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Abstract

This study examines the effectiveness of porous silica extracted from rice husk and chitosan modified
silica in removing pesticides (Malathion and Atrazine) from wastewater to assess the efficacy and
efficiency of natural-source silica in the elimination of pesticide residues. This is with a view to solid
waste management and valorisation. Agricultural by-products, rice husk and periwinkle shell, were
sun-dried, crushed, and pulverized. The dried rice husk sample was ashed for 6 hours at 700°C in a
furnace. The chitosan was extracted from periwinkle shell while rice husk ash was acid reflux treated
to produce silica. The porous silica was prepared using sol-gel method, modified with chitosan and
stored in a desiccator. FTIR, TEM, SEM/EDX, and XRD were used to examine the properties of the
porous silica. During batch adsorptions of pesticides, the following parameters were investigated:
sorbent dose, contact time, pesticide concentration, and pH. The pesticide concentrations were
determined using Gas Chromatography (Agilent 19091GC). The results obtained were subjected to
appropriate isotherm and kinetic models. The study revealed that the extracted silica showed the
presence of Si, and O; and the morphology revealed agglomeration of particle and porosity. For
Porous Rice Husk Silica (PRHS) and Chitosan Modified Porous Rice Husk Silica (MPRHS), the
percentage removal of atrazine decreased from 99.82 to 96.32 % and 100 to 99.97 %, respectively,
while the percentage removal of malathion decreased from 99.22 to 96.04 % for PRHS, but the
percentage removal of malathion by MPRHS was 100 % as the initial pesticide concentration
increased. The modification of the adsorbent (MPRHS) caused an increase in the amount of pesticides
(Atrazine and Malathion) adsorbed, over the unmodified adsorbents. Freundlich and pseudo second
order models fit the adsorption of both pesticides. The study concluded that porous silica from rice
husk was effective at removing pesticides from wastewater, and that its effectiveness improved with
the addition of chitosan. This will serve as a waste management strategy and promote circular
economy.

Keywords: pesticide; silica; chitosan; wastewater; adsorption; isotherm

1. Introduction

The rapid evolution and advancement of technology have exposed nature, especially humans,
to a wide range of chemical substances, with pesticides being a notable group among them [1], 2016).
Over the years, the removal of pesticide residues from the environment has become a major topic of
concern and discussion. In recent times, this concern has escalated significantly, particularly
regarding their presence in aquatic environments, notably water bodies [2]. The use of pesticides is
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essential to reduce crop losses and increase agricultural yields [3-5]. However, due to indiscriminate
application, the use of pesticides for societal benefit carries the risk of leaving behind residues that
can contaminate the environment [6,7]. When pesticides are used, a portion remains on the farmland,
while others find their way into the surrounding air, soil, and water. Pesticide pollution has wide-
ranging negative consequences, affecting not only the environment but also human health [8,9].

Atrazine, a water-soluble herbicide and one of the most frequently used herbicides, is a
significant concern due to its potential carcinogenic effects, disrupting endocrine function, and
reducing sperm levels in men [10]. It poses a risk to living systems and is classified as Packing Group
IIT and Hazard Class 6.1 by the United Nations Committee of Experts on Transportation of Dangerous
Goods [11-14]. Malathion, a pesticide, has been used in veterinary care, industry, and agriculture
since 1980. Despite its lower acute toxicity, it is still used for pediculosis [15]. However, its
widespread use exposes everyone to it, contributing to environmental pollution. Factors influencing
malathion poisoning include metabolites, exposure route, nutritional status, genetics, gender, and
product purity [16,17].

Pesticide residues in soil and water are categorized as carcinogenic pollutants in many countries,
posing a severe threat to the environment [18]. Consequently, it is imperative to develop sustainable
methods for decontaminating water and wastewater, particularly drinking water, from pesticide
residues. Various treatment processes, such as photocatalytic methods, solid-phase extraction,
adsorption, advanced oxidation processes, biodegradation, ion exchange, and membrane separation,
have been established and reported for sequestering pesticides and their residues from contaminated
aquatic environments. Among these, adsorption has proven to be an effective remediation technique,
offering benefits in terms of cost-effectiveness, flexibility in design, operational simplicity, and the
absence of potentially hazardous by-products [19-23].

There is a growing need for alternatives to activated carbon and silica gel, commonly used in
adsorption processes for pollutant removal, as they are challenging to regenerate and costly.
Materials with high efficiency in pesticide decontamination and environmentally friendly attributes
are required. To this end, various materials, both natural and synthetic, have been employed as
adsorbents for removing pesticide residues from aqueous environments. Among them, rice husk ash,
derived from locally grown rice, has gained attention due to its high silica content and the abundance
of rice husk waste generated in regions like Nigeria [24]. Rice husk, a major lignocellulosic by-product
of rice milling, and periwinkle shells, an underutilized molluscan waste abundant in coastal
communities, represent two potent candidates for value-added conversion [25-27].

In recent years, nanomaterials and nanostructured materials, both modified and unmodified,
have garnered significant interest for their ability to efficiently remove various pollutants from water
and wastewater due to their unique properties, including a large specific surface area, low diffusion
resistance, high adsorption capacity, and rapid adsorption equilibrium [28-30]. However, there has
been limited research on the use of nanostructured silica, derived from natural sources, for the
removal of pesticide residues from water and wastewater. This study aims to fill this research gap by
exploring the potential of nanostructured silica for environment friendly pesticide residue removal.

