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Abstract
This study explores the use of activated carbon derived from sandbox seed shell (SSS) for the removal of methylene blue 
(MB⁺) from aqueous solutions. The SSS was impregnated individually with KOH and H₃PO₄ at 85% of the biomass weight 
using a 1:3 solution ratio to enhance porosity and surface functionality. Carbonisation was performed at 700 °C under nitro-
gen following a 24-h soaking period. Characterisation using SEM, FTIR, EDS, BET, XRD, TGA, XRF, and PZC verified 
notable chemical and structural changes. BET surface areas increased from 209.454 m2/g (RSSS) to 543.378 m2/g (SSS-
KOHAC) and 433.493 m2/g (SSS-H₃PO₄AC), with corresponding iodine numbers of 482.334, 977.361, and 1142.37 mg/g, 
respectively. Batch adsorption experiments demonstrated that the removal efficiency of MB⁺ increased with rising pH and 
peaked near neutral values, consistent with PZC measurements of 6.9, 7.12, and 7.83 for SSS-KOHAC, SSS-H₃PO₄AC, and 
RSSS, respectively. Thermodynamic modelling indicated spontaneous adsorption for activated samples (ΔG° < 0), whereas 
RSSS exhibited non-spontaneous behaviour (ΔG° > 0) at elevated temperatures. SSS-H₃PO₄AC showed the highest adsorp-
tion energy and selectivity, attributed to phosphate-derived surface groups. Adsorption followed favourable isotherm and 
kinetic models, confirming the potential of chemically activated biomass as an efficient, low-cost adsorbent for dye removal 
in water treatment applications.
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Abbreviations
AC	� Activated carbon
MB	� Methylene blue
SSS	� Sandbox seed shell
RSSS	� Raw sandbox seed shell
FTIR	� Fourier transform infrared spectroscopy
SEM	� Scanning electron microscopy
MC	� Moisture content
Xash	� Ash content
FC	� Fixed carbon
YAC	� Yield of activated carbon
XRD	� X‑ray diffraction
XRF	� X-ray fluorescence
TGA​	� Thermogravimetric Analysis
BET	� Brunauer Emmett–Teller
PZC	� Point of zero charge
A	� Adsorption potentials
KOH	� Potassium hydroxide
H₃PO₄	� Phosphoric acid
EDS	� Energy-dispersive X-ray spectroscopy
∆HX	� Isosteric heat of adsorption
R	� Universal gas constant
ΔH°	� Change in enthalpy
ΔS°	� Change in entropy
ΔG°	� Change in Gibbs free energy
FO	� First order
PSO	� Pseudo-second-order model
IPD	� Intra-particle diffusion model
TI	� Temkin isotherm
El	� Elovich isotherm
DRI	� Dubinin Radushkevich
FI	� Freundlich isotherm
LI	� Langmuir isotherm
SSS-H₃PO₄AC	� Sandbox seed shell phosphoric acid acti-

vated carbon
SSS-KOHAC	� Sandbox seed shell potassium hydroxide 

activated carbon
R2	� Correlation coefficient

1  Introduction

Industrial effluent released by processes such as paper, 
leather, rubber, food and medicine, textile, and printing is 
characterised by the presence of numerous synthetic dye 
constituents (Alsukaibi 2022). Commercial wastewater 
can contain many different chemicals, biochemicals, and 
molecules that require oxygen. The oxygen demand of 
dyed wastewater is high, both chemically and biologically 
(Chaturvedi et al. 2025). The disposal of wastewater contain-
ing dyes can lead to several illnesses, including skin cancer, 
in addition to contaminating the environment and even the 
ocean (Periyasamy 2025; Sudarshan et al. 2023). The reuse 

