-MC), unactivated boiler fly ash
(Unact-BFA), and lastly activated boiler fly ash (Act-BFA). The superior performance of Act-MC may be
linked to its enhanced porosity and higher surface area generated during activation, which increases the number
of available adsorption sites and improves surface—adsorbate interactions. In contrast, Act-BFA showing the
lowest values may be due to structural changes or possible pore collapse during activation, which reduced
effective adsorption sites. The intermediate performance of Unact-MC and Unact-BFA suggests that the
physicochemical characteristics of agricultural residues (such as maize cob) favour higher adsorption than
industrial by-products like fly ash, unless carefully optimized. Generally, these observations highlight that both
the initial adsorbate concentration and the physicochemical properties of the adsorbent jointly determine
surface coverage and, by extension, adsorption efficiency [53][54].

34. Effect of contact time

The results from the effect of contact time are very important because it helps in the determination of the
optimum contact time for the sorption process of Endosulfan pesticide. Contact time strongly influences the
rate and extent of adsorption, as it determines how long the pesticide molecules interact with the active sites of
the adsorbent. The effects of varying the contact time of the adsorption process are shown in 16 for adsorption
of Endosulfan pesticide.
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Fig. 16. Amount adsorbed against Time (mins) for adsorption of Endosulfan pesticide using activated and
unactivated boiler fly ash and maize cob

The rate at which adsorption takes place has been reported as one of the very important factors for design of
adsorption equipment. Also, kinetics has been reported as the controlling factor for sorbate residence time and
reactor dimensions [55]. Generally, at the initial stages of contact, a rapid increase in adsorption is observed,
which can be attributed to the availability of many vacant adsorption sites on the surface of the adsorbent. As
time increases, these sites become progressively occupied, leading to a reduction in the adsorption rate until
equilibrium is reached [56]. The results of this experiment agree with the above general observation as there
was rapid adsorption at the initial time of 10 to 40 mins. As time was increased, the amount adsorbed also
increased but not rapidly until it got to a maximum at 60 mins and then decreased. Thus, equilibrium was
reached after about 60 mins.

At equilibrium, the amount of Endosulfan adsorbed remains nearly constant because the forward
adsorption rate equals the backward desorption rate. For the design of effective water treatment systems, it is
important to determine equilibrium or optimum contact time because it indicates the minimum time required
for maximum pollutant removal without waste of energy or resources [57][27]. Beyond this point, extending
the contact time does not significantly enhance adsorption but may even promote desorption due to competition
between sorbate molecules and possible weakening of adsorbate—adsorbent interactions [S8][59].

In pesticide adsorption studies, the optimum contact time depends on a lot of factors. For Endosulfan,
which is hydrophobic and relatively persistent, sufficient contact time allows the molecules to diffuse into the
internal pores of activated adsorbents, thereby enhancing adsorption efficiency [27][59]. Activated adsorbents
such as boiler fly ash and maize cob derivatives often show shorter equilibrium times compared to unactivated
forms due to improved porosity and surface area, which facilitates rapid adsorption dynamics [55][60].
Therefore, contact time experiments not only provide insights into adsorption kinetics but also guide in
selecting the most suitable kinetic model, such as pseudo-first-order or pseudo-second order, to explain the
mechanism of pesticide uptake. This knowledge is particularly vital for scaling up laboratory findings to field-
scale applications in wastewater treatment and environmental remediation.

3.5. Sorption kinetics and intraparticle diffusion

Kinetic models are very important tools for understanding the mechanism of sorption and identifying the rate-
limiting steps that control the process. Pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models
are amongst the most widely used models [59][60][61]. However, in many adsorption processes, particularly
with hydrophobic and persistent pesticides such as Endosulfan, adsorption does not occur at the surface alone
but also involves gradual penetration into the pores of the adsorbent. This behaviour is best described by the
intra-particle diffusion, which evaluates whether diffusion into the internal pores of the adsorbent is the rate-
limiting step [60].

The adsorption kinetics and intraparticle diffusion equations used for this study are pseudo-first order
[21] (Eq. 8), pseudo-second order [22] (Eq. 9), Ritchie’s second order [23] (Eq. 10), for adsorption kinetics;
Penetrant transport equation (Eq. 11) Elovich equation (Eq. 12), and McKay and Poots (Eq. 13) equations
[24][25][26], for intraparticle diffusion. The linear forms of these equations are as shown below:
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The plots for pseudo-first, pseudo-second, Ritchie’s kinetic equations, Penetrant transport, Elovich and McKay
and Poots are shown in Figure 17 - Figure 20, for Endosulfan adsorption.

