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Abstract  The increasing focus on environmental preservation and protection necessitates innovative methods and

technologies to address various forms of waste. Adsorption using activated carbon is a well-established and promising

approach for removing pollutants, particularly methylene blue, from wastewater. This study aims to develop a carbon-

rich adsorbent derived from biomass-based date seeds and transform it into activated biochar (ABC). Important

physicochemical parameters, including activation temperature, mass loss during activation, biochar particle sizes, initial

methylene blue concentration, adsorption time, and adsorbent mass were examined in detail to determine their effects on

adsorption capacity. The activated biochar's morphological structure and functional groups were characterized using

SEM, XRD, and FTIR techniques. The results revealed that the optimal activation temperature for producing ABC was

1000 °C, yielding 99.15% efficiency and an adsorption capacity (qe) of 19.83 mg/g. The effective adsorption time was

determined to be 60 minutes, achieving an adsorption efficiency of 96.16% and a qe value of 9.61 mg/g. 
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1. Introduction

Despite in trace amount or dissolved in water, the dyes released by

factories and industries can interact with daily human activities,

posing serious health risks such as childhood hyperactivity, eczema,

asthma, attention deficit disorder, and potentially cancer [1-3]. This

growing warning signals the need for global environmental protection

and pollution mitigation efforts. In order to reduce the toxicity and

related health concerns of pollutants like pesticides, volatile organic

compounds (VOCs), and dyes, innovative, efficient, and sustainable

treatment technologies must be urgently developed. These initiatives

align with Sustainable Development Goal 6, emphasizing the protection

of freshwater resources and the advancement of universal access to

sustainable water management systems.

Methylene blue (MB) is widely utilized chemical across the industries

such as textiles, food production, and pharmaceuticals. However, the

release and dissolution of methylene blue at elevated concentrations

into terrestrial water and atmosphere, significantly increases its

environmental toxicity. It should be noted that the persistent and

long-term presence of methylene blue in aquatic systems cause

devastating damage to the ecosystems. This pressing issue necessitates

for immediate development of transformative and sustainable remediation

solutions to mitigate its alarming impacts. Many technologies have

been developed for dye removal, including coagulation [4], oxidation

[5], ultra-filtration, electrochemical processes, and photocatalysis [6-

10]. Among these, adsorption has emerged as the most effective

technique for removing dyes, because of the simplicity in design and

operation, cost-effectiveness, versatility, and enabling the removal of

pollutants in solid, liquid, and gaseous forms [11,12]. The efficiency

of adsorption technique depends on critical factors such as the choice

of adsorbent and adsorbate, as well as the physicochemical properties

of the materials involved.

Notedly, activated carbon and biochar are most widely explored

adsorbents currently due to their high pollutant removal rates, extensive

pore structure, great surface area, and tunable functional groups [13-15].

Despite its effectiveness, the production of conventional activated

carbon is energy-intensive and environmentally taxing, leading to

the interest in sustainable alternatives derived from biomass. Green

adsorbents derived from biomass and agricultural wastes offer a

promising alternative, aligning with circular economy principles and

reducing environmental impact. Biochar, a carbon-rich material

produced through pyrolysis, considered as a sustainable raw material

for bio adsorbent. Its low cost, and potential for chemical activation

to enhance adsorption capabilities make it a compelling candidate

for wastewater treatment. However, the optimization of biochar

properties and the systematic evaluation of physicochemical parameters,

such as the nature of activators, activation temperature, and adsorbent

size, remain underexplored, creating a critical gap in the current

research landscape [16,17]. 

The main objective of this work was to valorize the date seeds, a

local material with no current economic value, by transforming them
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into activated biochar (ABC), with economically valuable adsorbent.

In this transformation chemical activators with zinc chloride (ZnCl2)

and sodium chloride (NaCl) were used at differences temperatures

from 400°C to 1000°C, and physicochemical factors, including

activation temperature, mass loss during activation, activator type,

adsorbent size (1 mm and 250 μm), dye concentration, stirring time,

and adsorption temperature were evaluated. Furthermore, the activated

biochar (ABC) was characterized using advanced techniques such as

Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction

(XRD), and Scanning electron microscopy (SEM).

