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Abstract: Metaldehyde contamination poses risks to the environment and public health.
Biochar, a carbon-rich material, is recognized for its potential to adsorb water pollutants. This
study assesses the effectiveness of oil palm kernel biochar (OPKB) and rice husk biochar
(RHB) in removing metaldehyde, considering particle sizes, initial concentrations, and contact
times. Smaller biochar particles show increased adsorption sites with a porous structure, while
larger particles have fewer active sites, impacting their efficiency. BET analysis reveals that
the smallest biochar particles have higher specific surface areas ranging from 72.49 m?/g to
123.08 m?/g. OPKB1 proves to have the most effective adsorption capacity across all
conditions. The experimental data are more consistent with the Freundlich isotherm model,
which suggests that the active sites are not evenly distributed. The correlation coefficient (R?)
value indicates that the adsorption process is governed by pseudo-second-order kinetics.
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1. Introduction

Metaldehyde is a pesticide that is commonly used to control slugs and snails in
agricultural and horticultural practices. Although its target is more specific than the
commercially available molluscicides, it can still be toxic to non-target species, including
mammals [1]. Both humans and animals have suffered from metaldehyde poisoning and death,
according to some reports, although they are relatively rare compared to other types of pesticide
poisoning [2, 3]. It is highly soluble in water and can easily contaminate surface and
groundwater sources [4]. Metaldehyde is highly mobile in soils and can be detected in surface
waters at concentrations above regulatory limits [5, 6]. This poses challenges for water
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treatment plants, as conventional treatment processes are ineffective in removing metaldehyde
[7]. Furthermore, metaldehyde can bioaccumulate over time, leading to long-term exposure
and potential dysfunction in certain organs [8]. Metaldehyde can harm aquatic ecosystems and
threaten human health if it contaminates water sources [9]. Therefore, developing effective
methods for eliminating metaldehyde from water is essential.

Biochar is a material rich in carbon that can be obtained from biomass pyrolysis. It has
attracted considerable interest as a potential adsorbent for eliminating various contaminants
from water [9]. Biochar has a high surface area and a porous structure, providing ample
contaminant adsorption site[10]. The ability of biochar to adsorb pollutants can be influenced
by various factors, including the particle size of the biochar [11]. Biochar can serve as an
adsorbent for eliminating pollutants from water and soil, including heavy metals, organic
compounds, and pesticides [9]. Biochar derived from agricultural residuals was used to remove
ammonium from water, and it was found that biochar had a strong attraction to various heavy
metal ions, including pesticides, in water solutions [12]. Biochar derived from cotton gin waste
and guayule bagasse was used to adsorb pharmaceuticals from water solutions, and the results
show that biochar has high sorption coefficients for pesticides, including atrazine and simazine,
indicating the potential of biochar for pesticide removal [13]. Biochar has a large surface area,
a porous structure, and specific surface properties that enable it to adsorb pesticides and lower
their concentration in water sources. These studies indicate that biochar can be a good
adsorbent for pesticides, including metaldehyde. Hence, research on metaldehyde adsorption
has a great chance of providing a substitute remedy for metaldehyde pollution.

Despite the potential of biochar as a low-cost and environmentally friendly adsorbent
for metaldehyde removal, there is a lack of studies on how the particle size of biochar affects
its adsorption performance and efficiency. The aim of this study is to examine how particle
size affects the adsorption of metaldehyde by using oil palm kernel biochar and rice husk
biochar. Specifically, the study aims to assess the adsorption capacities of oil palm kernel
biochar and rice husk biochar for metaldehyde removal, comparing the adsorption performance
of biochar particles with sizes < 0.3 mm, between 0.3 mm to 1 mm, and > 1 mm. The study
also aims to determine the optimal adsorption of metaldehyde by manipulating the initial
concentration of metaldehyde and contact time. It is important to know how the particle size
influences the adsorption capacity of biochar to optimize its application as an adsorbent for
metaldehyde elimination. This research contributes to optimizing biochar-based adsorption
systems for effective metaldehyde remediation by elucidating the relationship between particle
size and adsorption efficiency. The findings of this study will provide valuable insights into
sustainable agricultural practices and the utilization of agricultural waste materials, such as oil
palm kernel and rice husk biochar, for environmental remediation purposes.

