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Abstract: A nano-HTiO2@activated carbon-amorphous silica nanocomposite catalyst (HTiO2@AC/SiO2)
is utilized to photo breakdown catalytically and adsorb chlorpyrifos insecticide. SEM, TEM, and X-ray
diffraction were used to examine HTiO2@AC/SiO2, synthesized through sol–gel synthesis. With an
average size of 7–9 nm, the crystallized form of HTiO2 is the most common form found. At varied pH,
catalyst doses, agitation speed, initial pesticide concentrations, contact periods, and temperatures,
HTiO2@AC/SiO2 was examined for efficiency under visible light and in darkness. Because of the
pseudo-second-order kinetics observed for chlorpyrifos, chemisorption is believed to dominate the
adsorption process, as indicated by an estimated activation energy of 182.769 kJ/mol, which indicates
that chemisorption dominates the adsorption process in this study. The maximal adsorption capacity
of chlorpyrifos is 462.6 mg g−1, according to the Langmuir isotherms, which infer this value. When
exposed to visible light, the adsorption capacity of HTiO2@AC/SiO2 increased somewhat as the
temperature rose (283 k 323 k 373 k), indicating an exothermic change in Gibbs free energy during
the process (−1.8 kJ/mol), enthalpy change (−6.02 kJ/mol), and entropy change (0.014 J/mol K),
respectively, at 298.15 K. Negative (∆S) describes a process with decreased unpredictability and
suggests spontaneous adsorption. HTiO2@AC/SiO2 may be a promising material.

Keywords: activated carbon; pesticides; degradation; adsorption; Pestiban; chlorpyrifos; titanium
(IV) dioxide; photocatalyst

1. Introduction

When there is a growing need for food, agrochemicals, such as pesticides, are used
in larger quantities. As a result, pesticides play an essential role in modern agriculture, as
they control pests and weed infestations [1,2]. Findings from several studies reveal that
chlorinated hydrocarbon pesticide residue can still be discovered in a wide range of envi-
ronmental compartments, albeit at lower concentrations, decades after their widespread
use. Across the globe, in surface water bodies, pesticides have been identified [3], causing
harm [4] and a great deal of concern [5]. For the most part, pesticides are introduced into
surface water bodies via non-point sources, but wastewater can also include significant
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concentrations of the chemicals [6,7]. Therefore, efficiently eliminating pesticides, includ-
ing wastewater, is a major problem for society. Over 20% of pesticides reach non-target
species—air, water, and soil. Traces of these products are found in surface water and
groundwater, a major source of drinking water. Many different kinds of pesticides and their
byproducts are found in water, which worries the public and authorities because exposure
to pesticides, even in small amounts, can cause health problems. Pesticide abuse can harm
human health. Pesticides are biologically active substances that affect organisms and vary
in toxicity. These compounds bioaccumulate in living organisms. Pesticide toxicity is acute
or chronic. The acute illness usually occurs quickly after a pesticide’s short contact time.
Small doses of some pesticides may cause birth defects, fetus toxicity, genetic changes,
and blood and nerve disorders. Several studies have also shown that people exposed to
pesticides are more likely to get chronic diseases that affect the nervous, reproductive, renal,
cardiovascular, and respiratory systems [2].

Advanced oxidation processes (AOPs) [7–9] and other methods have successfully
removed organic pollutants, including pesticides, from water. An AOP that has been
intensively studied for pesticide removal is photocatalysis [7]. Photocatalysis is a process
of converting solar energy into chemical energy; it is a green, energy-saving, and environ-
mentally friendly process. Many different photocatalysts have been developed, such as
metal chalcogenides, metal oxides, and perovskite nanocrystals. In contrast, metal oxides,
such as TiO2, are extremely suitable for the AOP process due to their high activities and
low toxicity [8]. Photocatalytic materials based on titanium dioxide (TiO2) and doped com-
plexes have been developed [9]. UV light drives electrons to the conduction band, whereas
electron holes (h+) remain in the valence band. When these electron holes come into contact
with water molecules or hydroxyl groups on the TiO2 surface, hydroxyl radicals (OH•)
are formed, which start the photodegradation of organic pollutants and the generation of
hydroxyl radicals. O2−•, which can then react with protons (H+) to form hydroxyl radi-
cals [10,11], is also produced by excited electrons reacting with oxygen molecules. Titanium
dioxide can be applied as a suspension [5] or bound to surfaces, such as membranes, carbon
nanotube arrays, and graphene oxide nanosheets [7,8], during wastewater treatment. It
does not matter how much surface area the solution has; a porous media like a polymer
membrane can increase the overall surface area [9,10]. The crystalline structure strongly
influences TiO2 photocatalytic activity in addition to the surface area [10,11].

Amorphous TiO2 has no photoactive properties [11]. Despite having a higher bandgap
(3.2 eV for anatase vs. 3.0 eV for rutile) [12,13], compared to rutile, anatase in its crys-
talline form works better as a photocatalyst. Various techniques enhance the photocatalytic
response, including TiO2 doping, metal coatings, surface sensitization, and support (im-
mobilization by increasing the illuminated specific catalyst area [14]). Adsorbents, such
as silica, alumina, zeolite, or activated carbon [13], have also been tested. AC can absorb
pollutants on its own. While the pollutants may be adsorbed on the surface of the TiO2
before decomposing, titanium performs the adsorption process on the surface before the
degradation process. Then, the degradation process occurs after the pollutants.

Previous research has shown that recovering and recycling catalysts (adsorbent) in
nano-sized titania powders is difficult, making large-scale deployment troublesome. In
contrast, cropping structures on activated carbon block organic pollutant diffusion to the
catalyst surface and HTiO2 can plug the pore structure [13,14].

Immobilizing photoactive powder on various surfaces has garnered considerable
attention [15]. For our investigation, our HTiO2@AC/SiO2 composite exhibits the follow-
ing properties:

1. In the presence of light, it is nontoxic, photo stable, low cost, and exceedingly effective.
2. Many researchers now focus on the photodegradation of organic pollutants via tita-

nium oxide immobilization on carbon supports. One of the titanium oxide compo-
nents is employed as a matrix.

3. The synergistic effect of active carbon degradation rates on HTiO2’s catalytic capabili-
ties extends much beyond mere synergy.
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4. Adsorption between the catalyst and substrate is made easier with HTiO2@AC/porous
SiO2’s support and incorporation of amorphous silica. Both are present in the AC
as HTiO2 active centers do not disperse photogenerated oxidizing species (•O.H.);
the interface between the catalyst and the water is where the majority of the catalytic
reaction occurs.

5. To reduce secondary pollution, we believe that the HTiO2@AC/SiO2 can absorb
and/or further oxidize the intermediates generated during degradation [16]. For the
most effective treatment of textile waste, activated carbon (AC) should have a high
specific surface area and high porosity [17].