2. Materials and Methods

2-1. Activated Biochar (ABC) Source

Date seeds were sourced from Deglet Baydha dates, harvested in

the Sidi Khaled region of Biskra State, southern Algeria, North Africa

(Fig. 1). The process of transforming these seeds into activated

biochar (ABC) involved two main stages: pre-carbonization and

carbonization with chemical activation, as described in Sections

2.1.1 and 2.1.2.

2-1-1. Pre-carbonization

The date seeds were initially dried at a room temperature i.e., 30 °C

for 8 hours. Subsequently, they were dried in the oven at 100 °C for

24 hours to ensure the complete removal of residual moisture.

2-1-2. Carbonization and Activation (ZnCl2 and NaCl)

Dried date seeds were carburized at 200 °C for 2 hours. The

synthesized biochar was ground and sieved to obtain particles of two

sizes: 1 mm and 250 µm. Chemical activation was conducted using

zinc chloride (ZnCl2) and sodium chloride (NaCl) as activators. For

ZnCl2 activation, 10 g of biochar (BC) was impregnated in 15 mL of

0.1 N ZnCl2 solution, followed by stirring for 15 min to ensure uniform

distribution of the activating agent. The impregnated biochar was

placed in a muffle furnace at 200 °C for 30 minutes under limited

oxygen conditions. The material was subsequently calcined at different

temperatures: 400 °C, 600 °C, 800 °C, and 1000 °C for 4 hours. After

activation, the biochar obtained was washed many times with distilled

water until a neutral pH (pH  7). Finally, the washed biochar was

dried in the oven at 100 °C for 24 hours.

For NaCl activation, the procedure was repeated using 7.5 mL of

NaCl solution instead of ZnCl2. The process was performed separately

for the two biochar particle sizes (1 mm and 250 µm). The activated

biochar (ABC) samples produced under these conditions were stored

in containers for subsequent characterization and analysis. 

Figure 2 illustrates the preparation steps involved in the production of

activated biochar (ABC), describing the calcination process at different

temperatures i.e., the stages from biochar (BC) to the final activated

biochar (ABC).

2-2. Parametric Studies

The prepared activated biochar (ABC) was employed to remove

methylene blue (MB) molecules from wastewater through adsorption.

A stock solution of MB with a 10 mg/L initial concentration was

prepared. About five (05) different concentrations were subsequently

prepared for calibration to determine the absorbance peak wavelength

(λmax) of methylene blue using UV spectroscopy. The absorbance

spectrum confirmed the maximum wavelength for methylene blue as

λmax = 663 nm (Fig. 3). ABC, derived from date seeds, was selected

for adsorption and parameter studies.

2-2-1. Temperature effect on mass loss of activated biochar

10 g of biochar, in particle sizes of 250 µm and 1 mm, was prepared

using ZnCl2, NaCl as activators, and a control sample without an

activator. The samples were subjected to calcination at temperaturesFig. 1. Date seeds image extracted from Dagla Baydha.

Fig. 2. Calcination process for activated biochar (ABC) at different temperatures: (a) Biochar (BC), (b) BC with activators at various tem-

peratures, and (d) final activated biochar (ABC).
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of 400 °C, 600 °C, 800 °C, and 1000 °C in a muffle oven under

limited oxygen conditions to investigate the effect of temperature on

mass loss. After each thermal treatment, the mass loss was recorded,

and the results were used to analyze the influence of activation

temperature and particle size on biochar decomposition.

2-2-2. Temperature effect on the adsorption phenomena

The adsorption capacity of methylene blue on activated biochar

was evaluated at four calcination temperatures: 400 °C, 600 °C,

800 °C, and 1000 °C with ZnCl2 and NaCl activators, as well as non-

activated (natural) biochar for comparison. Two particle sizes (1 mm

and 250 µm) were used for all activation conditions. For each

experiment, 0.05 g of activated biochar was mixed with 250 mL of

methylene blue solution at a 4.0 mg/L an initial concentration. The

mixture was placed in a stirring apparatus and agitated with a speed

of 200 rpm for 50 minutes at a controlled temperature of 27 °C to

ensure proper mixing and interaction between the adsorbent and the

adsorbate. Following the stirring phase, the solution was left to settle

for 30 minutes to allow decantation. The equilibrium concentration

(Ce) of MB in the filtrate was measured using UV spectroscopy. The

adsorption yield (%) and adsorption capacity (qe) of ABC were then

calculated using the following equations [18]: 