2. Materials and Methods

2.1. Preparation of adsorbents.

Oil palm kernels were collected from local oil palm plantations, while rice husks were
collected from local rice mills. The oil palm kernels and rice husks were cleaned thoroughly to
get rid of dirt and debris. Any impurities, such as dust or stones, were removed through sieving.
The cleaned oil palm kernels and rice husks undergo pyrolysis to convert them into biochar.
The raw oil palm kernels and raw rice husks were loaded into a pyrolysis reactor and heated in
an oxygen-limited environment at 600°C for 4 hours, with a heating rate of less than 10°C. The
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biochar was allowed to naturally cool down at room temperature to ensure the preservation of
its properties. The obtained oil palm kernel biochar and rice husk biochar were sieved to get
particle sizes smaller than 0.3 mm, between 0.3 to 1 mm, and larger than 1mm. This was
achieved by passing the biochar through appropriately sized mesh sieves. The sieved biochar
particles were collected, and any oversized or undersized particles were removed. Figure 2.1
shows the sieved oil palm kernel biochar (OPKB) and rice husk biochar (RHB) with sizes
ranging from less than 0.3 mm, 0.3 to 1 mm, and more than 1 mm. The sieved biochar was
washed with distilled water and dried in an oven at 80°C overnight. Then, the dried biochar
was labeled and stored accordingly in an airtight container to maintain its quality until further
use. Table 2.1 shows the type of sample, particle size, and label name for each sample.
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Figure 1. The size of (A) OPKB1 under 40x compound microscope, (B) OPKB2; (C) OPKB3; (D) RHB1 under
40x compound microscope; (E) RHB2; (F) RHBS3.

Table 1. Summary of the parameters in batch adsorption.

Type of sample Particle size Label name
Oil valm k | <0.3mm OPKB1
: %?OThafme 0.3mm-1mm OPKB2
>1lmm OPKB3
<0.3mm RHB1
Rice husk biochar 0.3mm-1mm RHB?2
>1lmm RHB3

2.2. Preparation of metaldehyde.

The reference method from the UK Environment Agency was used to prepare the
metaldehyde stock solution. A total of 0.1 g Metaldehyde powder (Sigma-Aldrich, USA) was
added to 100 mL methanol to make a 10 ppm metaldehyde stock solution. The stock solution
was thoroughly mixed to ensure the complete dissolution of metaldehyde. The metaldehyde
stock solutions could be kept between 1°C and 10°C for up to 1 year. Deionized water was
utilized as a solvent to prepare different concentrations of metaldehyde. A series of dilutions
were prepared from the metaldehyde stock solution to establish a standard curve for
metaldehyde quantification. The dilutions covered a range of concentrations, including above
and below the expected concentration range of the samples. The dilutions were prepared by
carefully pipetting an appropriate volume of the stock solution into a series of volumetric flasks
containing a known volume of deionized water. Each dilution was mixed thoroughly to obtain
a homogeneous solution.

2.3. Characterization of adsorbents.

The OPKB and RHB prepared for this study undergo a characterization process to
determine their structural and surface properties. The biochar samples were attached to
https://biointerfaceresearch.com/ 30f14
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Scanning Electron Microscopy (SEM) stubs and coated with platinum to improve their surface
conductivity. Scanning electron microscopy was conducted using the JSM-6010LA
InTouchScope™ Multiple Touch Panel SEM. The biochar samples were examined at various
magnifications to visualize the fine and coarse biochar particles’ morphology, particle shape,
and surface features. SEM images were captured, and representative images were selected for
analysis and inclusion in the study. The SEM images were qualitatively analyzed to assess the
differences in particle size, surface morphology, and structural characteristics between the fine
and coarse biochar particles.