2,0000
1,8000
1,6000
1,4000
1,2000

1,0000

log (qe-qt)

0,8000
0,6000
0,4000
0,2000

0,0000
0 10

20 30 40
Pseudo-first order

—— Act- BFA
—o— Unact-BFA
—e— Act-MC
—e— Unact-MC

50 60

Fig. 17. Adsorption kinetics plots for Pseudo-first, Pseudo-second, Ritchie’s kinetic equations for adsorption
of Endosulfan pesticide using activated (Act) and unactivated (Unact) boiler fly ash (BFA) and maize cob
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Fig. 18. Adsorption kinetics plots for Pseudo-first, Pseudo-second, Penetrant transport for adsorption of
Endosulfan pesticide using activated (Act) and unactivated (Unact) boiler fly ash (BFA) and maize cob (MC)
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Fig. 19. Adsorption kinetics plots for Pseudo-first, Pseudo-second, Elovich for adsorption of Endosulfan
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Fig. 20. Adsorption kinetics plots for Pseudo-first, Pseudo-second, McKay and Poots for adsorption of
Endosulfan pesticide using activated (Act) and unactivated (Unact) boiler fly ash (BFA) and maize cob (MC)

Kinetic modelling describes the rate of adsorption and provides insights into rate controlling mechanisms. The
PFO model assumes that the rate of adsorption is proportional to the number of unoccupied sites, reflecting
physical adsorption processes dominated by external surface interactions and boundary layer effects. If the data
for Endosulfan adsorption fit the PFO model, it indicates that the uptake is controlled largely by surface
diffusion and weaker Van der Waals forces [58][59]. On the other hand, the PSOis based on the assumption
that chemisorption governs the adsorption rate. This involves stronger interactions, such as hydrogen bonding,
n—7 electron donor—acceptor interactions, or covalent bonding between the pesticide molecules and functional
groups present on the adsorbent surface. Many studies have shown that pesticide adsorption on modified agro-
wastes and industrial by-products tends to align more closely with the PSO model, reflecting enhanced surface
reactivity and intra-particle interactions [50][60][61]. The results of this study showed that the PSO kinetic
model gave a better fit to the adsorption kinetic data.

Intraparticle diffusion models further reveal the contribution of pore diffusion and boundary layer
resistance to overall adsorption rates. When experimental data are plotted as the amount adsorbed (qt) against
the square root of time (t0.5), a linear relationship suggests intra-particle diffusion. If the line passes through
the origin, then intra-particle diffusion is the sole rate-limiting step. However, if the line does not pass through
the origin, it indicates that other processes such as film diffusion or surface adsorption are also contributing to
the overall mechanism [57][27]. In practice, Endosulfan adsorption often exhibits a multi-linear plot in the
intra-particle diffusion model, suggesting two or more stages: an initial rapid uptake due to surface adsorption,
followed by a slower phase governed by intra-particle diffusion. Activated adsorbents typically show enhanced

Mathematical Modelling of Endosulfan Adsorption Using Activated and Unactivated Boiler Fly Ash and
Maize Cob (Osu Bright O)



Indonesian Journal of Modern Science and Technology (IJMST) 107

intra-particle diffusion due to increased pore volume and surface functionalization, whereas unactivated
adsorbents may exhibit limited pore accessibility, making surface adsorption the dominant mechanism
[50][60][61]. The penetrant transport model gave a better fit to the intra-particle diffusion data for the pesticide
adsorption kinetic data.

In addition, the application of these models allows for the determination of adsorption rate constants,
which are critical parameters in designing batch and continuous water treatment systems. The suitability of one
model over the other not only reflects the mechanism of adsorption but also indicates the efficiency of
adsorbent modification in improving pesticide removal from aqueous solutions. The constants for the kinetic
and intraparticle diffusion studies are shown in Table 4for Endosulfan adsorption. It could be seen that for
penetrant transport, penetrant a < 1, while penetrant Kid> 1. Penetrant a-values represents the likelihood and
degree of strive; where, a >1 indicates the presence of high strive, a < 1 depicts moderate strive while for a <1,
the adsorption process may not be due to adsorbate core strive [24]. Again, penetrate Kid value of an adsorption
system is usually less than 1 for an interaction between adsorbent and adsorbate which is dominated by ion-
exchange [24]. From the results of this study, a-values are <1 and Kid>1. This means that there is an indication
that dipole induced dipole interactions are dominant. This also supports van der Waals forces of attraction.