The sol–gel approach was used to develop a composite catalyst containing nano-sized
HTiO2 and activated carbon, HTiO2@AC/SiO2, capable of reducing pesticide loads in water.
Chlorpyrifos (Pestban 48 percent) C9H11Cl3NO3PS (O, O-Diethyl O-(3,5,6-trichloropyridin-
2-yl) phosphorothioate) adsorption and photodegradation were studied in darkness and
sunlight. It was decided to utilize chlorpyrifos as a model pesticide since it can be used
to control nematodes in a wide range of crops [18], including fruits and vegetables, and
soya beans and potatoes. The removal efficacy of chlorpyrifos by HTiO2@AC/SiO2 was
tested at various pH levels, HTiO2@AC/SiO2 doses, pollutant concentrations, velocities,
temperatures, and contact times. Analytical techniques, such as scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), and an X-ray diffractometer
(XRD), were employed to assess the composite catalyst further. The study will compare the
adsorption isotherm and kinetic rate of chlorpyrifos breakdown with theoretical models
(e.g., pseudo-first- and -second-order kinetics). In the end, new insights into the potential
and appropriateness of HTiO2@AC/SiO2 to lower pesticide loads in water and, eventually,
wastewater were developed, resulting in a future study.

2. Results and Discussion
2.1. Description of Materials
2.1.1. XRD

Figure 1 shows the XRD traces of AC/SiO2, HTiO2, and HTiO2@AC/SiO2. Nanocrys-
talline anatase was the only phase in the TiO2 and HTiO2@AC/SiO2 composites (TiO2).
The (101) plane, at 13.2◦, was discovered to be the highest point. This was due to the 500 ◦C
heat treatment, which is notorious for producing large quantities of anatase. Because HTiO2
works better as a photocatalyst, it was calcinated at 500 ◦C. It has a longer lifetime for
electron-hole pairs than rutile and anatase. On the other hand, the presence of AC may
affect phase transformation. The AC sample’s primary characteristic peaks in the XRD
pattern are 26.8◦ and 35.02◦. The peak intensity of HTiO2@AC/SiO2 composites gradually
decreased as the AC increased.

Figure 1. XRD patterns.
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The hydrated TiO2 crystal structure considerably impacted the HTiO2@AC/SiO2 nanocom-
posite crystal structure, affecting the photodegradation properties of HTiO2@AC/SiO2.

According to Scherrer’s Equation and Equations, the crystalline diameters of synthe-
sized materials were in the 5–10 nm range (1) (Refer to Supplementary Materials):

D =
Kλ

β cos θ
(1)

Because its diffraction peaks were wide and flat and its diffraction intensity was low
compared to other phases, hydrated TiO2 often had low-crystallinity anatase phases.

2.1.2. Nanocomposite Morphology

A TEM picture reveals how HTiO2 particles are anchored to the surface of AC
(Figure 2a). There was a distinction in the characteristics of HTiO2 crystals and amor-
phous carbon. Particle homogeneity was excellent. The particle size test findings indicated
that the average size was around 40 nm. The size of HTiO2@AC/SiO2 was variable, which
could be due to the TiOSO4 solution’s slow hydrolysis rate and uneven hydrolysis pro-
cess. Photodegradation performance could be improved by improving particle shape and
particle size distribution.

Figure 2. Examination of HTiO2 particle anchoring on AC/SiO2 surface; TEM (a) and EDx (b) analysis
of HTiO2 particle anchoring on the surface of AC/SiO2.
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The area designated by the white circle in Figure 2b’s point EDX spectrum is shown.
The occurrence of C–, O–, F–, and Ti– EDX peaks simultaneously backs up XRD and TEM
studies on HTiO2 doping of AC.

The HTiO2 nanocrystals (Figure 2) had a tetragonal shape. An anatase structure is
defined by particles with a 20–35 nm diameter. TEM determined particle sizes that were
comparable to those determined by XRD. Furthermore, all HTiO2@AC/SiO2 composites
were similar to HTiO2 due to the same preparation conditions.

The surface morphology of the HTiO2@AC/SiO2 composite was described using SEM
(Figure 3). It was possible to visualize the porous surface of activated carbon. The HTiO2
nanoparticles were equally dispersed and interlaced on the activated carbon surface. Due
to the considerable synthesis of early hydration products, other activated carbon structures
appear to have a denser and more packed structure than this [19].

Figure 3. SEM of the composite [20].

2.1.3. Surface Properties

Data on surface porosity and particle size are also obtained due to the examination.
The BET surface area of HTiO2@AC/SiO2, AC/SiO2, and HTiO2 was investigated using
nitrogen adsorption. A multipoint BET technique was utilized to calculate the surface area
using adsorption data with a relative pressure (P/P0) range of 0.050354–0.60029, 1857, and
251.5 m2/g, respectively. The pore size distribution of the HTiO2@AC/SiO2 nanocomposite
was determined using a desorption isotherm and the Barret–Joymer–Halender method,
yielding a pore diameter of 2.322 nm and a pore volume of 0.57 cc/g. The pore diameters
of AC and HTiO2 were 4.322 and 0.2 nm, respectively, as shown in Figure 4. The surface
properties have been described in detail (refer to [20]).
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Figure 4. Adsorption–desorption isotherm.

2.1.4. Composite Optical Characterization

Since the composite structure contains oxides (SiO2 and HTiO2), their optical prop-
erties need to be examined (Figure 5). The optical characteristics of the AC/SiO2 and
HTiO2@AC/SiO2 nanocomposite spheres were evaluated using the D.R.S. method. The
photocatalytic activity of the AC/SiO2 sphere is exclusively active in the UV range, as
shown in Figure 5. At the same time, a considerable absorption in the visible light region of
about 460 nm was found in the D.R.S. of the HTiO2@AC/SiO2 nanocomposite. The visible
light absorption zone of HTiO2@AC/SiO2 extends from 400 to 550 nm. These catalysts
(adsorbent) effectively improved chlorpyrifos photodegradation in visible light, indicating
they were effective. While titanium dioxide’s intrinsic absorption was due to electron
transfer from titanium dioxide’s valence to conduction bands, the intrinsic absorption of
HTiO2 corresponded to this energy [17]. Because of the different sizes of the crystals in the
primary HTiO2@AC/SiO2 nanocomposite, the fine absorption spectra variation may be
caused by this [17].