Where:

C0: initial concentration (mg/L)

Ce: equilibrium concentration (mg/L)

V: volume of solution (L)

m: mass of adsorbent (g)

2-2-3. Concentration effect on the adsorption efficiency

To examine the effect of concentration, three methylene blue

solutions (3, 7, and 9 mg/L) were prepared, each with a volume of

250 mL. For all the tests, 0.5 g of activated biochar prepared at 1000 °C

was used as the adsorbent. The solutions were stirred at 200 rpm for

50 minutes at room temperature. After decantation for 30 minutes,

the equilibrium concentration was determined using UV spectroscopy.

The removal efficiency (%) and adsorption capacity were also

calculated.

2-2-4. Contact time effect on adsorption

The effect of contact time on adsorption efficiency was evaluated

by mixing 250 mL of 3 mg/L methylene blue solution with 0.075 g

of activated biochar prepared at 1000 °C. The experiment was

conducted using a "JAR TESTED" stirring apparatus at 200 rpm.

The stirring times were set to 10, 30, 40, and 60 minutes. Following

each time interval, the samples were decanted for 30 minutes, and

the equilibrium concentration was measured. The removal yield and

adsorption capacity were calculated for each stirring time.

2-2-5. Adsorption temperature effect 

The influence of adsorption temperature on methylene blue

removal was studied using three temperatures: 10 °C, 20 °C, and 40 °C.

Three beakers, each containing 250 mL of a 3.0 mg/L methylene

blue solution and 0.05 g of activated biochar, were stirred at 200 rpm

for 50 minutes. Post-stirring, the solutions were allowed to settle for

30 minutes. Filtration was performed using a 0.45 µm filter paper for

selected samples to recover the biochar. The equilibrium concentration

and the adsorption capacity (qe) were determined.

3. Results and Discussion 

3-1. Characterization of Biochar and Activated Biochar

Activated biochar (ABC) and Biochar (BC) were characterized to

evaluate their composition, morphology, and functional groups using

Scanning electron microscopy (SEM), Energy-dispersive X-ray

spectroscopy (EDX), X-ray diffraction (XRD), and Fourier-transform
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Fig. 3. Absorption spectrum of methylene blue measured by UV spectroscopy.
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infrared spectroscopy (FTIR) techniques. 

The scanning electron microscopy (SEM) of biochar without chemical

activation at 200 °C is depicted in Fig. 4a, which is comparatively

homogenous and smooth with no discernible porosity. On the other

hand, the surface morphology of activated biochar made with ZnCl2

as the activator and heated to 1000 °C is shown in Fig. 4b. It was

observed that upon activation by ZnCl2, a highly porous structure

with numerous cavities and interconnected voids was formed. These

structural changes were attributed to the volatilization and removal

of mineral components such as silicon (Si), nitrogen (N), and chlorine

Table 1. EDX analysis of biochar and activated biochar elements

 

Fig. 4. Characterization of activated biochars: (a) SEM of BC without chemicals activation at 200 °C and (b) ABC at 1000 °C using ZnCl2, (c)

EDX of BC (d) XRD of BC without chemicals activated at 200 °C and (e) ABC at 1000 °C, (f) FTIR ofABC at 1000 °C using ZnCl2.
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(Cl) during chemical activation and calcination, which can be identified

as the elements C, O, Ca, Cl, Mg, Si, and N by EDX analysis from

biochar (Fig. 4c), whereas after biochar activation some elements

have gone as Si, Mg as shown in Table 1. This enhanced porosity

was critical for improving the adsorption performance of activated

biochar, as it increased the surface area available for interaction with

adsorbates. The variations in BC and ABC's surface morphology

demonstrated how chemical activation and high-temperature treatment

created a porous structure appropriate for adsorption applications.