The Brunauer-Emmett-Teller (BET) analysis technique was used to measure the
biochar samples' specific surface area and porosity. Before analysis, the biochar samples were
degassed under vacuum at elevated temperatures to remove adsorbed gases or moisture. BET
analysis was performed using a gas adsorption instrument. At different relative pressures,
nitrogen gas adsorption isotherms were measured. The BET analysis data were put through the
right mathematical models, like the BET equation, to determine the biochar samples' specific
surface area, pore size distribution, and total pore volume.

2.4. Batch adsorption studies.

To examine the effect of the initial concentration of metaldehyde, 100mL of
metaldehyde solutions of varying concentrations were poured into separate 250 mL conical
flasks. Each flask received 1g of adsorbents. The biochar and metaldehyde solutions were
completely mixed on an orbital shaker at 150 rpm for 150 minutes to ensure appropriate
contact. In separate 250 mL conical flasks, a 100 mL solution of metaldehyde with an initial
concentration of 0.01 ppm and 1g of adsorbents was prepared in batches to examine how
contact time influences the outcome. The biochar samples were mixed with metaldehyde
solutions and shaken for the desired contact times (1 to 180 minutes). A set of conical flasks
with adsorbates without biochar was utilized as a control. To prevent evaporation, all the flasks
were covered with parafilm. After each adsorption process, filtration separated the adsorbents
from the metaldehyde solution. This batch adsorption technique was carried out in triplicate to
ensure precision and consistency. Table 2 depicts the parameters of the procedure. The
concentration of metaldehyde in the filtered solution was quantified with a UV-visible
spectrophotometer at 270nm spectra. The utilization of quartz cuvettes in metaldehyde analysis
via UV-visible spectrophotometry enhances the quality and reliability of the analytical process.

Table 2. Summary of the parameters in batch adsorption.
Parameters Range
Initial concentration 0.001,0.01,0.1,05,1,2,3,4,5, 7ppm
Contact time 1, 5, 10, 20, 30, 60, 90, 120, 150, and 180 minutes

2.5. Isotherm and kinetic studies.

The Langmuir and Freundlich isotherms and the first-order and second-order kinetics
clarify the adsorption behavior. Table 3 depicts the formula for both isotherm and kinetic
models utilized in this study. The Langmuir isotherm, which presupposes a monolayer
adsorption mechanism on a homogenous surface, provides insights into the maximum
adsorption capacity (Qm) and the energy of adsorption (b). In contrast, the Freundlich isotherm
allows for a more realistic representation of heterogeneous surfaces with a multilayer
adsorption mechanism characterized by the adsorption capacity (Kr) and the Freundlich
exponent (n). The adsorption process is investigated through first-order and second-order
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models, which give information about the rate constants (ki and k2) and shed light on the
underlying mechanisms of metaldehyde adsorption over time.

Table 3. Mathematical models used in the adsorption study.

Model Equation
Langmuir G = qm-b.C,
. =

Isotherm - 1+b.C
Freundlich 1

logq, = log kg + ;.logCe

Pseudo-first-order kq

o log(ge — q¢) = logqe — 5=t
Kinetic - "pseydo-second-order _ qikyt
= T g kot

3. Results and Discussion
3.1. Characterization of biochar.

Figure 2 reveals distinct variations in the surface morphology of biochar particles of
varying sizes. OPKB and RHB, with less than 0.3 mm and 0.3 mm to 1 mm, were observed to
exhibit a more pronounced porous structure and a greater number of finer pores across the
biochar surface. This particle size has a very porous and rough surface. The pores are small
and irregular in shape. [14] also, a fine-size-fractionated sunflower husk biochar was revealed
to have a porous morphology with a pronounced porous structure and finer pores across the
biochar surface. This outcome matches the principle that smaller particles' surface area per unit
mass is greater, leading to a higher density of pores and potential adsorption sites. The finer
pores observed in smaller particles also imply enhanced affinity for adsorbates, crucial for
efficient adsorption processes. Conversely, OPKB and RHB sizes greater than 1mm displayed
a relatively less intricate porous network with larger and more irregularly shaped pores. The
coarser surface morphology of larger particles might be attributed to a reduced surface area-to-
volume ratio. These observations align with the concept that larger particles have limited
surface exposure and fewer active adsorption sites, potentially contributing to decreased
adsorption efficiency.