Figure 5. The reflectance spectra.
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2.2. Batch Studies
2.2.1. The Influence of pH

Increasing the pH from 2.4 to 9.0 lowered the chlorpyrifos removal ratio from 81.6 per-
cent to 11.6 percent (r 0.95, p 0.0002) in the dark and from 100 percent to 18.6 percent (r 0.96,
p 0.0001) in the visible light, respectively. In dark and visible light, increasing the pH from
1.3 to 2.4 improved the efficacy of chlorpyrifos removal from 81.6 percent to 99.2 percent
(r 0.95, p 0.0002) and from 88.6 percent to 100.00 percent (r 0.96, p 0.0001), respectively. The
increased adsorption of chlorpyrifos by HTiO2@AC/SiO2 is seen in Figure 6.

Figure 6. pH effect.

The pH of pesticide solutions affects the surface charge and controls the ionization of
acidic and basic chemicals. As a result of the acidic medium’s ability to boost negatively
charged substrate molecules (chlorpyrifos), chlorpyrifos adsorption is larger at lower pH
values than at higher pH values. Chlorpyrifos exhibits electron delocalization, making
it a negatively charged species with a lower pH adsorption value. Due to electrostatic
repulsion between chlorpyrifos molecules and the nanoparticle surface, HTiO2@AC/SiO2
nanoparticles with a higher pH have a bigger negative charge, which does not aid in
an apparent decrease in chlorpyrifos adsorption. pH 2.4 was chosen for future research
because it has a higher chlorpyrifos elimination effectiveness [19].

The following description of the chlorpyrifos elimination ratio performance is at pH
levels ranging from 1.3 to 2.4: The conflict between H+ and chlorpyrifos molecules for active
sites on the adsorbent surface decreased adsorption efficacy at extremely low pH values.
Chlorpyrifos can migrate toward the adsorbent’s positively charged surface area due to
the electrostatic attraction force, boosting its removal at low pH values. The increased
electrostatic repulsion between the adsorbent and chlorpyrifos resulted in a considerable
increase in adsorption at high pH. The pH of a solution has a considerable impact on
adsorption, as is well known. An epoxide group, such as oxacyclopropane or oxirane, is the
main active site in all pesticides studied. Nearby substituent acids and bases can quickly
affect a strained group [21].

2.2.2. Dosage Effect of HTiO2@AC/SiO2

Figure 7 shows the results of employing HTiO2@AC/SiO2 in dark and visible light.
With a HTiO2@AC/SiO2 dose increase from 18 to 83 g L1, the chlorpyrifos elimination
ratio steadily increased from 84.5 percent to 97.4 percent (r 0.64, p 0.25) and 86.8 percent to
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99.7 percent (r 0.64, p 0.25) in dark and visible light, respectively. Because of the increased
surface area accessibility, increasing HTiO2 dosage may improve chlorpyrifos removal [21].

Figure 7. HTiO2@AC/SiO2 doses effect.

According to Vishnu et al. [22], increasing the particle dosage promotes adsorption.
Increasing the slope of the kinetic curve at a given time reduces the time it takes to reach
equilibrium. In a liquid, there are more collisions between the surfaces of particles, resulting
in faster adsorption. According to prior work by Vishnu et al. [22], increased particle
dosages significantly impact removal efficiency. They increase the total quantity of available
adsorption surface area.

The obtained qt is 360 mg g−1, and the removal effectiveness is 99.7% at a high particle
dosage of 83 mg L−1.

Ferreir et al. [23] also found that greater adsorbent dosages lead to a higher clearance
percentage. Diffusion decreases when the adsorbent concentration rises due to various
factors, including solute availability, binding site interference, electrostatic interactions, and
less mixing due to the high adsorbent concentration in the solution. Due to the adsorbate’s
restricted availability, decreasing absorption and adsorption efficacy, many unsaturated
adsorption sites remain.

2.2.3. Effect of Initial Concentration

Figure 8 shows the results of employing HTiO2@AC/SiO2 in dark and visible light,
with r 0.997, p 0.0001, and r 0.997, p 0.0001, respectively, increasing the initial chlorpyrifos
concentration from 20 to 401 mg L−1 and decreasing the chlorpyrifos removal ratios from 93%
to 46.1% and 98% to 51.1%. In dark and visible light, qe increased from 37.2 to 369.7 mg g−1,
with r 0.957, p 0.01, and from 39.2 to 409.8 mg g−1, with r 0.966, p 0.007, respectively.

According to the findings, increasing the initial chlorpyrifos concentration reduced
the availability of active surface sites, resulting in less bleaching and degradation. As
a result, radical hydroxyl production was reduced, presumably reducing photocatalytic
activity. The path traveled by photons entering the chlorpyrifos solution as they reach
the solution’s surface shortens as the chlorpyrifos concentration rises. When chlorpyrifos
concentrations are high, the chlorpyrifos molecules absorb a considerable percentage
of solar radiation, lowering catalytic performance [24,25]. As a result, a chlorpyrifos
concentration of 10 mg L−1 was chosen for future investigation.
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Figure 8. Chlorpyrifos concentration effect.

When the starting concentration of chlorpyrifos increases, the removal ratios decrease,
and the adsorption capacity rises. The number of ions contending for empty active sites in
activated carbon and HTiO2@AC/SiO2 reduced with the low-chlorpyrifos load. As a result,
the solution had enough surface area to hold the available chlorpyrifos. The saturation of
adsorption sites increased with higher initial chlorpyrifos concentrations, and the potential
of chlorpyrifos–sorbent interactions increased [26]. A significant driving force of mass
transfer is responsible for the increase in loading capacity of HTiO2@AC/SiO2 concerning
chlorpyrifos concentration [27].

2.2.4. The Stirring Effect

Figure 9 depicts the agitation rate results of employing HTiO2@AC/SiO2 on the
chlorpyrifos removal ratio in dark and visible light. At agitation speeds ranging from 259
to 568 rpm, the maximum removal efficiency of 62.7% to 83.5% and 67.2% to 88.2% in dark
and visible light, respectively, was recorded with r 0.818, p 0.09 and r 0.82, p 0.09. The
results in Figure 9 show that the rate of chlorpyrifos elimination increased as the agitation
speed increased.

The dispersion of adsorbent particles in this process is crucial. The adsorption process
is governed by mass transfer. The mechanism is assumed to be controlled by the liquid
mass transfer resistance. With increasing bulk motion, the adsorption rate rises [14]. The
mass transfer rate increases as the agitation speed increases, which has been known for a
long time. The adsorbate will detach from the adsorbent surface if the mixing is stronger.
This indicates that the adsorbate–adsorbent bond will most likely be broken. Depending
on the fluid particle system’s agitation, film or pore diffusion can control the adsorption
rate. Film diffusion appears to be a rate-limiting phenomenon at lower agitation rates.
Adsorbate mass transfer to the particle interior surface limits adsorption kinetics. Film
diffusion achieves a maximum at higher agitation speeds, and pore diffusion takes over
as the rate-controlling phase. Stirring the solution enhanced bleaching and deterioration,
according to the findings. Initially, agitation causes turbulence in the solution, which
encourages the presence of oxygen. To produce hydroxyl radicals and reactive oxygen
species, soluble oxygen is required. Pesticide transfer and diffusion to adsorbent surfaces
are accelerated when the solution is stirred, which minimizes equilibrium time by speeding
up the transfer and diffusion process.
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Figure 9. Stirrer rate effect.