2. Materials and Methods

2.1. Reagents

Hydrochloric acid, acetic acid, dichloromethane (DCM) and sodium hydroxide were purchased
from BDH Chemicals Limited, UK. Hexadecyltrimethylammonium bromide (HDTAB), Malathion,
and Atrazine were purchased from Sigma-Aldrich Limited. Dichloromethane (DCM) was distilled
before use so as to ensure contaminant free solvent. All chemicals were analytical grade and the
solutions were made with deionized-distilled water.

2.2. Sample Preparation

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The rice husk in which silica was extracted was collected from Ofada village in Ogun State,
Nigeria while the chitosan used for modification was extracted from the periwinkle shell and was
collected from Akpan Andem market, Akwa Ibom, Nigeria. The two agricultural by-products were
sun-dried for a few days to a constant weight. The periwinkle shell was crushed using a Hammer
mill and later pulverized at the Agricultural Engineering Department, Obafemi Awolowo University,
Ile-Ife, Nigeria. The periwinkle shell powder was sieved using 2 mm mesh. The dried rice husk
samples were pre-ashed at a temperature of 250 °C for three hours. The pre-ashed samples were
placed in a crucible and calcined for completely ashing at 700 °C in Murffle furnace for 6 h. The rice
husk ash and the sieved periwinkle shell were stored in separate air-tight containers for further
processes.

2.2.1. Chitosan Extraction from Periwinkle Shell Powder

The extraction follows a four-stage process according to the modified methods of Abdeen and
Mohammad [31] and Okoya et al [32]. The powdered periwinkle shell was first deproteinized by
adding 200ml 4 % NaOH to 50g periwinkle shell powder in a beaker and was placed on a magnetic
stirrer for 6 h at 80 °C. The mixture was filtered with Whatman no. 1 filter paper, and the residue was
washed in distilled-deionized water until it was neutral using pH meter (HI9812-5 portable
pH/EC/TDS temperature meter), then dried for 2 h at 100 °C. The residue (deproteinized periwinkle
shell powder) was demineralized by its addition to 100ml 3 % 1 M HCl and agitated for 3 h at 30 °C.
The mixture was filtered, and the residue was washed with deionized distilled water until it was
acid-free (neutral pH). The acid-free residue was then dried for 1 h at 90 °C. The demineralized-
deproteinized periwinkle shell was decolourized by refluxing in acetone for 3 h at 60 °C. The mixture
was filtered and dried before being used. Chitin was recovered as a residue. Chitosan (2-acetamido-
2-deoxy-D-glucose-N-(acetylglucosamine)) was prepared by reacting 50% (w/v) NaOH solution with
the residue (chitin) on a magnetic stirrer at 30 °C for 4 h. Chitosan was rinsed with distilled-deionized
water and dried at 90 °C for 1 h after filtering.

2.2.2. Silica Extraction

The modified acid refluxing treatment methods of Dare and Bello [33], Shaikh and Shaikh [34]
and Ghorbani et al. [35] were used to extract silica (SiO2) from the calcined ash of rice husk. The
process scheme of the refluxing methods for silica is presented in Figure 1.

| Measure 10 g of rice husk ash |

200 ml 3 M HCl solution added

(for the removal of metals and mineral constituents)

| Reflux at 80 °C for 24 h |
Filteriné
| Silica

Figure 1. Process Flow Diagram for Silica Extraction.

2.2.3. Synthesis of Porous Silica
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The porous silica was prepared by a modified procedure of Bhagiyalakshmi et al. [36]. Silica
powder (11 g) extracted from rice husk was mixed with 0.036 g/ml NaOH solution. The system was
reflux for 12 h at 80 °C to form a solution of sodium silicate.

SiO, +2NaOH — Na,SiO, + H,0

Separately, 3.75 g of hexadecyltrimethylammonium bromide (HDTAB) was dissolved in 62.5 ml
deionized water. Under stirring, the HDTAB surfactant solution, which act as pores template through
micelle formation, was slowly added to the sodium silicate solution, and the pH was adjusted to 11
with 5 M acetic acid. After pH adjustment, the mixture was vigorously agitated for 6 h at room
temperature using a magnetic stirrer. A surfactant-silica gel was formed and then heated for 12 h at
100 °C. The solid product was filtered, rinsed with deionized water and ethanol, and then dried at 80
°C overnight to eliminate any residual water and ethanol. To entirely eliminate the surfactant
template, calcination at 550 °C for 5 h was employed

2.2.4. Modification of Porous Silica

With continuous stirring, approximately 5 g of chitosan was slowly added to 100 ml of 10 %
acetic acid for chitosan gel formation. To promote homogenization, the mixture was heated to 40-50
°C. The chitosan gel formed was heated to 40-50 °C after dilution with water. In a separate container,
a porous silica (10 g) sample was added gently to the diluted chitosan gel and actively stirred for 24
hours using a magnetic stirrer. The coated porous silica was then cleansed with distilled-deionized
water, dried for 2 hours at 102 °C before being cooled at room temperature and stored in a desiccator.