Table 3 shows the BET results for all particle sizes of OPKB and RHB. Based on the
results, OPKB and RHB with particle sizes less than 0.3mm have the highest bet surface area,
with 123.08 m?/g and 72.49 m?/g, respectively. The results show that the specific surface area
of the smaller particle sizes is higher than that of the larger particle sizes. This was supported
by [15], who highlighted that smaller biochar particles have a greater specific surface area per
unit of mass. The smaller particle sizes possess a larger exposed surface area, which explains
this. The outcome of the BET analysis indicated a clear relationship between particle size and
specific surface area. Smaller particle sizes of biochar consistently exhibited a significantly
larger specific surface area compared to their larger counterparts. This finding is in line with
the general principle that reducing particle size leads to an increase in the available surface area
per unit mass. The greater surface area of smaller particles implies the presence of more active
sites for adsorption interactions, potentially resulting in improved adsorption capacities for
various adsorbates.

The BET isotherms obtained from the analysis further provided insights into biochar
particles' porosity and pore structure. Smaller particle sizes displayed steeper adsorption
isotherms, indicative of a higher degree of porosity and greater available pores. The increased
porosity of smaller particles means that adsorbates can reach the internal pore structure more
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easily. This makes mass transfer and adsorption processes go faster and work better. The larger
specific surface area and enhanced porosity of smaller particles suggest that they are more
suitable for adsorption processes requiring rapid and efficient adsorbate uptake. Additionally,
more sites for adsorption could result in higher adsorption capacities, making smaller biochar
particles desirable for environmental remediation, water treatment, and other adsorption-based
applications. Conversely, larger particle sizes were associated with reduced specific surface
area and porosity. This might indicate a limitation in the number of available adsorption sites
and slower mass transfer, which could impact the overall adsorption performance.

SEI 10KV WOmm S840 SE1 10KV WDOmm 55

SEl 10kV WDSmm SS40 SE! 1AV WDOmm 5540

SEl 10kV WD9mm SS40 x1,200 10pm  —

SEI 10V WDOmm $8540

(e) ()
Figure 2. The SEM image of (a) OPKBL; (b) OPKB2; (c) OPKB3; (d) RHB1; (¢) RHB2; (f) RHB3.

Table 3. The summary of BET surface area, Total pore volume, and porosity for all adsorbents.

Type of biochar Particle size | Bet surface area (m%g) | Total pore volume (cm3/g) | Porosity
<0.3mm 123.08 0.43 0.96
Oil palm kernel biochar | 0.3mm-1mm 34.19 0.12 0.95
> 1mm 27.16 0.08 0.95
<0.3mm 72.49 0.23 0.95
Rice husk biochar 0.3mm-1mm 17.10 0.05 0.94
> 1mm 7.84 0.03 0.94
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The BET results tally with previous studies as [16] discuss how the BET surface area
of biochar changes with smaller particle sizes. The main point of this study was that the surface
area of biochar grew to smaller sizes. The effect of biochar particle size on available water
capacity (AWC) is also revealed by [17]. It was reported that AWC is higher for smaller biochar
particle sizes (<0.5 mm) than for larger particle sizes (>1 mm).