2.2.5. Temperature Impact

Figure 10 shows the removal efficiency and adsorption capacity of chlorpyrifos vs.
temperature for an adsorbent dosage of 83 g L−1, pH of 2.4, chlorpyrifos concentration
of 20 mg L−1, and agitation speed of 425 rpm. HTiO2@AC/SiO2 photocatalysts were
used to study five calcination temperatures of 283, 298, 323, 348, and 373 K. The effect of
temperature on chlorpyrifos adsorption utilizing HTiO2@AC/SiO2 is shown in Figure 10
due to the increase in the movability of the chlorpyrifos molecules as the temperature rises
from 283 K to 373 K. With increasing temperature, the qe and removal ratios increased
marginally. According to the findings, chlorpyrifos adsorption by HTiO2@AC/SiO2 is
an endothermic reaction. The rise in qe from 26.8 to 21.2 mg g−1 (r 0.996, p 0.0003) and
28.6 to 23 mg g−1 (r 0.996, p 0.0003) in dark and visible light, respectively, as well as the
percentage of removal from 67 to 52.9 percent (r 0.996, p 0.0003) and 71.6 to 57.5 percent
(r 0.996, p 0.0003) in dark and visible light, could be linked to an increase in (283 to 373 K).

Figure 10. Temperature effect on HTiO2@AC/SiO2.
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Increased pore size and swelling effects on the adsorbent internal structure occur
due to rising temperatures, allowing pesticide molecules to penetrate the adsorbent more
deeply. Furthermore, the active sites on the adsorbent surface may interact with various
pesticide compounds if given enough energy. In another study, chlorpyrifos was found to
stick to green pea peels, with similar results [28,29].

2.2.6. Contact Time and Its Impact

Figure 11 shows the relationship between contact duration, removal efficacy, and
chlorpyrifos adsorption capacity at an optimum adsorbent dose of 83 g L−1, a chlorpyrifos
concentration of 20 mg L−1, pH = 2.4, and a swirling rate of 425 rpm. Chlorpyrifos removal
increased steadily from 55 percent to 92.7 percent and 61.3 percent to 99 percent. The
duration increased from 24 to 259 min (r 0.965, p 0.000) in the dark and (r 0.965, p 0.000) in
visible light while employing HTiO2@AC/SiO2. At 259 min, qe improved to 37.1 mg g−1

(r 0.965, p 0.000) in the dark and 39.6 mg g−1 (r 0.965, p 0.000) in visible light.

Figure 11. Contact time effect.

Even after the batch trial was completed for 259 min, an increase in contact time had
a significant (p < 0.05) impact on adsorption were observed, showing that contact time
is important. A lot of factors have contributed to the long period of equilibrium. The
adsorbate diffuses from the surface of the particle to the active site within the pore-filled
liquid, then migrates along the pore’s solid surface, where the chlorpyrifos molecule binds
to the active sites on the inner surface of the pores, and the chlorpyrifos molecule binds to
the active sites on the interior surface of the pores. A quick chlorpyrifos absorption was
observed during adsorption, followed by a slower elimination of chlorpyrifos.

The faster and slower phases of pesticide adsorption can be deduced from the num-
ber of binding sites on the adsorbent surface and aggregated resistance of chlorpyrifos
molecules on the surface [25]. According to the results of this experiment, the amount of
chlorpyrifos adsorbed onto activated carbon increased with time until it reached a certain
point, beyond which no more chlorpyrifos could be extracted from the solution. According
to the findings, chlorpyrifos solutions with 20 mg L-1 starting concentrations took 200 min
to reach equilibrium.
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2.3. Study of Models

At an initial chlorpyrifos concentration of 20 mg L−1, an appropriate pH, and an
optimal adsorbent dosage, the chlorpyrifos adsorption rate was investigated for 200 min at
various time intervals. Chlorpyrifos adsorption by HTiO2@AC/SiO2 was studied using
isotherm, kinetic, and diffusion models [26].

2.3.1. Isotherm Models

According to adsorption isotherms, the absorption rate of a chemical is proportional
to its concentration. Chlorpyrifos adsorption capacity and equilibrium characteristics via
HTiO2@AC/SiO2 were investigated using four isotherm models: Langmuir, Freundlich,
Dubinin–Radushkevich, and Tempkin [26].

2.3.2. Langmuir Isotherm

The coefficients of determination (R2) for chlorpyrifos were 0.996, 0.997, 0.995, and
0.991, as reported in Table 1. The adsorption of chlorpyrifos by HTiO2@AC/SiO2-Dark and
Light was compatible with the Langmuir nonlinear model but not with the linear model.
For chlorpyrifos, the K.L. (L mg−1) values were around 0.043 and 0.062 for linear, 0.032 and
0.04 for nonlinear, and the qo (mg g−1) values were around 407.37 and 437.161 for linear,
and 427.06 and 462.586 for nonlinear, respectively.

Table 1. Isothermal model.

Langmuir X-Y Axis HTiO2@AC/SiO2 Case qo (mg g−1) K.L. (L mg−1) R.L. R2

Nonlinear : qe = qo
KLCe

1+KLCe
qe Vs. Ce

Dark 42.706 0.032 0.606–0.071 0.996

Light 46.258 0.04 0.558–0.059 0.997

Linear : Ce/qe = 1/qoKL + Ce/qo Ce/qe Vs. Ce
Dark 40.737 0.043 0.533–0.054 0.995

Light 43.7161 0.062 0.444–0.038 0.991

Freundlich Kf n R2

Nonlinear : qe = K f C1/n
e qe Vs. Ce

Dark 59.442 2.834 0.961

Light 77.674 3.075 0.977

Linear : ln qe = ln KF + 1
n ln Ce- ln qe Vs. ln Ce

Dark 34.893 2.112 0.977

Light 58.201 2.527 0.991

Dubinin–Radushkevich Model qm β E R2

Nonlinear : qe = qmexp−βε2 qe Vs. ε2 Dark 278.169 1.130 × 10−6 665.045 0.676

Light 380.034 3.497 × 10−5 119.569 0.966

Linear : ln qe = ln qm − βε2 ln qe Vs. ε2 Dark 278.169 1.130 × 10−6 665.045 0.887

Light 299.808 2.113 × 10−7 1538.179 0.878

Tempkin Model b K.T. B R2

Nonlinear : qe =
RT
b ln(KTCe)- qe Vs. Ce

Dark 36.053 0.963 68.721 0.968

Light 40.839 3.1652 60.667 0.941

Linear : qe =
RT
b ln KT + RT

b ln Ce qe Vs. ln Ce
Dark 36.053 0.963 68.721 0.968

Light 40.839 3.1652 60.667 0.941

The adsorbed coating appears to be quite thick [27,28]. Chlorpyrifos did not follow
Langmuir’s model to the letter.