2.3. Characterization of the Porous Silica

The elemental analysis and the morphology of the silica and porous silica produced were
performed using ESCAN VEGA 3 LM SEM coupled with EDS microanalysis (Oxford system). TEM
(JEOL 1010) was also used to analyze the morphological properties and dimensional characterization
of porous silica, such as lengths and diameters. The JEOL TEM 1010 was equipped with a Megaview
imaging system. A Bruker D8-Advance multi-purpose X-ray diffractometer was used to investigate
the structure of the extracted silica and porous silica samples. The KBr pellet method was used to
perform Fourier transform infrared (FTIR) spectrophotometry (NICOLET S5 from Thermo Scientific)
in the 400-4000 cm! range.

2.4. Batch Adsorption Process

The adsorption studies were conducted on a batch scale using PRHS and MPRHS as adsorbents.
The following parameters were investigated for both pesticides; sorbent dose (0.2-1.0 g), contact time
(20-60 min), pesticide concentration (10-50 mgL"') and pH (2-10). The pH of the solutions was adjusted
to the appropriate value using either NaOH (0.1 M) or HC1 (0.1 M) solutions. The mixture was filtered
using Whatman No. 1 filter paper. The pesticides were extracted through liquid-liquid extraction
from the filterate using Dichloromethane (DCM) and were analysed spectrophotometrically using
Gas chromatography (Agilent 19091GC). The adsorption capacity (g, ) and removal efficiency (%E)

were determined as follows, respectively

_(<,-cyr
Te= 1000 w M)
%E=wx100 )

where C,and C,are the initial concentration and concentration of equilibrium of the Pesticides

(atrazine and malathion) in solution, respectively, w denotes the adsorbent dose used, and V
represent the solution volume.
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2.5. Adsorption Isotherms

The experimental data were subjected to various adsorption isotherms, such as the Langmuir
isotherm (3), Freundlich isotherm (4), Temkin (5), Dubinin—-Radushkevich (D-R) (6), and Scatchard
isotherm (7), in order to determine the isotherm models that best fit the experimental data and
parameters, as well as provide information about adsorption capacity, surface properties, and affinity
of the adsorbent,

C, C, N 1 -
qe qm KLqm
1
logg, =logK, +—logC, 4)
n
q, =ElnAT +Elnce
bT bT
p=RL
bT
q,=Bln4, +BInC, (5)
Ing, =lng, +8¢€ (6)

where €= RT ln|:1 + L:|
C

e

The adsorption energy E (kJ/mol) can be calculated using the equation below,

q,
C q,b—q.b )

e

where is the adsorption capacity in mgg?, and C, is the equilibrium pesticide concentration in mgL-
1, ¢, is the maximum adsorption capacity in mgg-, K is the Langmuir isotherm constant which is

also the adsorption capacity (mgg') Lmg, and K ; and n are the Freundlich coefficients or exponent

which can also be adsorption capacity in mgg-' and Freundlich constant which indicate the degree of
the surface heterogeneity and also describes the adsorbate distribution on the adsorbent surface,
respectively. Ar is Temkin isotherm equilibrium binding constant (L/g), br is Temkin isotherm
constant, R is universal gas constant (8.314 Jmol-'K-!), T is Temperature at 298K and B is a Constant
related to heat of sorption(J/mol). $ (mol?J?) is the activity coefficient which signifies the adsorption
free energy while € is the Polanyi (Kecili and Hussain, 2018).

2.6. Adsorption Kinetics

To resolve the controlling and diffusion mechanisms of the adsorption processes, adsorption
kinetics such as the pseudo-first-order model (8), pseudo-second-order model (9), intraparticle
diffusion (10), Elovich (11) and liquid film diffusion models (12) were examined. The following are
the equations:
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K

loglg, —g,)=logq, ——1 8
gla. —q,)=logq, ~—— ®)
Lot ©)

9, K.q. 4.
q, =K, t*+1 (10)

The initial sorption rate (1) can be calculated from the s = K 2qu

= l In (ap)+ l Int 11
N 3 (1)
In(l-F)=-K ,t (12)

where f is the time in minutes, Ki and Kz are the pseudo-first and pseudo-second order constants in
min?! and g mg! min’, respectively, and g. and g+ are the amount of pollutant adsorbed on the
adsorbent at equilibrium and at time t, respectively. Ks« (mg/gmin'”?) is the intraparticle diffusion rate
constant,  is intraparticle diffusion plot intercept, a and 3 and are the initial adsorption rate constant
(mg/g min) and the Elovich desorption constant, respectively, which are related to the extent of
surface coverage and the chemisorption activation energy (g/mg). K is the adsorption rate constant
(mg/gmin) and F is the fractional attainment of equilibrium (F = g:/g.) [37].

3. Results and Discussion

3.1. Characterisation of Silica and Porous Silica Produced from Rice Husk

Figure 2 shows the XRD pattern for the rice husk silica (RHS) and porous rice husk silica (PRHS).
Hill like patterns and sharp diffraction peaks were observed in both RHS and PRHS as shown in
Figure 2. The hill like pattern ranged between 15° to 28°[20] for RHS and 8 to 16° [20] for PRHS while
the sharp peaks were observed at [20] = 260, 399, 60°, 68°, and 84° for RHS and at [20] = 22¢, 30°, 32°,
340, 440 and 56 for PRHS. The difference in the peak position and appearance new peaks may be as a
result of the pores in PRHS. These hill like and sharp peaks respectively signify the amorphous phase
and crystalline structure of the RHS which was also revealed in PRHS. The XRD patterns agree with
the study reported by Ghorbani et al. [35] and Okoronkwo et al. [38], who found that silica has both
an amorphous and crystalline structure. These peaks imply the presence of crystalline structures of
the cristobalite and tridymite forms of silica, which could be related to the melting of ash silica particle
surfaces and particle bonding [39].