Activating with ZnCl2
 increased the surface specific area of biochar

by supporting the formation of porous structure due to the breakdown of

its molecular structure. Thus led to the formation of higher quantity

of micropores and enhanced adsorption capacity. ZnCl2 caused a

swelling and broke down the original molecules within the biochar

which created a more open, porous structure with significantly

increased number of micropores and a higher pore volume.

ZnCl2 acted as a Lewis acid, facilitating the disintegration of

carbon chains and the formation of numerous pores of various sizes.

The remarkable ability of ZnCl2 to improve structural properties

was demonstrated by the increased porosity seen in activated biochar

(ABC), which was consistent with findings from previous studies

(MacHado et al. 2020). Machado et al reported that ZnCl2 activation

significantly improved pore development in biochars, increasing the

surface area from 6.5 m2/g in non-activated biochar to 545 m2/g in

ZnCl₂-activated biochar, thereby demonstrating the remarkable

capacity of ZnCl2 to enhance structural properties . Similar to this,

ZnCl2 activation, broke down the cellulose molecular bonds,

encouraging the creation of mesopores while preserving structural

stability—a characteristic that was visible in the porous network of

ABC [19]. Therefore, this finding proved that chemical activation

and heat treatment were crucial for increasing adsorption potential

and was further demonstrated by the transformation from a thick,

smooth charcoal surface to a highly porous, adsorbent-ready surface.

Notably, larger adsorbate molecules were transported through the

mesopores in ABC, while the macropores functioned as reservoirs,

reducing mass transfer restrictions and enhancing overall effectiveness.

These characteristics were particularly beneficial for applications

such as methylene blue adsorption. The XRD pattern for biochar

without chemical activation at 200 °C (Fig. 4d) revealed distinct

diffraction peaks, indicating the presence of mineral impurities, such

as calcium and phosphorus compounds, that persisted after carbonization.

These crystalline characteristics demonstrated the restricted structural

alterations brought by low-temperature pyrolysis in the absence of

chemical activation. In contrast, the XRD pattern for activated biochar

(Fig. 4e) showed broad diffraction peaks around 2θ=24° and 44°,

corresponding to the (002) and (100) planes of amorphous carbon

materials, respectively. The transition from sharp diffraction peaks in

BC to broad peaks in ABC indicated the successful transformation

into an amorphous structure, which was the characteristic of thermally

and chemically activated carbon materials. Amorphous carbon was

particularly advantageous for adsorption applications due to its increased

surface irregularity and available spaces for adsorbate molecules.

Furthermore, amorphous materials have more voids that can accommodate

the molecules of the adsorbate, hence they were generally more suited

for adsorption [20]. These findings aligned with previous studies

[17,21], which emphasized the role of chemical activation and high-

temperature treatment in enhancing structural properties.

The functional groups in ABC were identified using Fourier-

transform infrared (FTIR) spectroscopy spanning the 400–4000 cm-1

range (Fig. 4f). Significant transmittance bands in the FTIR spectrum

demonstrated the chemical functionalities brought by activation. The

stretching vibrations of O-H bonds in hydroxyl groups, a crucial

component influencing ABC's hydrophilic characteristic, were

represented by the broad band seen at 3180 cm-1. C=O stretching

vibration in carboxylic acid groups was identified as the source of a

clear peak located between 1600 and 1590 cm-1 [22-24]. The presence

of oxygen-containing functional groups was further confirmed by

other peaks at 1400 cm-1, 1110 cm-1, and 1070 cm-1 that correspond

to C–O stretching vibrations [25-27]. According to Towfik, A. Saleh.

(2018) [28], the presence of O–H and C–O functional groups

improved ABC's adsorption capacity by offering active sites for

interactions with adsorbates like methylene blue.

3-2. Effect of physicochemical parameters

3-2-1. Temperature effect on mass loss of activated biochar

Temperature effect on the mass loss of biochar (BC) during activation

was evaluated for samples with different particle sizes (250 µm and 1

mm) and activation conditions (ZnCl2, NaCl, and no activator). Each

10 g biochar sample was subjected to thermal treatment at 400 °C,

600 °C, 800 °C, and 1000 °C in an oven under limited oxygen conditions.