The Langmuir isotherm’s key characteristics can be described in terms of a dimension-
less component (R.L.) as:

RL =
1

1 + KLCo
(2)

Table 1 shows the Langmuir model coefficients for chlorpyrifos adsorption using
HTiO2@AC/SiO2-Dark and Light, respectively (at 25.00 3.00 ◦C). The coefficient of determi-
nation for chlorpyrifos (R2 = 0.99) was high, indicating that the Langmuir model worked
well for HTiO2@AC/SiO2-Light and Dark.
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2.3.3. Freundlich Isotherm

The R2 values for chlorpyrifos according to the linear Freundlich model were 0.961,
0.977, 0.977, and 0.991, indicating that the linear model correctly described chlorpyrifos
adsorption. For HTiO2@AC/SiO2-Dark and Light, the values of K.F. were 59.442, 77.674,
34.893, and 58.201 mg g−1, while the values of n were 2.834, 3.075, 2.112, and 2.527 L−1 g,
respectively. The R2 values for the Freundlich model for HTiO2@AC/SiO2-Dark and Light
are provided in Table 1. All model coefficient details were described in [20].

Hui Li et al. [30] investigated the adsorptive properties of polyethylene microplastics
(P.E.) with three insecticides in an aqueous solution (Imidacloprid, Buprofezin, Difenocona-
zole). Imidacloprid, Buprofezin, and Difenoconazole adsorbed (Imidacloprid, Buprofezin)
experimental data on polyethylene following Freundlich adsorption isotherms. Table 1
shows the adsorption isotherms for the Freundlich model coefficients, KF, n, and R2.

The linear model for HTiO2@AC/SiO2-Dark and Light produces good R2 values
of 0.996, 0.997, 0.995, and 0.991, respectively, when fitting the experimental data to the
Langmuir isotherm model. The R2 in the instance of HTiO2@AC/SiO2-Dark is greater
than 0.99.

For HTiO2@AC/SiO2-Dark and Light, the nonlinear Freundlich isotherm model val-
ues were 0.96 and 0.97, and the linear model values were 0.977 and 0.991, respectively.
The nonlinear Tempkin R2 values were 0.968 and 0.941, respectively, and the linear val-
ues were 0.968 and 0.941 for HTiO2@AC/SiO2-Light. For HTiO2@AC/SiO2-Dark and
HTiO2@AC/SiO2-Light, the Dubinin–Radushkevich R2 for the nonlinear model was 0.676
and 0.966, respectively, linear model, 0.887 and 0.878.

These results show that the Freundlich and nonlinear Langmuir isotherm mod-
els can accurately recreate experimental data, whereas the linear Langmuir, Dubinin–
Radushkevich, and Tempkin isotherm models cannot.

According to the Langmuir model, HTiO2@AC/SiO2-Dark has a maximum adsorption
capacity of 31.27 mg chlorpyrifos/g, while HTiO2@AC/SiO2-Light has a maximum ad-
sorption capacity of 96.6, 70.84 mg chlorpyrifos/g. These values are close to the adsorption
isotherm plateau. They are compatible with the reported adsorbed amounts, indicating
that the nonlinear models of the adsorption system proposed by Freundlich and Langmuir
are correct. Furthermore, the adsorption process in the experimental system could be
attributed to monolayer adsorption.

The actual quantities corresponding to the adsorption plateau are lower than the
nonlinear regression theoretical monolayer capacity values, indicating that the Dubinin–
Radushkevich and Tempkin adsorption system is unsatisfactory, according to the Dubinin–
Radushkevich and Tempkin model. On the other hand, Freundlich > Langmuir > Tempkin
> Dubinin–Radushkevich best matches the isotherm range for the experimental results in
this study.

2.3.4. Models of Kinetics and Diffusion

The film, pore, and intraparticle diffusion assume an immediate interaction between
pollutants and active sites concerning diffusion steps, controlling overall diffusion rates [30,31].
Adsorption kinetics were examined using pseudo-first and second-order diffusion models [32].

2.3.5. The Model of Pseudo-First-Order Kinetics

The experimental results were consistent with the computed qe value of the pseudo-
first-order model, as shown in Table 2. In addition, for HTiO2-Light, HTiO2@AC/SiO2-Dark
and Light, the correlation with the pseudo-first-order model was R2 = 0.932 and 0.933 for
linear and R2 = 0.833 and 0.798 for nonlinear, respectively. As a result, this model applies
for kinetic adsorption Dark in linear.



Catalysts 2022, 12, 714 14 of 22

Table 2. Biosorption kinetics.

The Pseudo-First-Order HTiO2@AC/SiO2 Condition k1
min−1

qe
mg g−1 R2

Nonlinear Dark 0.02 36.07 0.833

Light 0.03 38.3 0.798

Linear Dark 0.02 42.8 0.932

Light 0.02 40.67 0.933

The Pseudo-Second-Order K2
g mg−1 min−1

qe
mg g−1 R2

Nonlinear Dark 0.001 41.14 0.881

Light 0.000631 77.03 0.923

Linear Dark 0.001 42.54 0.987

Light 0.001 44.82 0.989

2.3.6. The Model of the Pseudo-Second-Order

Table 2 shows the derived data for the pseudo-second-order model: qe (41.14, 77.03
nonlinear, 42.54, 44.82 linear) mg g−1. Furthermore, for HTiO2@AC/SiO2-Dark and Light,
the linear model reached R2 = 0.881 and 0.923, respectively, whereas the nonlinear model
achieved R2 = 0.987 and 0.989. This indicates that the adsorption of chlorpyrifos followed
pseudo-second-order kinetics. When pollutant cations chemically bind to the adsorbent
surface, adsorption occurs (usually covalent), the rate-limiting stage occurs, and they tend
to find places that maximize their coordination with the surface.

2.3.7. Model of Diffusion

The adsorption rates are controlled by diffusion systems, which are not differentiated
in the aforementioned dynamic models. The intraparticle’s dispersion was proved in the
light of Weber and Morris’ ideas, which indicate adsorption morphologies. The adsorption
rate is determined by the rate at which the adsorbate diffuses to the adsorbent [26]. Table 3
shows the amount of chlorpyrifos adsorbed versus t1/2 (linear) and t (nonlinear) for vari-
ous initial chlorpyrifos loads. For HTiO2@AC/SiO2-Dark and Light, the model achieves
R2 = 0.971 and 0.971, respectively, which does not suit the experimental data well.