3.2. Batch adsorption of metaldehyde.

Based on Figure 3 (A), it was observed that the percentage of metaldehyde adsorbed by
biochar increased with increasing concentration. OPKB1 exhibits the highest percentage of
adsorption efficiency in all initial concentrations tested, followed by OPKB2 and OPKB3. On
the other hand, RHB1, RHB2, and RHB3 exhibit a slightly lower percentage of metaldehyde
removed from the sample. This means that OPKBL1 is the most effective adsorbent at all ranges
of initial concentrations of metaldehyde. In the case of a lower concentration of metaldehyde,
the reaction rate is lowered and can be increased by increasing the initial concentration of
metaldehyde up to 2 ppm. Beyond this concentration, however, the available surface area is
lowered, and the percentage of metaldehyde removal is hardly increasing. The concentration
affects the available driving force for the transfer of metaldehyde ions onto the adsorbent
particles. The driving force is low at low concentrations but rises at high concentrations. This
improves the interaction between the metaldehyde ions in the aqueous phase and the active
sites of the adsorbents. This causes an increase in the uptake of metaldehyde ions.
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Figure 3. The graph of (a) the effect of initial concentration on the percentage of metaldehyde removed; (b)
the effect of contact time on the percentage of metaldehyde removed.

The increased surface area of smaller particles, which offers more active adsorption
sites, explains particle size's effect on adsorption [18, 19]. The surface area of smaller particle
sizes is greater, enabling a higher adsorption capacity. This matches the results of previous
studies that have demonstrated a higher adsorption capacity for adsorbents with smaller particle
sizes [18]. Additionally, smaller particle sizes have been found to enhance the adsorption
efficiency of dyes in wastewater treatment.

Based on Figure 3.2(B), once again, OPKB1 exhibits the highest percentage of
metaldehyde removed, followed by OPKB2 and OPKBS3 at all contact times. All rice husk
biochar has a slightly lower percentage of adsorption capacity for metaldehyde than oil palm
kernel biochar. It is evident that all adsorbents showed rapid metal adsorption within 90
minutes of contact time due to the easy accessibility of the adsorption sites on the adsorbent,
which was followed by a constant adsorption rate at longer contact times.

One of the possible causes of this result is equilibrium attainment. Increasing the
contact time allows more time for the adsorbate to come into contact with the adsorbent and
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reach equilibrium [20-28]. As the contact time increases, more metaldehyde molecules can
interact with the active sites on the surface of the biochar, leading to increased adsorption. In
addition, active site availability can also influence the adsorption rate. With longer contact
times, the adsorbate molecules have a higher chance of encountering and binding to the
available active sites on the biochar surface [18]. This results in a higher percentage of
metaldehyde being adsorbed onto the biochar. Increasing the contact time allows for more
efficient diffusion and penetration of metaldehyde into the porous structure of the biochar [21].
As the contact time increases, metaldehyde molecules have more time to diffuse into the
internal pores of the biochar, leading to increased adsorption capacity. There may be a point of
saturation where further increases in contact time do not significantly increase adsorption [26].
This occurs when the active sites on the biochar surface become fully occupied by metaldehyde
molecules, and no additional adsorption can take place.

Based on both results, it can be assured that oil palm kernel biochar exhibits the highest
adsorption capacity compared to rice husk biochar. Biochar produced from oil palm kernel
shells has been found to have favorable physicochemical properties for pollutant adsorption.
For example, oil palm kernel biochar has been shown to have a higher concentration of base
cations, which can enhance the removal of pollutants like cadmium from aqueous solutions
[27]. On the other hand, rice husk biochar may have lower concentrations of these base cations,
leading to lower adsorption capacities. It has been observed that the surface acid functional
groups on biochar, which are important for adsorption, can vary depending on the feedstock
and pyrolysis conditions [28]. The presence of these functional groups can enhance the
adsorption of pollutants. Studies have shown that oil palm kernel biochar produced at certain
temperatures can have higher surface acid functional group concentrations than rice husk
biochar, leading to improved adsorption efficiency.