Therefore, combining PFO, PSO, and IPD kinetic analyses provides a comprehensive understanding
of Endosulfan sorption behavior, distinguishing between physisorption and chemisorption and predicting long-
term adsorption performance, While the PSO model often gives the best overall fit, the intra-particle diffusion
model adds valuable insights into the diffusion-controlled steps, which is particularly important for optimizing
adsorbent selection for scaling up batch adsorption experiments to continuous systems in environmental
remediation.

Table 3. Adsorption kinetics and intraparticle diffusion constants for adsorption of Chlorpyrifos pesticide
using activated and unactivated boiler fly ash and maize cob

S/N  Isotherm/Constants Boiler fly ash (BFA) Maize Cob (MC)
Unactivated BFA Activated BFA  Unactivated MC Activated
MC
1. Pseudo-First order
qe (Mmg/g) 27.17 43.25 46.78 111.07
Ky 0.0527 0.0691 0.0537 0.0610
R? 0.9476 0.9946 0.9426 0.9847
2. Pseudo-second
qe (mg/g) 25.51 20.83 44.84 96.15
K> 0.0075 0.0127 0.0005 0.0003
ho 4.859 5.5190 1.002 2.1180
R? 0.9212 0.97.21 0.8312 0.8783
3. Ritchie’s second order
qe (Mmg/g) 33.11 34.97 163.93 454.55
K 0.0551 0.0310 0.0039 0.0028
R? 0.9156 0.9465 0.9731 0.9735
4, Penetrant
Ki 6.773 4.174 1.587 3.108
a 0.3977 0.3117 0.7113 0.6926
R? 0.6242 0.7160 0.8450 0.8531
5. Elovich
B 0.1780 0.1744 0.0902 0.0421
o 5.8735 -6.5195 -14.4048 -27.7340
R? 0.5635 0.7068 0.8878 0.9091
6 McKay and Poots
Xi 8.975 11.678 0.8272 0.6153
K! 1.4804 1.5208 6.9509 3.2600
R? 0.3715 0.5119 0.7530 0.7770

In other to study the trend of the attainment to equilibrium, the fractional attainment to equilibrium ‘o’
for adsorption of Endosulfan pesticide using activated and unactivated boiler fly ash and maize cob was
evaluated using Eq. 20. [24]. The plot is shown in Figure 21.

a = [X]eq/[X]t (20)
Where [X]eq and [X]: is the concentration of the specie at equilibrium at time t respectively.
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The mechanism of diffusion which precedes adsorption has been broadly divided into intra-particle diffusion
and film diffusion mechanism. As diffusion precedes adsorption, the fractional attainment to equilibrium
(FATE) is the rate of mass transfer from the liquid phase to the solid adsorbent phase (Abia and Didi, 2007).
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Fig. 21. Fractional Attainment to Equilibrium for adsorption of Endosulfan pesticide using activated and
unactivated boiler fly ash and maize cob

In this study, adsorption of endosulfan was very rapid during the first 0-60 minutes of contact time. This fast
uptake at the initial stage is attributed to the availability of many vacant and easily accessible active sites on
the surface of the adsorbent. At this stage, pesticide molecules encounter little resistance in diffusing to the
adsorption sites, and the process is largely governed by external surface adsorption [56]. After the initial period,
the adsorption rate decreased slightly, indicating that many of the readily available active sites had already
been occupied. As adsorption progressed, repulsive forces between the adsorbed pesticide molecules and those
still in solution, as well as intraparticle diffusion limitations, slowed the process [58][59]. At this point,
equilibrium was reached as discussed earlier and this has been reported [62][63][57][27]-

3.6.  Modelling the Equilibrium Sorption Data

Isotherm modelling not only validates experimental observations but also informs the design of
adsorption systems for water treatment applications. Also, the adsorption isotherm modelling of endosulfan
reveals that the Freundlich model is most often reported as the best fit, due to the heterogeneous nature of most
adsorbents. However, depending on surface characteristics, the Langmuir, Temkin, and D-R models provide
additional mechanistic insights. Such findings highlight the complexity of endosulfan adsorption and the
necessity of applying multiple isotherm models to obtain a holistic understanding of the process.