Table 3. Diffusion model.

Diffusion Model Composite Case k1
mg g−1 min−0.5

C
mg g−1 R2

Nonlinear
Dark 1.039 0.00 0.971

Light 1.48 17.12 0.971

Linear
Dark 1.48 14.62 0.971

Light 1.48 17.12 0.971

Pore Diffusion
kp

min−0.5
Dii

cm2 min−1 R2

Dark 0.075 2.752 × 10−8 0.979

Light 0.082 3.272 × 10−8 0.978

Film Diffusion
kfd

min−1
Dii

cm2 min−1 R2

Dark 0.013 4.051 × 10−8 0.99

Light 0.002 6.197 × 10−8 0.98



Catalysts 2022, 12, 714 15 of 22

The presence of a boundary layer during the early phases of adsorption can be seen
in the first segment of an intraparticle diffusion map. Intraparticle diffusion slows dra-
matically at this time due to the extremely low adsorbate concentrations that remain in
the solutions. The progressive adsorption stage is represented by the second section of the
linear curve, during which intraparticle diffusion is the rate-limiting component. A third
stage, known as the final equilibrium stage, sometimes exists. The second linear segment
was used to determine Kid and C. Table 3 shows the estimated intraparticle diffusion
parameters for the adsorption process. For a while, a linear relationship existed, but it did
not pass through the origin. Although intraparticle diffusion was discovered, it was not
the sole rate-controlling mechanism in play [27,30].

The slopes of the lines in stage 2 determine the rates of intra-particle diffusion, kid
(Table 3). The maximal value of child for chlorpyrifos using the experimental adsorption
setup is 5.836 mg g−1 min−1/2. The intercepts, C, positively correlated with the boundary
layer effect, are also generated from the second linear component of the qt vs. t1/2 plots, as
shown in Table 3. The HTiO2@AC/SiO2-Dark and Light adsorbents create considerable
differences in the linear sections of the qt vs. t1/2 plots near the origin. The mechanism of
chlorpyrifos adsorption on HTiO2@AC/SiO2-Dark and Light is complex; furthermore, the
adsorption process is not only controlled by the intra-particle diffusion stage, as previously
thought [30].

The slopes of the lines in stage 2 determine the rates of intra-particle diffusion as
illustrated in Table 3. The maximal value of child for chlorpyrifos using the experimental
adsorption setup is 5.836 mg g1 min1/2. The intercepts, C, positively correlated with the
boundary layer effect, are also generated from the second linear component of the qt vs.
t1/2 plots, as shown in Table 3. The HTiO2@AC/SiO2-Dark and Light adsorbents create
considerable differences in the linear sections of the qt vs. t1/2 plots near the origin. The
mechanism of chlorpyrifos adsorption on HTiO2@AC/SiO2-Dark and HTiO2@AC/SiO2-
Light is complex. The adsorption process is not just controlled by the intra-particle diffusion
step, as previously thought [3] (refer to Supplementary Materials):

qt

qe
= 6(

D1

πa2 )
0.5

t0.5 + C (3)

The three-part pattern in chlorpyrifos plots of qt/qe vs. t0.5 is consistent with diffusion.
Chlorpyrifos diffusion across the boundary layer from the outer surface of HTiO2@AC/SiO2
displays a dominant control. We can characterize the adsorption kinetics using the pore
diffusion model to compare. The following is Reichenberg’s formulation of the pore
diffusion equation [31]:

qt

qe
> 0.85, Bt = −0.4977− ln

(
1− qt

qe

)
(4)

qt

qe
< 0.85, Bt =

(
√

π −

√
π −

(
π2

3
× qt

qe

) )2

(5)

The fractional absorption of chlorpyrifos (qt/qe) is represented by the square root of
time (t0.5). For HTiO2@AC/SiO2, plots of the fractional uptake of chlorpyrifos vs. t0.5

revealed plots with sections indicating an early uptake. The absorption of chlorpyrifos
ions into pores followed a pattern similar to intraparticle diffusion, featuring a quick
initial adsorption step and a delayed end adsorption stage. Table 3 shows the chlorpyrifos
adsorption film diffusion (D1) in the HTiO2@AC/SiO2 based on the slopes of the qt/qe
plots against t0.5. The HTiO2@AC/SiO2/chlorpyrifos system generates repulsion from the
positively charged chlorpyrifos when it crosses the liquid-layer-pH-positioned adsorbent
surface, and roughness on the adsorbent surface is indicated as the reason for the higher
D1 value for HTiO2@AC/SiO2 (Michelson et al. [33]). When the film diffusion coefficient
is in the 10−6–10−8 cm2 s−1 region, it has been shown that film diffusion plays a role
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in adsorption. The film diffusion coefficient for HTiO2@AC/SiO2 in our study ranged
from 10−7 to 10−8, demonstrating that film diffusion was active during the adsorption of
chlorpyrifos on HTiO2@AC/SiO2. The effective pore diffusion coefficient, D2 (m2 S−1), can
be calculated using Equation (6) [34].

B = π
D2

r2 (6)

The porosity control sets the mass transfer rate in an ideal linear condition while
passing through the original fit (Bt vs. t plot). As a result, it is conceivable to deduce
that the film diagram or chemical reaction also controls the adsorption rate. The plot
becomes nonlinear or linear only when the intercept differs from zero. The Bt vs. t curves
for chlorpyrifos adsorption, as shown in Table 3, were initially unpassed and showed a
nonlinear segment at short adsorption durations, confirming previous statements that film
dispersion or chemical reactions influence adsorption during that time [22,32,33].

The results of this study were similar to those of [35], where the authors used 0.1, 0.5,
0.8, and 1.2 g of zeolite to investigate the adsorption of the pesticide dichlorodiphenyl-
trichloroethane (DDT) in an aqueous solution onto the zeolite surface at varying DDT
in a range of concentrations, from 5 to 50 mg L−1. In terms of adsorption kinetics and
diffusion models, the results show that the pseudo-second-order model best fits the data.
Zeolite uses the well-known pseudo-first-order (R2 = 0.997) model for data fitting. As a
result, even though DDT adsorption on zeolite is not a first-order reaction, the pseudo-
first-order model can describe it. The pseudo-second-order model is a good fit for the
experimental data (R2 = 0.995); the results imply that the pseudo-second-order model fits
the experimental data reasonably well. The R2 values converged to unity, showing good
agreement between experimental and theoretical uptakes. This indicates the appropri-
ateness of the second-order kinetic model for describing DDT adsorption on zeolite. In
the DDT adsorption mechanism on the zeolite surface, intraparticle diffusion is not the
rate-limiting phase, according to intra-particle models (R2 = 0.866, K1 = 0.448 kg mg−1 h−0.5,
C = 0.826). These findings suggest that physical adsorption is the primary action method
for activated carbon. Due to macropores, mesopores, and micropores, physical adsorption
is the chemical attachment of a non-polar adsorbate to a very large surface area. The kinetic
isotherm parameters were calculated using a linear least-squares regression methodology
and a trial-and-error nonlinear regression method in Microsoft Excel. The pseudo-first-
and pseudo-second-order kinetic parameters were determined by trial and error using the
“solver add-in” in Microsoft Excel in the nonlinear technique. The nonlinear approach pro-
duced pseudo-first-order and pseudo-second kinetic models compared to the actual data
for chlorpyrifos sorption using HTiO2@AC/SiO2-Dark and HTiO2@AC/SiO2-Light [36,37].