of such wastewater reduces manufacturing efficiency, con-
taminates products, and diminishes material quality. Mem-
brane filtration, ozonation, advanced oxidation, biosorption, 
coagulation and flocculation, adsorption, and liquid–liquid 
extraction are among the physical, chemical, and biological 
treatment techniques used to treat dye-contaminated waste-
water. Adsorption is considered the most effective treatment 
method for wastewater containing dyes because of its many 
advantages, including low cost, ease of use, simplicity in 
design, and resistance to harmful substances (Hu & Hao 
2025). The aim of research is to provide an adsorption mate-
rial that enables the most efficient adsorption process at the 
lowest possible production cost (Topare et al. 2024). The 
desire to improve the accessibility, availability, and afforda-
bility of materials has been stimulated by the use of inexpen-
sive, renewable sorbents (Aragaw & Bogale 2021; Liu et al. 
2024). These sorbents are derived from natural resources 
and agricultural waste, thereby reducing pollution and waste 
generation in the environment. Activated carbon (AC) is a 
solid carbonaceous material manufactured through thermal 
or thermochemical processes involving coal or biomass 
(Ukanwa et al. 2019). AC is distinguished by a highly devel-
oped pore structure, large surface area, amphoteric proper-
ties that enable electron conduction, and high adsorption 
capacity (Ganjoo et al. 2023). AC is particularly effective in 
addressing undesirable air and water pollution. Such envi-
ronmental concerns arise from activities including coal com-
bustion and improper disposal of household and commercial 
waste (Spencer et al. 2024). The food processing, brewing, 
textile, and chemical industries also emit effluents (Sathya 
et al. 2022). Wastewater can be treated using AC due to its 
broad scope of application and adsorbate production (Raheel 
et al. 2024). AC is a versatile adsorbent substance compris-
ing up to 90% carbon (Heidarinejad et al. 2020). Two of its 
greatest attributes are its high surface area and porosity. The 
carbon structure contains crucial functional groups that play 
a significant role in pollutant adsorption, including carboxyl, 
carbonyl, phenol, lactone, and quinone (Yang et al. 2023). 
Other chemical atoms or functional groups such as nitro-
gen, sulphur, oxygen, and hydrogen are also present in AC 
(Ganjoo et al. 2023). These functional groups are introduced 
through activation, precursor selection, and thermal purifica-
tion, which confer the unique adsorption properties of acti-
vated carbon. AC contains smaller pores with low volumes 
that enable adsorption processes distinct from other chemi-
cal reactions (Serafin & Dziejarski 2023a, b). Unactivated 
charcoal has a surface area of between 2.0 and 5.0 m2/g, 
which can increase to 1000 m2/g upon activation (Ganjoo 
et al. 2023). The high surface area of activated carbon ena-
bles it to capture and retain liquid and gaseous molecules, 
making it a highly efficient adsorbent (Abd et al. 2021). 
The material can be produced from carbon-rich sources 
such as coal, wood, coconut shells, and agricultural waste. 
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Carbonisation and activation processes allow producers to 
tailor the surface chemistry and pore structure of activated 
carbon to industrial requirements (de Oliveira et al. 2021; 
Thommes et al. 2011). There are two common methods of 
producing activated carbon: physical activation and chemi-
cal activation. Physical activation has two major disadvan-
tages compared with chemical activation. It requires higher 
temperatures, whereas chemical activation is conducted 
at lower temperatures. Chemical activation also produces 
excellent yields because it does not require char burn-off. 
Common chemicals used in chemical activation include 
ZnCl₂, H₃PO₄, K₂CO₃, KOH, CaCl₂, Na₂SO₄, and H₂SO₄ 
(Üner & Bayrak 2018). Numerous studies have examined 
how chemical agents influence the characteristics of porous 
carbon. The use of phosphoric acid (H₃PO₄) and potassium 
hydroxide (KOH), an acid and a base that promote pore 
incorporation and carbon formation, respectively, provides 
a notable example of the chemical activation process for 
creating porous carbon. Agricultural wastes are the most 
readily available bio-adsorbents because they are renewable, 
environmentally friendly, and highly effective at removing 
colour from aqueous solutions. The adsorption process has 
not yet been carried out using sandbox seed shell (SSS), 
even though many adsorbents have recently been employed 
to create more affordable and accessible alternatives. The 
granular form, excellent mechanical integrity, and good 
chemical stability of SSS make it suitable for adsorption-
based methylene blue removal from water. Sandbox seed 
shells represent a reasonably priced option for the produc-
tion of activated carbon, as they are a free and inexpensive 
raw material (Ganjoo et al. 2023). The increased surface 
area of activated carbon derived from seed shells generally 
enhances its adsorption capacity (Heidarinejad et al. 2020). 
The utilisation of agricultural waste, such as crushed seed 
shells, to produce activated carbon promotes environmental 
sustainability by reducing waste quantities and recycling 
biomass (Ahmad et al. 2021; Ukanwa et al. 2019). Sandbox 
seed shells can be used to produce activated carbon that 
is beneficial for air filtration and water purification due to 
its ability to adsorb contaminants in both media (Fatima 
et al. 2023; Jaya Rajan & Indira Anish 2024; Nguyen et al. 
2023). Activated carbon derived from sandbox seed shells 
is applied across various industries (William et al. 2019; 
Pagketanang et al. 2015; Mawlood et al. 2024).

The novel feature of this work is the use of sandbox seed 
shell, an underutilised waste biomaterial, to produce acti-
vated carbon, which is subsequently employed to remove 
methylene blue from aqueous solution. This study utilises 
both base (KOH) and acid (H₃PO₄) activators for the adsorp-
tion of methylene blue. The properties of the generated 
activated carbon were evaluated using proximate analysis. 
The effects of various factors on the removal of a basic dye 
from aqueous solution were assessed through batch testing. 