The resulting mass losses are presented in Table 2, and the corresponding

trends are illustrated in Fig. 5a (powdered BC, 250 µm) and Fig. 5b

(granular BC, 1 mm). The results indicated that mass loss decreased

as the activation temperature increased, regardless of the particle size

or type of activator used. The variation in mass was strongly influenced

by the temperature and the biochar particle size, with granular biochar

(1 mm) showing higher mass loss compared to powdered biochar

(250 µm). This trend suggested that larger particles experienced more

Table 2. Biochar mass loss at different temperatures and particle sizes for various activators

T (°C)
No Activator ZnCl2 NaCl ZnCl2 NaCl

1 mm 1 mm 1 mm 250 µm 250 µm

400 1.77 g 3.3 g 1.85 g 2.25 g 1.95 g

600 1.56 g 2.55 g 1.75 g 1.94 g 1.79 g

800 1.30 g 1.34 g 1.45 g 0.88 g 0.98 g

1000 0.00 g 0.08 g 1.14 g 0.27 g 0.10 g
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significant volatilization and decomposition at higher temperatures

due to slower heat diffusion and the retention of volatiles within the

particle core [28].

The pyrolysis temperature played a critical role in the release of

volatile compounds, with higher temperatures resulting in greater

mass loss. For instance, at 400 °C, the biochar mass decreased from

10 g to 3.3 g for granular biochar (1 mm) activated with ZnCl2, while

powdered biochar exhibited a reduction to 2.25 g. At 1000 °C, biochar

activated with ZnCl2 showed almost complete decomposition (0.08 g

for 1 mm and 0.27 g for 250 µm), emphasizing the catalytic role of

ZnCl2 in enhancing thermal degradation and facilitating formation of

porous formation [29]. Meanwhile, higher temperatures promoted

more mass loss and more stable chemical formed, increasing the

utility of biochar for a variety of uses [29,30]. 

Samples activated with NaCl or without activators demonstrated

comparatively lower mass loss due to their weaker catalytic effects.

The mass loss trends observed can be attributed to the volatilization

of organic and inorganic components in the biochar during high-

temperature activation. This finding proved that ZnCl2 was more

effective than NaCl as a chemical activator due to its strong catalytic

properties and ability to enhance pore development during biochar

activation. ZnCl2 acted as a dehydrating agent, efficiently breaking

down lignocellulosic structures and facilitating the release of volatiles,

leading to higher mass loss and improved porosity. It promoted the

formation of micropores and mesopores by aiding thermal decomposition

and enhancing aromatic condensation, resulting in a stable, porous

carbon structure ideal for adsorption applications. In contrast, NaCl

exhibited weaker catalytic effects, creating less porosity and achieving

lower mass loss, making it less effective for biochar activation , which

was in agreement with Dehkhoda, et al. (2016) [33].

3-2-2. Temperature effect on adsorption phenomena

Figure 6 illustrates the variation in yield (R) and adsorption capacity

(qe) as a function of activation temperature. The results showed that

qe increased with rising activation temperature, reaching a maximum

at 1000 °C with R=99.15% and qe=19.83 mg/g, respectively. Meanwhile,

the minimum values were observed at 400 °C, where R=86.4% and

qe=17.28 mg/g and qe=17.28 mg/g. This increase in adsorption efficiency

with temperature can be attributed to the enhanced effect of temperature

on pore formation and structural modification of the biochar in the

presence of chemical activators. Elevated temperatures promoted the

development of micropores and mesopores, facilitating more effective

adsorption [32-34].

Furthermore, the thermal degradation of biomass components,

particularly cellulose and lignin, contributed significantly to the mass

reduction and pore creation. The thermal decomposition of cellulose

Fig. 5. Temperature effect on the mass loss of activated biochar (ABC) (a) powder (250 µm), and (b) granular (1 mm).