7000 RHS
- — PRHS

6000 —
5000 —+

4000 —

Inersity (caurts)

3000 —+

2000 —+

1000 —H

1
o 20 40 60 80 100
2theta (degree)
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Figure 2. The XRD pattern of RHS and PRHS.

The samples were subjected to FTIR analysis for the confirmation of the presence of SiOz and the
results are shown in Figure 3. The results show the presence of characteristic peaks around 1100 and
800 cm!, which are attributed to a Si-O bending vibrational band and a network of asymmetric Si-O-
Si siloxane bond stretching vibrations [35,38]. The network of O-5i-O bending vibration modes is
related to the band at about 500 cm™. The absorption band of 1600-1700 cm™ represents the H-O-H
bending vibration of water molecules bound or trapped within the matrix. [38,40]. Figure 3a displays
the RHS spectrum, which includes a broad band about 3070-3750 cm-! that is missing from the PRHS
spectrum (Figure 3b). Due to the adsorbed water molecules, the band corresponds to the stretching
vibration of the O-H bond from the silanol groups (SiOH) [41.42, 38]. The elimination of surfactants
in the furnace during the nanostructuring process could be responsible for the loss of the band in
Figure 3b.

70 100

60
80+
50

40 604

30

%Transmittance
%transmittance

20 40

204

T T T T T T T T 1 T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 500 1000 1500 2000 2500 3000 3500 4000 4500

Wavenumber (cm™) Wavenumber (cm™)
(a) (b)
Figure 3. FTIR Spectra of (a) RHS and (b) PRHS.

The surface morphology of the RHS and PRHS as shown in Figures 4 and 5 was characterized
using SEM and HRTEM respectively. The morphology of RHS (Figure 4a) showed a bulky surface
texture while PRHS showed in Figure 4b reveals agglomeration and spherical shape of particles after
nanostructure process which may show porosity at higher magnification. These morphological
properties are good for adsorption purposes. From the TEM images of the sample PRHS, regular
stripes which are visible in the vertical direction, indicate a long-range structure of the porosity
(Figure 5) [43,44]. The diameter of the pore is 0.21 nm as revealed in the TEM image. The predominant
degree of Si and O, spectra as revealed by EDX analysis result presented in Table 1 confirms silica
(SiO2) as the paramount element in both RHS and PRHS samples. The presence of sodium in the
PRHS sample, as indicated in Table 1, could be related to the substrate used during the SEM/EDX
examination, whereas bromine was introduced due to the surfactant utilized in the nanostructured
process. Imoisili et al. [45,46] observed a similar EDX result in the synthesis of amorphous
mesoporous silica from palm kernel shell ash and its characterization.
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()
Figure 5. HRTEM image of PRHS at (a)100 nm (b)50 nm (c) 10 nm.

Table 1. Elemental composition of RHS and PRHS.

Element Symbol Element Name Confidence RHS PRHS
Concentration % Error Concentration % Error

© 2025 by the author(s). Distributed under a Creative Co ns CC BY license.
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Si Silicon 100.0 23.7 0.9 18.9 1.2
O Oxygen 100.0 76.3 15 73.9 1.6
Na Sodium 100.0 6.3 4.2
Br Bromine 100.0 09 4.8

3.2. Optimization Studies on the Pesticide Removal from Aqueous Solution

The result of the optimization study is discussed below by comparing the performance of PRHS
and MPRHS adsorbents on the adsorption of pestcides (atrazine and malathion) a vis the conditions
that affect adsorption

3.2.1. pH Effect on Adsorption

The impacts of pH on the adsorption of atrazine and malathion are depicted in Figure 6a,b,
respectively. pH is one of the most important factors that affects the adsorption process because it
changes the ionic state of the substance (adsorbate), as well as the ionization and surface charge of
the adsorbent, all of which have an impact on the mechanism of reaction between adsorbate and
adsorbent. The study was observed over pH range 2 to 10. Based on the findings, the percentage of
pesticides removed increases as the pH of the system increases. From Figure 6a,b, the maximum
removals of Atrazine and Malathion by MPRHS occurred around pH 6, while the trend seemed to be
increasing across the pH range (up to pH 10) used for PRHS. The optimum pH was chosen to be 6
for MPRHS in the adsorption of Atrazine and Malathion. The gradual increase experienced between
pH 2 and 6 (acidic region) for both adsorbent in removal of Atrazine and Malathion in Figure 6
implies that adsorption of the pesticide molecule is enhanced in acidic environment. This suggests
that via electrostatic attraction in the acidic medium, the negatively charged pesticides (malathion,
pKa is —6.8) and positive surface of the sorbents attract [47-50]. Atrazine has a pKa of 1.68, making it
a mildly alkaline insecticide which may be responsible for its increased adsorption at initial stage of
pH 2 [51]. The chitosan modification, where the amino groups are protonated and the chitosan
modified PRHS surface becomes more positively charged, may account for the higher percentage
elimination of the pesticide in the acidic media. Rissouli et al. [52] discovered similar pattern in
glyphosate adsorption by chitin and chitosan.
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Figure 6. Effect of pH on PRHS and MPRHS Percentage Removal of (a) Atrazine and (b) Malathion [Adsorbent

dose: 0.8 g; initial concentration: 50 mg/l; contact time: 60 min; agitation speed: 150 osc/min].