Process variables included temperature, agitation speed, 
contact time, adsorbent dosage, pH, and initial dye concen-
tration. Adsorption isotherms, kinetics, thermodynamics, 
and characterisation were also established and examined.

2 � Materials and methods

2.1 � Raw material, equipment and apparatus used

Sandbox seed shells were collected from the area around 
Federal Polytechnic Nekede in Imo State, Nigeria. Potassium 
hydroxide (KOH), phosphoric acid (H₃PO₄), and methylene 
blue were supplied by the Chemical Engineering Labora-
tory at Ahmadu Bello University, Zaria. The necessary solu-
tions were prepared using distilled water, and all chemicals 
employed in the study were of analytical grade. The point 
of zero charge (PZC) was determined using HCl and NaCl, 
with pH values adjusted between 2 and 10. The tools and 
equipment used in this study included a weighing balance 
(OHAUS DV215CD), analytical balance (DRAWELL), 
planetary ball mill (OVERUFLD S/No: 810), jaw crusher 
(RETSCH BB2), magnetic stirrer, analytical hot plate/stir-
rer, volumetric flasks, funnels, measuring flasks, spatulas, 
droppers, crucibles, plastic brushes, and a vertical reactor.

2.2 � Impregnating agent [potassium hydroxide 
(KOH) and Phosphoric acid (H₃PO₄)]

The efficacy of the activation process is greatly influenced 
by the choice of impregnating agent, which is crucial in the 
production of activated carbon (Kiani et al. 2021). Sandbox 
seed shell was used as a raw material to prepare activated 
carbon. KOH and H₃PO₄ were purchased and employed as 
activators for the adsorption of methylene blue in aqueous 
solution. The activators were supplied by the Chemical 
Engineering Laboratory at Ahmadu Bello University, Zaria.

According to Sopanrao et al. (2024), H₃PO₄ is compar-
atively less toxic than other chemical activators owing to 
its high surface area, porosity, which enhances adsorption 
capacity, and good chemical stability. H₃PO₄ and KOH have 
been utilised as impregnation agents in various agricultural 
wastes to address environmental degradation, particularly 
water rehabilitation, and both have demonstrated outstand-
ing adsorption capacities. KOH effectively activates carbon 
material when used alone at low temperatures (Wang & 
Kaskel 2012). It has been applied in the adsorption of meth-
ylene blue due to its high porosity, which also boosts its 
adsorption capacity (Jay Rajan & Indira Anish, 2024; Khu 
Leo Van et al. 2019; Srenscek-Nazzal et al. 2016).

An enhanced activated carbon surface area has also been 
shown to improve the effectiveness of KOH, thereby con-
tributing to adsorption (Zhao et al. 2023). The activation 
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temperature required is typically lower than the 1327 °C 
boiling point of KOH (Heidarinejad et al. 2020). Moreover, 
KOH saturates its precursor and does not evaporate com-
pletely, which qualifies it as an excellent activator (Sun et al. 
2015). KOH is also less expensive, less corrosive, and has a 
smaller environmental impact.

2.3 � Adsorbate (methylene blue)

The main dye used in this study was methylene blue (MB), 
which was obtained from the Chemical Engineering Labora-
tory of Ahmadu Bello University, Zaria, Nigeria. Methylene 
blue was selected owing to its high affinity for solid materi-
als and its effective application in the characterisation of 
adsorptive materials (Hameed 2009; Amode et al. 2016). 
Table1 presents the physicochemical characteristics of meth-
ylene blue, and Fig. 1 illustrates its chemical structure.

2.4 � Preparation and carbonization of sandbox seed 
shell

The sandbox seed shell (SSS) used in this study was col-
lected from the area around Federal Polytechnic Nekede 
in Imo State, Nigeria. The SSS was first washed with tap 
water to remove dust, debris, and other contaminants, then 
thoroughly cleaned with hot distilled water and dehydrated 
for 24 h at 105 °C to eliminate impurities (Fito et al. 2023). 
The dried SSS was crushed with a jaw crusher for 30 min 
to break it into smaller pieces. The finely crushed particles 
were sun-dried for six hours to further reduce moisture con-
tent. These particles were then sieved through a 6 mm mesh 
to obtain fine particles of uniform size (King et al. 2024). 
The sieved SSS was stored in an airtight container to prevent 
moisture absorption and fungal growth, which could reduce 
particle performance.

The SSS was impregnated separately with KOH 
and H₃PO₄, each at 85% of the biomass weight, using 
a 1:3 solution ratio, and soaked for 24 h (Yirdaw et al. 
2023). The impregnated samples were air-dried at room 

temperature before being transferred to a reactor and 
placed in a tube furnace. Carbonisation was carried out 
at 700 °C in a nitrogen atmosphere for one hour (heat-
ing rate: 10 °C/min; nitrogen flow rate: 1000 cm3/min). 
The dried samples at room temperature ensured uniform 
dispersion of the impregnating agents, preventing clump-
ing and enabling consistent activation. This drying step 
enhanced the porous structure, maximising adsorption 
efficiency by ensuring complete interaction of the agents 
during high-temperature activation.