Fig. 6. Yield and adsorption capacity of methylene blue on activated biochar (ABC) at different temperatures.
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occurred above 613 K, while lignin degradation primarily took place

between 633 K and 1000 K [35]. These processes played a crucial

role in increasing the surface area and adsorption capacity of activated

biochar. Figure 7 depicts the relationship between ABC mass and the

adsorption performance. The results showed that the removal efficiency

(Y) reached 99.1%, with a slight variation in qe values. The maximum

capacity of 19.82 mg/g was observed at an adsorbent mass of 0.075 g,

while at 0.025 g, qe decreased slightly to 19.7 mg/g. This trend suggested

that the optimal adsorbent mass ensured sufficient surface area for

adsorption while avoiding oversaturation, which could lower adsorption

efficiency due to limited available active sites.

3-2-3. Concentration effect on the adsorption efficiency

The results indicated that activated biochar adsorbed a significant

quantity of methylene blue, with the clearest solution observed for

the sample with an initial concentration of 3 mg/L. As shown in Fig. 8,

the adsorption yield (Y) and adsorption capacity (qe ) both decreased

as the initial concentration of methylene blue increased. At lower

concentrations, activated biochar effectively removed a higher percentage

of methylene blue due to the availability of sufficient active sites

relative to the adsorbate molecules. However, at higher concentrations,

the active sites became saturated, reducing the removal efficiency

and adsorption capacity. At an initial concentration of 3 mg/L, the

greatest yield and adsorption capacity were obtained, with R=99.12%

and qe=19.83 mg/g, respectively. On the other hand, the yield and

adsorption capacity dropped to 96% and 19.2 mg/g, respectively, at

higher concentrations (9 mg/L). This pattern emphasized how crucial

it was to enhance the methylene blue starting concentration in order

to optimize activated biochar's adsorption capabilities. The observed

pattern was consistent with earlier research suggesting that adsorption

efficiency was mostly determined by the ratio of accessible adsorption

sites to adsorbate molecules. These results indicated that while activated

biochar performed well at low concentrations, site saturation caused

it to lose some of its adsorption capacity at higher concentrations.

Therefore, in practical situations, adjusting adsorbent dosage and

regulating initial concentration were necessary to maximize removal

efficiency.

Fig. 7. Yield and adsorption capacity of methylene blue on activated biochar (ABC) at varying adsorbent masses.

Fig. 8. Yield and adsorption capacity of methylene blue on activated biochar (ABC) as a function of concentration.
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3-2-4. Contact time effect on the adsorption efficiency

Figure 9 illustrates the relationship between stirring time and both

adsorption yield (Y) and adsorption capacity (qe). The data showed

that both Y and qe increased rapidly during the initial 10 minutes of

stirring, after which the curves plateau, indicating that equilibrium has

been reached. Beyond 10 minutes, no significant changes in adsorption

performance were observed, with Y and qe remaining nearly constant

up to 60 minutes. At equilibrium, the adsorption yield reached 96.16%,

and the adsorption capacity stabilized at 9.61 mg/g. The rapid adsorption

within the first 10 minutes could be attributed to the higher availability

of active sites on the biochar surface, which facilitated the rapid

uptake of MB molecules. This phenomenon can also be explained by

the biochar surface's active sites becoming saturated, which reduced

the number of sites available for further adsorption. One typical

feature of adsorption research was the change from a fast to a slower

adsorption phase, which signified the creation of an equilibrium

state, which was in agreement with Malbenia John et al. (2024) [37].

These findings implied that methylene blue adsorption onto activated

biochar was extremely effective and time-efficient, reaching peak

performance in a brief amount of stirring time. The results emphasized

how crucial it was to maximize contact duration in order to reduce

energy consumption and operating expenses without sacrificing

adsorption effectiveness.

3-2-5. Adsorption temperature effect

The effect of adsorption temperature on the performance of activated

biochar (ABC) was evaluated by using three beakers, each containing

250 mL of methylene blue (MB) solution with an initial concentration

of 3.0 mg/L. The adsorption temperature was set at 10 °C, 20 °C, and

40 °C for each beaker, and the results are illustrated in Fig. 10a and

Fig. 10b.

a. Without Filtration

After stirring the samples for 50 minutes at 200 rpm, the solutions

were allowed to settle for 30 minutes. The adsorption yield (Y) and

adsorption capacity (qe) were measured directly from the decanted

solution. Fig. 10a shows that as the adsorption temperature increased,

the adsorption capacity also increased, reaching a maximum value of

9.8 mg/g at 40 °C. The increase in adsorption capacity with temperature

Fig. 9. Effect of stirring time on yield and adsorption capacity of methylene blue onto activated biochar (ABC).