3.2.2. Adsorption Effect of Adsorbent Dosage

The effect of adsorbent dose on atrazine and malathion removal and adsorption capacity was
investigated in the range of 0.2-1 g of adsorbent, as shown in Figures 7 and 8. Figures 7a and 8a
depicted the influence of adsorbent dose on removal percentage, while Figures 7b and 8b depicted
the effect of adsorbent dosage on adsorbent adsorption capacity. It is seen from Figures 7a and 8a
that as the dosages of PRHS and MPRHS increased, the percent removal of the pesticides increased.
For PRHS, the proportion of atrazine removed increased from 96.88 to 98.316 % and 97.33 to 98.53 %
for MPRHS while Malathion elimination rose from 98.06 to 99.94 percent in PRHS and from 96.63 to
98.81 percent in MPRHS. This is because increasing the adsorbent dosage increases the surface area
of the adsorbent, resulting in more adsorptive sites available for adsorption and the fact that the
sorption sites remain unsaturated during the sorption [50,53,54]. The results shown in Figures 7a and
8a suggest that the optimum dose of MPRHS for the malathion and atrazine is 0.8 g, as the adsorption
of malathion and atrazine continue to increase as the dose of PRHS increased. The optimum dose of
PRHS may exceed 1.0 g for both pesticides, which is the maximum dose considered in this study, as
the efficiency still showed increment till the 1.0 g dose.

The uptake capacity of the adsorbent takes a different turn compared to the percentage removal.
The result (Figures 7b and 8b) reveals that the uptake capacity of each adsorbent decreases as the
adsorbent dose increase. The reduction observed per unit gram of PRHS and MPRHS was from 12.11
to 2.46 mg/g of atrazine and 12.26 to 2.498 mg/g of malathion respectively. Nor et al. [55] were able
to remove diazinon pesticide from an aqueous solution using coconut shell-modified biochar and
they observed reduction in the adsorption capacity as against the increase in adsorption efficiency as
adsorbent dosage increase. Each adsorbent has the highest uptake capacity at 0.2 g dose. Shoukat et
al. [56] and Ishtiaq et al. [57] had similar result of maximum adsorption capacity at low sorbent
dosage (as low as 0.05 g) for the adsorption of dye and pesticide respectively. The decrease in the
adsorption capacity of the adsorbents with an increase in sorbent dosage can be attributed to particle
interactions. When more adsorbent is introduced into the same solution volume with a fixed pesticide
concentration, it leads to the occupation of available binding sites. However, as the sorbent dosage
further increases, aggregation of adsorbent particles occurs due to the interactions. This aggregation
phenomenon is likely responsible for the observed reduction in the adsorption capacity of the
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adsorbents [58,59]. That is, aggregation leads to a reduction in the available surface area which in
turn leads to an uptake capacity reduction. Another reason for the decrease in adsorption capacity as
the adsorbent dose rises could be saturated active sites [60,61].
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Figure 7. Effect of adsorbent dosage on (a) Atrazine removal percentage and (b) Atrazine absorption capacity by
PRHS and MPRHS. [50 mg/1 initial concentration; 60 min contact time; 150 osc/min agitation speed; pH: 6.0].
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Figure 8. Effect of adsorbent dosage on (a) Malathion removal percentage and (b) Malathion absorption capacity
by PRHS and MPRHS. [50 mg/1 initial concentration; 60 min contact time; 150 osc/min agitation speed; pH: 6.0].

3.2.3. Effect of Agitation Time on Adsorption

The impact of agitation time on atrazine and malathion adsorption by adsorbents was
investigated and illustrated in Figure 9a,b. From the result, it was observed that the adsorption of
atrazine and malathion on modified and unmodified porous silica was very fast at the initial stage.
Within 20 min, 93.24 % and 96.46 % of atrazine and malathion were adsorbed respectively for PRHS
(Figure 9a,b). The same trend was observed for MPRHS within the first 20 min, 99.92 % and 99.62 %
atrazine and malathion respectively (Figure 9a,b). For PRHS, the rapid adsorption of atrazine and
malathion continues to 40 and 30 min before the gradual increment sets in. While for MPRHS, the
removals seem to be almost constant for atrazine but increasing gradually for malathion after 20 mins.
The percentage of atrazine removed by MPRHS dropped at 50 min (Figure 9a).