Furthermore, biochar's surface area and pore structure are crucial factors in adsorption
processes [28]. Oil palm kernel biochar has been found to have a greater surface area and pore
volume compared to rice husk biochar, providing more active sites for pollutant adsorption
[29]. The larger surface area of oil palm kernel biochar allows for more interactions between
the biochar and pollutants, leading to higher adsorption capacities. Moreover, the presence of
certain elements and compounds in the feedstock can also contribute to the adsorption
efficiency of biochar. For example, oil palm kernel shells contain high levels of inorganic
nutrients, which can enhance the adsorption capabilities of the resulting biochar [30]. These
nutrients can act as additional binding sites for pollutants, increasing the adsorption capacity.

3.3. Isotherm and kinetics of metaldehyde adsorption.

The adsorption isotherm refers to the distribution of adsorbate molecules between the
liquid and solid phases when the adsorption process reaches equilibrium [31]. It describes the
relationship between the amount of adsorbate adsorbed onto the adsorbent and the equilibrium
concentration of the adsorbate in the solution [32]. Adsorption isotherms are commonly used
to analyze and predict a particular system's adsorption behavior and determine the adsorbent's
maximum adsorption capacity. Figure 3.3 shows the graph of Langmuir and Freundlich
isotherms for all samples.
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Figure 4. The plot of (a) C. versus Ce/qe of Langmuir isotherm; (b) Log C. versus Log g. of Freundlich
isotherm.

Figure 4(A) shows the plot of Ceversus Ce/ge, Which represents the Langmuir isotherm
behavior for the adsorption of metaldehyde by OPKB1, OPKB2, OPKB3, RHB1, RHB2, and
RHB3. It can be deduced from the graph using the correlation coefficient (R?) values that the
experimental data for all samples does not fit into the Langmuir isotherm model. Although all
samples resulted in a correlation coefficient greater than 0.999, it is proven that Freundlich
isotherms generate a higher correlation coefficient than Langmuir isotherms. The non-
applicability of the Langmuir isotherm indicates negative monolayer coverage of metaldehyde
ions on the surface of adsorbents, which suggests the non-formation of a monolayer on the
adsorbent surface in the given concentration range. The fact that the Langmuir isotherm does
not fit the experimental data may be due to the non-homogenous distribution of active sites on
the adsorbent since the Langmuir equation assumes that the surface is homogenous.

Figure 4(B) shows the Log Ce versus Log ge graph, which represents the Freundlich
isotherms in an adsorption system, comparing the correlation coefficient values for the
adsorption of metaldehyde on the adsorbents. Based on the plot, all samples fit the Freundlich
isotherm with a correlation coefficient greater than 0.99975. Based on the result, RHB3 shows
the highest R? value with 0.99992, followed by RHB2 with 0.99985. If the correlation
coefficient is higher in the Freundlich isotherm, it indicates a better-fitting model compared to
the Langmuir isotherm. A higher correlation coefficient suggests that the experimental data
agrees well with the Freundlich adsorption isotherm model [35-40]. This implies that the
Freundlich isotherm provides a more accurate representation of the adsorption process and the
behavior of the adsorbate on the adsorbent surface.

The Freundlich isotherm is commonly used to describe heterogeneous adsorption
systems where adsorption occurs on multiple sites with different affinities and energies. It
assumes a non-ideal adsorption process and reversible molecule interactions [34]. The
Freundlich equation is exponential and can be applied in the low to intermediate concentration
ranges [39]. The higher correlation coefficient in the Freundlich isotherm suggests that the
adsorption process is more predominant and can be described by multilayer adsorption on the
heterogeneous surface of the adsorbent [40].

Adsorption kinetics, on the other hand, refers to the rate at which the adsorption process
occurs [41, 42]. It involves studying the time-dependent adsorption behavior and determining
the rate at which the adsorbate molecules bind to the adsorbent surface [43]. Kinetic models,
such as pseudo-first-order (PFO) and pseudo-second-order (PSO) models, are used to describe
and analyze the adsorption kinetics [41]. These models help to understand the mechanism and
rate of adsorption as well as predict the adsorption capacity at different time intervals. A study
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of the kinetics of solute uptake is desirable as it provides information about the mechanisms of
adsorption, which is important for the efficiency of the process. In addition, information on
adsorption Kkinetics is required to select the optimum operating conditions for a full-scale batch
process.