The equilibrium adsorption isotherm constants obtained from the linear equations (Eq.1 - Eq.6), shown
in Table 2 were used together with the predictive models (Eq.21 - Eq.26) derived from Eq. 1 to Eq. 6 for the
respective isotherms to predict the values of amount adsorbed (qe) for each value of equilibrium concentration
(Ce) as seen by the linear forms of the isotherms. These values of qe for the isotherms were compared to the
experimental value to confirm the isotherm model that best fits the equilibrium experimental results.

. mKLCe

Langmuir: de = % 21)
Freundlich: qe = KgC 1 (22)

en

2

Dubunin-Radushkevich: g = qDexp <—B [RT In (1 + Ci)] ) (23)
Temkin: gde = K1Cyp (24)

. . ([ A
Harkins and Jura: Je = (B log Ce) (25)
Flurry-Huggins: ge=Co!™ Cc'"" K, (26)
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The plots of these predictive models are given in Figure 22 — Figure 25 for adsorption of Endosulfan pesticide
using Act-BFA, Unact-BFA, Act-MC and Unact-MC. The results from these isotherm models were compared
to the experimental values of the adsorption process to help give an insight to the goodness of fit of the
isotherms and help identify the isotherm of best fit.
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Fig. 21. Isotherm models for adsorption of endosulfan pesticide using Act-BFA
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Fig. 22. Isotherm models for adsorption of endosulfan pesticide using Unact-BFA
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Fig. 24. Isotherm models for adsorption of endosulfan pesticide using Unact-MC

The comparison of the calculated equilibrium adsorption capacities (qe) from isotherm models with the
experimental values is critical in validating the suitability of the predictive models. When the theoretical
gevalues closely match the experimental data, it indicates that the chosen model adequately describes the
adsorption mechanism and equilibrium behaviour under the studied conditions. Predictive isotherm models,
for Langmuir, Freundlich, Temkin, Dubinin—Radushkevich (D-R) and Harkins-Jura (H-J), provide insights into
surface heterogeneity, adsorption intensity, and the nature of the interactions between adsorbate and adsorbent.
The conditions for applicationof these models have earlier been discussed.

Therefore, generally the isotherm model that produces gevalues closest to the experimental data is
considered the most reliable for predicting adsorption performance. This validation not only improves
mechanistic understanding but also supports the scale-up and practical design of adsorption-based water
treatment systems for pesticide removal. From the results of the models applied to this experiment, it was found
out that the Freundlich isotherm gave a better fit to the sorption experimental data for adsorption of endosulfan
using Act-BFA, Unact-BFA, Act-MC and Unact-MC. The trend of fitness of the isotherm was confirmed to be
Freundlich > Langmuir > Temkin > Dubinin-Radushkevich (D-R) > Harkins-Jura (H-J) > Flurry-Huggins (F-
H), as was given earlier.

4. CONCLUSION

The findings of this research clearly establish that both activated and unactivated boiler fly ash and maize
cob possess significant potential as cost-effective and sustainable adsorbents for the removal of Endosulfan
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pesticide from aqueous solutions. The application of mathematical modelling provided a deeper understanding
of the adsorption mechanisms, equilibrium relationships, and predictive capabilities of the process. The models
employed were consistent with the experimental results, thereby confirming their suitability for describing the
adsorption behaviour of Endosulfan under the studied conditions. Activation of the adsorbents was shown to
improve surface characteristics such as porosity and cation exchange capacity, which in turn enhanced
adsorption efficiency compared to their unactivated counterparts. This underscores the role of chemical
activation in optimizing the performance of agricultural by-products for water treatment. Furthermore, the
ability of maize cob and boiler fly ash to act as alternative adsorbents demonstrates the importance of
converting agricultural residues and industrial by-products into value-added resources for environmental
management. The successful modelling of adsorption data not only validates the experimental observations but
also provides a useful tool for predicting performance under different operational conditions, which is vital for
large-scale applications. These results contribute to the growing body of knowledge supporting the use of bio-
waste and industrial residues in the development of eco-friendly and low-cost treatment technologies.
Therefore, this study reinforces the feasibility of employing activated and unactivated boiler fly ash and maize
cob in pesticide remediation, thereby promoting sustainable approaches to water purification and pollution
control.
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