2.4. Thermodynamic Study

The integral form of the Van’t Hoff equation, Equation (7), was used to calculate
thermodynamic characteristics.

ln Ke =
∆S
R
− ∆H

R.T.
(7)

where Ke denotes equilibrium constants (calculated from Ke = (Co − Ce)/Ce) [15], i.e., ∆S
modifies entropies (kJ/K/mol), H modifies enthalpy (kJ/mol), and ∆G modifies Gibb’s
free energy (kJ/mol). T is the temperature in degrees (K) and R is the universal gas
constant (8.314103 kJ/mol/K). The Gibbs (∆G) free energy change can be estimated with
Equation (8):

Ke =
Co − Ce

Ce
(8)

∆G = −RT ln Ke (9)
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The formulae in Equations (7)–(9) were used to calculate the thermodynamic charac-
teristics shown in Table 4. The findings are listed below: ∆G, H, and ∆S. The approach is
viable and the adsorption of chlorpyrifos onto HTiO2@AC/SiO2 is a spontaneous process,
as indicated by the negative G value. The absolute value of ∆G increases as temperature
rises, indicating that adsorption at a higher temperature is more favorable to an endother-
mic operation. The percentage of chlorpyrifos eliminated from the water increases as the
temperature rises.

Table 4. The Thermodynamic model.

The Thermodynamic Temp. Composite Condition ∆G (KJ/mol) ∆H (KJ/mol) ∆S (KJ/mol) R2 Ke Model

ln Ke =
∆S
R −

∆H
R.T.

Nonlinear :
∆G = −RT ln Ke

298.15
Dark −1.38 −5.72 0.014 0.997 1.78

Light −1.89 −6.01 0.014 0.996 2.185

ln Ke = ∆S
R −

∆H
R.T.

Linear :
∆G = −RT ln Ke

298.15
Dark −1.38 −5.717 0.014 0.997 0.574

Light −1.89 −6.01 0.014 0.997 0.782

Furthermore, a negative value for H indicates that chlorpyrifos adsorption on HTiO2@AC/SiO2
is exothermal. Negative ∆S implies that the system’s randomness reduces after adsorption
at the solid–liquid interface. Chlorpyrifos and lead adsorption investigation on polyaniline-
grafted cross-linked chitosan beads yielded similar results (G.X.C.S.) [20,24].

2.5. Photocatalytic Materials Can Be Reused

Repeated degradation studies were conducted under optimum settings to investigate
the proposed photocatalysts’ reusability. The suspension was centrifuged at the end
of the degrading process, and the catalyst was rinsed with water and dried at 110 ◦C
for future use (Figure 12). For the supported HTiO2@AC/SiO2 and HTiO2 materials,
HTiO2@AC/SiO2 and HTiO2, the loss in degrading efficiency is not considerable. However,
with a small reduction in the COD, the activity of the unsupported titania powder, HTiO2,
decreases. These findings show that utilizing a porous HTiO2@AC/SiO2 has a favorable
effect, resulting in greater photocatalytic activity, improved material stability, and a TOC
value approaching 2 mg/L in all seven cycles, value to 80 from 100 mg/L.

Figure 12. Chlorpyrifos degradation by using the produced photocatalysts repeatedly.
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2.6. Mechanism of Photodegradation

Chlorpyrifos photodegradation involves: (i) demethylation; (ii) shattering the core
aromatic ring of chlorpyrifos and then the side aromatic rings; (iii) converting the fragments
created in the previous two processes to intermediate species; and (iv) converting these
intermediates to the final products, such as CO2, H2O, SO4

2−, and NH4a+. The shattering
of the aromatic ring of chlorpyrifos produces most reaction intermediates. Pesticide frag-
ments degrade into additional reactive intermediates, such as aldehyde, carboxylic species,
phenols, and amines, ultimately converted into H2O, CO2, ammonium ions, and sulfate
ions. Usually, •O2

− and •OH radicals are responsible for the degradation of chlorpyrifos
and were determined via ESR measurements under full-spectrum irradiation in H2O and
methanol. Signals with intensity ratios of 1:2:2:1 and 1:1:1:1, the characteristic ratios for
•OH and •O2, were visible in the data [38].

3. Materials and Methods
3.1. Materials

The National Company for Fertilizers and Chemicals provided analytical-grade chlor-
pyrifos (Agrochem, Saratoga Springs, NY, USA). We acquired (NH4OH), (Ti (OH)4), (TiCl4),
HCl, and NaOH from Sigma-Aldrich (St. Louis, MO, USA). Nearby farmland provided
samples of rice straw. Serial dilutions of analytical-grade chlorpyrifos in dual-distilled
water were performed without altering the pH. All tests and chemical analyses in this study
were conducted with this stock solution.

3.2. Rice-Straw-Activated Carbon Silica Composite Synthesis

Samples of rice straw were gathered from a local farm. Small pieces of rice straw
were cut from the straw, rinsed, and dried for 24 h at 110 degrees Celsius. Rice straw with
less than 5% moisture level was chosen for further investigation. Pulverized rice straw
was sieved to collect particles with a 60 mesh size. All solvents and compounds were
bought commercially from Sigma-Aldrich Corporation (St. Louis, MO, USA) and were
either high-performance liquid chromatography (HPLC) quality or analytical grade.

3.3. Carbonization Step

The lignin with the greatest content was chosen to proceed to the carbonization stage.
In a furnace, the rice straw material was carbonized for 3 h at 500 ◦C. The activated car-
bon/amorphous silica (AC/SiO2) was obtained after carbonization, and the samples were
refrigerated in a desiccator to ambient temperature before being analyzed for chlorpyri-
fos adsorption.

3.4. Activation Step

Activated carbon is made by two processes: carbonization and activation. In an
anoxic environment, carbonization occurs at 450 to 600 ◦C (often molecular nitrogen).
Hydrocarbon molecules and carbonaceous byproducts are formed as the source material
degrades. The most volatile chemicals are removed as gaseous wastes. As a result of the
porosity of the carbon created during the carbonization, the stage is still insufficient for
most applications; it should be improved further. Physical or chemical activation can be
used to make activated carbons. Physical activation is usually conducted with carbon
dioxide or steam at 700 to 900 ◦C (water vapor). Dehydrating agents, such as zinc chloride
or phosphoric acid, are the most common chemicals in chemical activation. To mention a
few, alkali metal salts, hydroxides, and potassium and sodium carbonates are commonly
used. However, in the preparation procedure, variable combinations of these two can be
used [39].