Using PFO and PSO kinetic models, the rate at which metaldehyde binds to OPKB and
RHB was studied. The adsorption kinetics described the rate of metaldehyde adsorption on
these adsorbents as a function of time. It helps to determine equilibrium time, which gives
useful information about the design of the adsorption process and pollution flux. The closeness
of the experimental data and the model-predicted values was expressed by the correlation
coefficient (R?). A relatively high R? value implies that the model successfully illustrates the
kinetics of metaldehyde adsorption. Figure 5 shows the plot of PFO and PSO. Based on the
results, it can be assured that this adsorption system fits well with the PSO, as all adsorbents
have a correlation coefficient greater than 0.98. The results obtained suggest that the adsorption
of metaldehyde onto biochar fits the PSO, which assumes that the rate-limiting step may be
chemisorption.
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Figure 5. The plot of (a) time versus Log (qe-q) of pseudo-first-order; (b) time versus t/q: of pseudo-second-

order.

The chemical interactions between the adsorbate and adsorbent suggest that the rate-
limiting step of the adsorption process is the formation of chemical bonds or surface
complexation [44, 45]. The PSO model assumes that the adsorption rate is proportional to the
square of the concentration of the adsorbate and the number of available adsorption sites on the
adsorbent surface [44]. This is consistent with the chemisorption mechanism, where the
adsorbate molecules undergo strong chemical bonding with the adsorbent surface. The PSO
model is often observed when the adsorption process is irreversible, and the adsorbent has a
stable structure [45]. This indicates that the adsorption process is irreversible, and the adsorbate
molecules are strongly bound to the adsorbent surface. The PSO model is often observed when
the adsorption process reaches equilibrium relatively quickly [44]. This suggests that the
adsorption process is rapid, and equilibrium is achieved within a short period of time.
Furthermore, the PSO model is often observed when the adsorbent's adsorption capacity and
the adsorbate's intrusion into its structure depend on the reaction time of the adsorptive [45].
This indicates that the reaction conditions and the properties of the adsorbent and adsorbate
influence the adsorption process.

This result is also supported by previous studies by [46] in which the adsorption of
phosphorus in soil incubated with biochar was studied, and the PSO model fitted well to the
adsorption kinetics, indicating that the adsorption process is chemically controlled.
Furthermore, [47] investigated the adsorption of Acid Red 88 dye using biochar and found that
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the adsorption process followed the PSO kinetic model, suggesting a chemisorption
mechanism. In addition, [48] compared the PFO and PSO kinetic models for the adsorption of
Cd ions by biochar and found that the PSO model provided a better fit to the experimental data,
indicating that the chemisorption mechanism mainly controls the adsorption rate of biochar.

4. Conclusions

In conclusion, this thorough study looked at how particle size and adsorption efficiency
interact in the case of metaldehyde adsorption using OPKB and RHB. The discernible
prominence of smaller particle-size biochar in demonstrating heightened adsorption efficacy
underscores its pivotal role in optimizing pollutant removal strategies. Moreover, the
consistently superior adsorption efficiency of OPKB as compared to RHB highlights the
critical influence of biochar type on adsorption performance. The corroborative fit of the
Freundlich isotherm model to the adsorption system illuminates the adsorption process's
heterogeneous nature, and the adsorption kinetics' alignment with the PSO model reaffirms the
underlying mechanism of chemisorption. This study contributes to the ever-evolving
understanding of the complex factors that govern adsorption processes, thereby presenting a
promising avenue for tailoring efficient and sustainable water treatment methods. Prospective
research endeavors could further probe the nuances of biochar characteristics, elucidate their
synergistic effects on adsorption performance, and explore real-world applications to address
emerging environmental challenges.
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