Fig. 10. Adsorption temperature effect of on Yield and Methylene Blue Adsorption Capacity Using Activated Biochar (ABC): (a) Without Filtra-

tion, (b) With Filtration.
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suggested that higher temperatures enhanced the diffusion of MB

molecules into the biochar pores, thereby improving adsorption

efficiency.

b. With Filtration

In a parallel process, the decanted samples were filtered using

0.45 µm filter paper to recover the activated biochar. The adsorption

yield and capacity were measured after filtration, with the results

presented in Fig. 11b. Similar to the results without filtration, the

adsorption capacity increased with temperature, achieving a maximum

value of 9.96 mg/g at 40 °C. The filtration process ensured the

complete recovery of biochar and eliminated suspended particles,

leading to slightly higher adsorption capacity measurements

compared to the unfiltered samples.

These results suggested that temperature significantly affected

activated biochar's adsorption capacity. The stronger molecular interaction

and higher kinetic energy of MB molecules, which promoted their

diffusion into the biochar pores, were responsible for the higher

adsorption capacity at higher temperatures. Higher temperatures were

advantageous for increasing the removal effectiveness of methylene

blue, as this characteristic implied that the adsorption process was

endothermic in nature.

3-3. Comparison of ABC With Other Adsorbents

Activated biochar (ABC) fabricated from date seeds demonstrated

superior adsorption performance compared to other adsorbents reported

in the literature, as shown in Table 3. The adsorption capacity of

ABC for methylene blue (MB) reached a maximum value of 19.83

mg/g, significantly exceeding the capacities of other bio-based adsorbents.

For example, black carbon derived from apricot kernel shells

exhibited a maximum adsorption capacity of 13.88 mg/g [37], while

activated carbon prepared from grape wood wastes showed a much

lower capacity of 5.88 mg/g [38].

The enhanced performance of ABC can be attributed to its optimized

activation process, particularly the use of ZnCl2 as an activator and

high-temperature pyrolysis at 1000 °C. These factors promoted the

formation of a highly porous structure with a large surface area and

abundant active sites, which were essential for efficient adsorption.

In contrast, the lower adsorption capacities of other adsorbents may

result from less efficient activation methods, lower surface area, and

insufficient pore development. This comparison proved the efficacy

of ABC produced from date seeds as a highly effective and sustainable

adsorbent for the removal of methylene blue. Its exceptional performance

showed the benefit of using agricultural left overs to create high-

performance adsorbents and underscored its potential for environmental

applications, especially in wastewater treatment.

4. Conclusion

This study showed that date-seed-derived activated charcoal (ABC)

has a maximum adsorption capacity of 19.83 mg/g and a yield of

99.15%, making it an extremely effective adsorbent for the removal

of methylene blue (MB). Activation temperature, particle size, activator

type, and initial MB concentration were among the factors that

affected the adsorption performance. At 1000 °C, the maximum

adsorption efficiency was recorded, and equilibrium was reached

after 60 minutes. These findings supported the promise of ABC made

from date seeds as an economical and effective wastewater treatment

method. The results effectively illustrated the role that temperature,

activator type, and other variables played in adsorption performance,

offering important new information for improving materials based

on biochar. The findings emphasized the significance of the structural

characteristics of biochar, including its porosity and surface area, which

were greatly improved by chemical activation and high-temperature

treatment. Due to these qualities, ABC was a material that showed

promise for environmental restoration and was consistent with

sustainability objectives. Future studies should concentrate on the

stability and reusability of ABC, particularly examining its capacity

for regeneration and long-term performance across several adsorption

cycles. By tackling environmental issues, this strategy not only makes

ABC more practicable but also supported worldwide sustainability

objectives. These initiatives foster creative and sustainable approaches

to wastewater treatment and the conversion of agricultural waste into

high-value resources by supporting SDG 6 and SDG 12 (Responsible

Consumption and Production).
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