The activation process was carried out at 100 ◦C for 3 h using an activating agent of
85% H3PO4 and 85% K.O.H [20].
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3.5. HTiO2@AC/SiO2 Nanocomposite Synthesis

The sol–gel method was used to create the HTiO2@AC/SiO2 composite: TiCl4 was
added to deionized water at a rate of 10 mL/min while the mixture was constantly stirred
at a temperature of 4 ◦C ± 1 ◦C. The solution or sol of titanium hydroxide (Ti(OH)4)
was prepared. Activated charcoal was added to the sol in various amounts (0, 5, 10, 20,
25, and 30 wt % AC). A droplet of 30 percent v/v ammonium hydroxide (NH4OH) was
continuously added until the gel was formed. After that, it was dried for four hours at
100 ◦C after being washed with distilled water. The dried TiO2 and HTiO2@AC/SiO2
gels were heated to 500 ◦C at 10 ◦C min−1 in a nitrogen environment. The sample was
dried at 500 ◦C for another 4 h. However, at 500 ◦C, there was a minor breakdown of AC
(approximately 5%). This number was considered appropriate for using AC as catalyst
support [11].

3.6. Photocatalysis

The composite catalyst’s photocatalytic activity (HTiO2@AC/SiO2): The degradation
of chlorpyrifos in an aqueous solution under sunlight irradiation was measured. Photo-
spectrometry (JASCO 7800) at 270 nm was used to measure chlorpyrifos concentrations, a
cost-effective and acceptable method. A calibration curve based on a starting chlorpyrifos
concentration of 100 mgL−1 in distilled water and its serial dilution was used to convert
the changes in absorbance to chlorpyrifos concentrations (C/C0 over time) [15]. One hour
before being exposed to light, 200 mL of chlorpyrifos solution and 0.4 g of catalyst were
mixed in the dark at 30 ◦C. Pesticide samples were taken every 30 min while the mixture
was exposed to the sun for three hours [16].

3.7. Material Characterization

SEM determined powder morphology and homogeneity (Quanta 450 FEG, F.E.I. Com-
pany, North Brabant, Netherlands). Images were taken with a secondary electron detector,
5 kV electron beam, 5 mm working distance, and 100,000×magnification. K.E.V.E.X per-
forms EDS (EDS). Si (Li) Brüker determines powder particle chemical composition. XRD
precautions and details have been described in detail in [20]. The Brunauer–Emmett–Teller
(BET) method was used to determine the specific surface area, SBET, with relative pressure,
p/p0, between 0.05 and 0.1. The reactor digestion method, which relies on acidic bichro-
mate oxidation, was used to compute the Chemical Oxygen Demand (COD). After 24 h
of outgassing at 10−5 Pa, nitrogen adsorption–desorption isotherms were determined at
−196 ◦C (Fisons Sorptomatic 1990). SBET was determined using the Brunauer–Emmett–
Teller (BET) method with p/p0 between 0.05 and 0.1. The acidic bichromate oxidation
reactor digestion method was used to calculate COD.

3.8. Adsorption Activity

In 600 mL Erlenmeyer flasks, 500 mL of 300 mg L−1 chlorpyrifos was added, then
mixed with 50 mg L−1 HTiO2@AC/SiO2 in an orbital shaker 310 K stirred at 220 rpm. Next,
50 mL water samples were taken at predetermined intervals (every 20 min) for chlorpyrifos
measurement. The equilibrium period of the adsorbent was calculated using the following
variables: pH, temperature, stirring, and the initial concentration of chlorpyrifos. The
pH of the adsorbent, which can change the surface charge of the adsorbent and have
ramifications for pesticide removal, is a crucial component impacting adsorption [33,39,40].
This parameter was examined at 1.3, 4, 5, 6, 7, 8, and 9. Temperature also has an impact
on adsorption. As a result, this factor was adjusted to 310 to 373 K to determine its effect
on chlorpyrifos elimination by the composite. The sample was extracted and analyzed as
in [17]. The sample preparation and analysis are described in detail in [20].

Equations (10) and (11) were used to calculate the pesticides’ adsorption capacity
qe (mg g−1) and the composite’s elimination efficacy R (%):
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Adsorption Capacity:

qe(mg/g) =
(Co − Ce) V

W
(10)

Removal efficiency [41–43]:

R(%) =
(Co − Ce)

Co
× 100 (11)

The pesticide solutions have a starting concentration of Co and a final concentration
of Ce (mg/L). The volume of the adsorbate solution is denoted by V. The dry adsorbent
mass W is represented by the variables (g). Before adding the adsorbent, 0.1 M HCL
and/or 0.1 N NaOH were used to adjust the pH of the solution. To see which was better,
kinetic experiments were compared to equilibrium examinations. Different aqueous sample
collection times were utilized for pesticide concentrations.

4. Conclusions

The results illustrate how experimental variables, such as adsorbent dosages, pH
levels, temperature, pesticide concentration, and contact time, affect chlorpyrifos adsorp-
tion capability. The maximum chlorpyrifos adsorption capacity was 462.6 (mg g−1) at
pH = 2.4, the dosage of HTiO2@AC/SiO2 83 mg L−1, initial chlorpyrifos concentration
from 20 mg L−1, agitation speed of 425 rpm, and contact time was 259 min. Experimental
data at equilibrium are well-suited to the Langmuir and Freundlich isotherms, based on
correlation coefficients (R2 = 0.997, 0.994). Some of the advantages of the adsorbent utilized
in this investigation may become apparent in the future. According to adsorption kinetics,
the pseudo-second-order linear model is best represented during adsorption. There is
some marginal improvement in removal for the visible light sample compared to dark. The
AC/SiO2 sample has a mesoporous pore size distribution (2–20 nm) better suited for chlor-
pyrifos adsorption; this is described based on physical attributes. According to the findings,
HTiO2@AC/SiO2 is a potential wastewater treatment option that is both efficient and cost ef-
fective. HTiO2@AC/SiO2 can be recycled and reused, according to chlorpyrifos desorption
experiments. Due to its high and low chlorpyrifos levels, ease of regeneration, and high-
desorption and -sorption capacity regeneration feasibility, HTiO2@AC/SiO2 has shown
exceptional adsorption performance. According to the findings, nano-HTiO2@AC/SiO2
composites will be useful as an adsorbent material for the breakdown of various pesticides
in the future.
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