The trend observed in Figure 9 revealed that the sorption was rapid at first, then moderate as it
progressed until the maximum removal was reached. This discrepancy in sorption rate could be
because the active sites of the adsorbents PRHS and MPRHS were unoccupied at the start, resulting
in a high sorption rate. The saturation of binding sites, with pesticide ions gradually filling the
unoccupied sites, is what causes the subsequent slower adsorption. Repulsive forces between the
pesticide ions and those already adsorbed on the adsorbent are the likely cause of the slower
adsorption rate [62]. Hassan et al. [63] and Naushad et al. [64] observed similar trends in their
respective adsorption of dye and pesticide. Jusoh et al. [65] also experienced the same trend when
studying the efficacy of granular activated carbon in the removal pesticides from agricultural runoff.
So also, the removal efficiency of metalyxal using clay by Azarkan et al. [66] also showed similar
behaviour.
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Figure 9. The percentage removal of (a) Atrazine and (b) Malathion by PRHS and MPRHS as a function of

agitation. [1.0 g adsorbent; pH 6.0; 150 osc/min agitation; starting concentration: 50 mg/L; working volume: 50
ml].

3.2.4. Kinetics Studies

The experimental data were subjected to kinetic model analysis using the pseudo-first order,
pseudo-second order, intraparticle diffusion, liquid film diffusion, and elovich models. This was
done in order to select the optimum model for describing the adsorption data. Table 2 shows the
kinetics data of the pesticides adsorption process onto modified and unmodified porous silica
extracted from rice husk (PRHS and MPRHS). This was done to better understand the mechanism at
work and to discover the actual rate-controlling phase in the atrazine and malathion adsorption
processes. The slope and intercept of the linear plot of the pseudo first and second order equations
were used to determine the Ki: and geci, and the results were shown in Table 2. The R? correlation
coefficients for the plots were also reported in the table, indicating that the experimental data of
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atrazine and malathion adsorption onto PRHS and MPRHS suited the pseudo-second order model
better than the pseudo-first order model. The estimated ge and the pseudo-second order ge value
obtained from the experimental data are similar. This suggested that the adsorption process followed
the pseudo second order kinetic model, implying that atrazine and malathion adsorption on PRHS
and MPRHS is likely to exhibit electrostatic interactions. [47,67,68]. The adsorption of malathion onto
De-Acidite FF-IP resin does not satisfy the pseudo first order model, according to Naushad et al. [69].
Kumar et al. [4] found something similar when they compared the removal of malathion from
aqueous solution by agricultural and commercial adsorbents. Also, the adsorption of atrazine onto
sepiolite and wheat straw-derived biochar fit better in the pseudo-second-order equation, according
to Liu and Chen [70] and Wang et al. [71]. Furthermore, the high correlation coefficient R? values,
which were unity compared to first order kinetics, suggest that the pseudo-second order model was
better obeyed, supporting the hypothesis that the rate limiting step of atrazine and malathion
adsorption on the adsorbents may be chemical sorption or chemisorptions [72]. Kumar et al., [73] and
[4] had similar experiences.

For intra-particle diffusion, the curve of gt vs /2 was employed to obtain diffusion rate
parameter Kz and the intercept C in the adsorption of atrazine and malathion onto PRHS and MPRHS
(Table 2). Intraparticle diffusion has lower R? values than pseudo-second order kinetics, but still has
acceptable R? values. This suggests that there is an intraparticle diffusion mechanism at work in the
sorption process. [72]. In addition, the presence of an intercept reflects the presence of a boundary
layer, and the larger the intercept, the greater the contribution of the boundary layer effect to the rate-
controlling step [54,74]. However, because the plots did not pass through the origin, indicating the
presence of C in Table 2, it was concluded that there is some degree of boundary layer control and
that intraparticle diffusion is not the rate-controlling step in the overall absorption process of atrazine
and malathion onto modified and unmodified porous silica from rice husk.

The physical adsorption mechanism is indicated by the conformance of adsorption processes to
Liquid film diffusion. Table 2 lists the Ky (adsorption rate constant in mg/gmin) values obtained from
the linear plot of -In(1-F) against t. The model offered good value of R? for the pesticides but not better
when compared to Pseudo second order model. However, the liquid film diffusion model R? values
obtained for pesticide adsorption onto adsorbents (PRHS and MPRHS) demonstrated that a film
diffusion mechanism is present in the adsorption process. This implies that though not solely, the
adsorption process may also possess some degree of film diffusion mechanism since the plots deviate
from origin i.e., there is intercept (I) (Table 2). The experimental data's little conformity to the film
diffusion mechanism indicates that a physical adsorption mechanism is likely involved in the process
but not. Again, because the liquid film diffusion model does not better represent the experimental
data than the pseudo second order model, the adsorption mechanism is majorly chemisorption
[75,76].

Elovich equation describes if the adsorption process concurs with the behaviour that represents
the nature of chemical adsorption. The constants ot and 3 as well as the corresponding R? which were
obtained for the Elovich equation are presented in Table 2. In comparison to intraparticle and liquid
film diffusion models, the Elovich equation also exhibited a good fit for the experimental data of the
adsorption. The implication of this is that the adsorption process concurs with the behaviour that
represents the nature of chemical adsorption [74,78].

Table 2. Kinetics Rate Parameters for Pesticide Adsorption Process.

Kinetics Models PRHS MPRHS
Atrazine Malathion Atrazine Malathion
qeexp (Mg/g) 3.06 3.07 3.12 3.125
Pseudo-First Order
gecl (mg/g) 2.027 0.907 0.098 26.152
Ki1 (min') 0.116 0.141 0.051 0.052
R2 0.9495 0.9591 1 0.8011
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Pseudo-second Order
K2 (g/mgmin) 0.175 0.602 22.260 2.980
geal (Mmg/g) 3.170 3.106 3.125 3.128
h (mg/gmin) 1.758 5.807 217.391 29.156
R2 1 1 1 1
Intraparticle Diffusion
Ka (mg/gmin'?) 0.0473 0.0157 0.0006 0.0035
C 2.7163 2.9589 3.1197 3.0969
R? 0.9317 0.723 0.9921 0.9377
Liquid film Diffusion
K 0.1158 0.1409 0.0509 0.0518
I 0.4128 1.2192 6.481 4.4032
R? 0.9495 0.9591 1 0.8011
Elovich equation
a (mg/gmin) 4.821x10° 2.47x10" 3.02x10-84 1.6x101
f (g/min) 6.139 16.694 635 109.890
R2 0.9922 0.8373 0.9982 0.8606

3.2.5. Effect of Pesticide Concentration on Adsorption

The adsorption data of atrazine and malathion on porous rice husk silica (PRHS), Modified
Nanostructured rice husk Silica (MPRHS) are presented in Figures 10 and 11. Figures 10a and 11a
show that when the initial pesticide concentration increased, the % removal of both atrazine and
malathion by PRHS and MPRHS decreased. The percentage removal of atrazine for PRHS and
MPRHS decreased from 99.82 to 96.32 percent and 100 to 99.97 percent, respectively, while the
percentage removal of malathion for PRHS decreased from 99.22 to 96.04 percent, but the percentage
removal of malathion by MPRHS was 100 percent as the initial pesticide concentration increased. The
reduction in percentage removal as concentration increases in the case of atrazine for PRHS and
malathion for PRHS indicate saturation of the adsorption sites as concentration increased leading to
availability of less adsorption surface for adsorbate [4,79]. Figures 10b and 11b on the other hand,
which analyze the adsorbents' absorption capacity as a function of the initial concentrations of
atrazine and malathion, indicate that the uptake capacity of each adsorbent increases as the initial
concentration of the pesticides increases. Although the percentage removal at higher concentration
may be less but the amount of atrazine and malathion adsorbed on solid phase (PRHS and MPRHS)
is higher than that at lower initial concentrations [79]. Several researchers have described a similar
pattern for pesticide adsorption onto various adsorbents [54,63]

With an increase in the starting concentration, the PRHS and MPRHS' equilibrium sorption
capacity increased. With increasing starting concentrations, the amount of Atrazine and Malathion
adsorbed per unit gram of the adsorbents (mg/g) increased. The implication is that concentration acts
as a significant driving force for the pesticide to overcome all mass transfer obstacles between the
aqueous and solid phases. As a result, a larger initial pesticide dosage will improve the adsorption
process [80].
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Figure 10. The effect of the initial atrazine concentration on PRHS and MPRHS (a) percentage removal and (b)
adsorption capacity. [60 min contact time; pH: 6.0; agitation speed: 150 osc/min; adsorbent dose: 0.8 g].
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adsorption capacity. [60 minutes of contact time; pH of 6.0; agitation speed of 150 osc/min; adsorbent dose of 0.8

gl-

3.2.6. Isotherm Studies

Adsorption isotherm models are important in the design of adsorption systems because they
express the equilibrium relationship that occurs between the concentrations of adsorbate in the liquid
phase and those on the adsorbent surface. Table 3 shows the results of applying the Langmuir,
Freundlich, Dubinin—Radushkevich (D-R), Temkin, and Scatchard isotherm models to the
equilibrium sorption data, while Table 4 shows the dimensionless constant separation factor (RL),
which expresses the Langmuir isotherm's essential features. The parameters of equilibrium isotherms
can often reveal important details about the sorption mechanism, surface properties, and adsorbent
affinity. The intercept and slope of their respective linear plots were used to calculate the Langmuir
and Freundlich constants, as shown in Table 3. The R? for the pesticide’s adsorption onto PRHS and
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MPRHS are also shown in Table 3. The R? of the Freundlich isotherm model was higher than the R?
of the Langmuir isotherm model, with the exception of atrazine adsorption onto PRHS, which was
lower than Langmuir and malathion adsorption onto MPRHS, which was zero for both Langmuir
and Freundlich. The Freundlich isotherm fit the adsorption process better than the other models, as
evidenced by the values of the correlation coefficient R2. As a result, the adsorption process is
determined by the heterogeneity of the adsorbent's surface [68,69,72,81]. The experimental value of
the absorption capacity as seen in Figures 10b and 11b, which ranges between 2.4 mg/g and 2.5 mg/g,
can also be compared to the adsorption capacity (qv) of the PRHS and MPRHS (Table 3). The
adsorption process involving removal of atrazine onto PRHS gave the highest Langmuir adsorption
constant (Kt) value (513.558) compared to the processes involving atrazine onto MPRHS and
malathion onto PRHS and MPRHS. The higher Ki value exhibited by MPRHS in the removal of
atrazine compared to the rest as presented in Table 3 indicate higher adsorption capacity. The
adsorption process was also subjected to Langmuir dimensionless separation factor Rt to evaluate
whether it is favourable or not and the results are presented in Table 4. If the value of Rt < 1.0, the
adsorption is considered favourable, but it is unfavourable if R. > 1.0 and R. = 1 means linear
isotherm. Apart from the adsorption process involving Malathion and MPRHS that exhibits linear
isotherm, the R value of other adsorption processes is less than unity and it indicates a favourable
adsorption. In the study of malathion removal from aqueous solution employing De-Acidite FF-IP
resin, Naushad et al. [69] found a similar result. Other researchers have had similar experiences
[82,83]

The Freundlich isotherm constants (Kfand 1) were determined using the intercept and slope of
log ge vs. log Ce linear plots, which show the adsorption capacity and measure of deviation from
linearity, respectively [47,69]. Aside from the fact that n quantifies divergence from linearity, it also
indicates the favourability of adsorption. Malathion adsorption onto PRHS and atrazine adsorption
onto MPRHS suggests a favorable adsorption condition, as n > 1 [84]. The value of ¥u gives the
heterogeneity degree of the sorption sites. The nearer the ¥ value to zero, the higher the surface site
heterogeneity [4,84]. All the adsorbents exhibit heterogeneity at the surface because the inverse of n
values as presented in Table 3 give values closer to zero and zero.

The intercept and slope of the plot between In Ce and ge were used to estimate the Temkin
isotherm constants A and B. Table 3 shows the values of the constants. The R? values for the malathion
adsorption process onto PRHS were greater than the others, indicating a better fit for the adsorption
process. When comparing the three isotherms, the value of the correlation coefficient (R?) revealed
that the Freundlich isotherm fit the experimental data better than the Langmuir and Temkin models,
with the exception of atrazine onto PRHS, which favored the Langmuir model. The Scatchard
isotherm plot is required to validate whether or not heterogeneity is involved in the adsorption
process. If the plot of ge/Ce vs ge shows a deviation from linearity, the adsorbent has more than one
type of binding site (heterogeneous surface), but if the plot shows a straight line, the adsorbent has
just one type of binding site. [85,86]. Based on the R? values in Table 3, both pesticides deviated from
linearity, indicating a heterogeneous surface of PRHS and MPRHS. This explains why the Freundlich
model was able to fit the experimental data well. The D-R isotherm model is used to forecast whether
the adsorption process involves a physical or chemical mechanism. The D-R constants were
calculated by plotting Inge against &. The R? value for the correlation coefficient obtained for the D—
R isotherm showed almost the same trend as the Scatchard model, but it still did not fit the adsorption
data better. The mechanism of adsorption is predicted by the free energy E computed from the
constant obtained from plotting Inge against &. Because the E value exceeds 16 KJ/mol, the result
obtained in Table 3 suggests that the chemical particle diffusion mechanism substantially controlled
the adsorption process. This is consistent with a porous surface [87].

Table 3. Isotherm models for pesticide adsorption: correlation coefficient and constants.

Isotherm Models PRHS MPRHS
Atrazine Malathion Atrazine Malathion
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Langmuir
q 2.434 2.832 2.782 0
Ko 513.558 1.354 0.763 0
R2 0.8533 0.8498 0.8516 0
Freudlich
Kr 0.650 1.483 1.691 0
n -5.740 2.195 3.085 0
n -0.174 0.456 0.324 0
R2 0.4135 0.9568 0.924 0
Temkin
B -0.1604 0.864 0.3616 0
A 0.005 9.355 135.368 0
R2 0.2265 0.809 0.7791 0
Scatchard
B 16.374 2.3293 -11.426 0
Qm 8.0836 2.453 12.314 0
R2 0.0052 0.5899 0.5323 0
Dubinin—-Radushkevich (D-R)
B 3x10° -3x108 -1x108 0
q™D-R 0.8848 1.764 1.710 0
R2 0.1714 0.8033 0.7658 0
E KJ/mol 15909.95 4082.48 7071.07 0
Table 4. Langmuir dimensionless separation factor Rc for the pesticides.
PRHS MPRHS
Atrazine Malathion Atrazine Malathion
Co R Ru Ru Ro
10 0.000195 0.068776 0.115875 1
20 9.74E-05 0.035613 0.061501 1
30 6.49E-05 0.024027 0.041859 1
40 4.87E-05 0.018129 0.031726 1
50 3.89E-05 0.014556 0.025543 1

4. Conclusions

The findings of this research concluded that adsorption efficiency increases with an increase in
pesticide concentration and increases as the adsorbents (MPRHS and PRHS) dose increases. Also, as
the duration of adsorption increases, the removal efficiency and uptake capacity increase. The silica
extracted from agricultural source (rice husk) used as adsorbent exhibit high selectivity for both
pesticides. The addition of Chitosan to the adsorbent increased its efficacy in the adsorption of
pesticides. The investigation is best represented by the Freundlich adsorption isotherm model, which
supports the premise of heterogeneous coverage of the adsorbate and that there is interaction
between the adsorbate molecules. Other isotherms also explain the adsorption to some extent. This
study concludes that the adsorption process has a chemical particle diffusion mechanism based on
the free energy (E) obtained. The adsorption follows pseudo second order kinetics, and the Elovich
model supports the idea that the adsorption mechanism is chemisorption. Agricultural waste, such
as rice husks, could be processed to serve as a cheaper source of silica and transformed into revenue.
Instead of being a nuisance to the environment, these would serve as non-hazardous alternatives to
commercially available adsorbents for the treatment of pesticide-contaminated wastewater. This will
serve as a waste management strategy and promote circular economy.
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