After heating, the samples were cooled to room tem-
perature and thoroughly washed with distilled water to 
remove residual salts and contaminants, yielding a neutral 
pH of 7. Activated carbon was produced using the same 
procedure for both base and acid activators.

2.5 � Proximate analysis

Proximate analysis enables the evaluation of activated car-
bon’s moisture content, ash content, volatile matter, and 
fixed carbon. The analysis was conducted in accordance 
with ASTM International standards for moisture content 
(ASTM D5142), ash content (ASTM D3174), volatile 
matter (ASTM D872), and fixed carbon (ASTM D3175) 
(Asadu et al. 2021a, b; Ndecky et al. 2022).

Table 1   Physio-chemical 
properties of Methylene blue

Parameter Value

Molecular Formula C16H18ClN3S

Water Solubility 43 g/L at 25 °C
Molecular Weight of Methylene blue 319.85 g/mol
Melting Point of Methylene blue 100 to 110 °C
Adsorption Maximum 663 nm (visible spectrum) in water; shifts in dif-

ferent solvents
Molar Absorptivity (�) 

(

Lmol−1cm−1
)

8.7 × 10−4

pKa Approx. 3.8
Log P (octanol/water)  − 1.85, indicating hydrophilicity
Reduction Potential  + 0.011 V vs. standard hydrogen electrode (SHE)

Fig. 1   Chemical Structure of methylene blue dye (Amode et al. 2016)
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2.5.1 � Moisture content

The moisture content of the SSS activated carbon was deter-
mined by heating one gram of the sample in a crucible for 
24 h at 105 °C in accordance with ASTM D5142. The sam-
ple was then cooled in a desiccator at room temperature. 
The mass loss was recorded, and the moisture content was 
calculated using Eq. 1.

The weights of the crucible and sample before and after 
drying are denoted by W1 and W2 , respectively, and the 
moisture content of the adsorbent is denoted by MC.

2.5.2 � Volatile matter

The moisture content of the activated carbon was determined 
by heating one gram of the adsorbent in a crucible at 800 °C 
for eight minutes in a muffle furnace, in accordance with 
ASTM D872. The volatile matter content of the SSS adsor-
bent was then calculated using Eq. 2.

The weights of the crucible and adsorbent before and 
after ignition are denoted by W1 and W2 , respectively, and 
the volatile matter content of the adsorbent is denoted by 
VM.

2.5.3 � The ash content

The ash content of the activated carbon was determined by 
heating a crucible containing one gram of SSS activated car-
bon at 750 °C for four hours in a muffle furnace to remove all 
organic matter. The sample was then cooled in a desiccator 

(1)Moisture content (MC) =
W

1
−W

2

W
1

× 100%

(2)Volatile matter (VM) =
W1 −W2

W1

at room temperature, and the ash content was calculated 
using Eq. 3.

Xash is ash content of the adsorbent, W1 is the weight 
before ignition, and W2 indicates the weight after ignition.

2.5.4 � Fixed carbon

Fixed carbon (FC) represents the proportion of carbon pre-
sent in activated carbon. The surface area and pore structure 
suitable for adsorption increase with the amount of fixed 
carbon. The fixed carbon content was calculated using Eq. 4 
(He et al. 2023).

FC is the fixed carbon, MC is the moisture content, VM 
is the volatile matter and.

Xash is the ash content.

2.6 � Adsorbent characterization

The main objective of adsorbent characterisation is to under-
stand the surface chemistry that governs interactions with 
adsorbates. Characterisation identifies the functional groups, 
surface charge behaviour, elemental composition, and 
chemical stability that influence adsorption processes such 
as complexation, electrostatic attraction, and ion exchange. 
The categories, techniques, and equipment models employed 
for characterisation are presented in Table 2.

The iodine number was determined using the ASTM 
D4607 method as shown in Eq. 5.

(3)

Ash content
(

Xash

)

=
Weight before ignition

(

W2

)

Weight after ignition
(

W1

) × 100%

(4)Fixed carbon FC (%) = 100 −
(

MC + VM+ Xash

)

Table 2   Characterization categories and technique used

Categories Characterization technique Model, Manufacturer & Country

Surface chemistry analysis Fourier transform infrared spectroscopy Cary 630 FTIR, Agilent Technologies, USA
X-ray diffraction studies Rigaku Mini-Flex X-ray diffraction (XRD) system, Rigaku Corporation, 

Japan
Thermal stability analysis Thermogravimetric analysis TGA 4000 by Perkin Elmer Netherlands
Structural analysis Scanning electron microscopy Zeiss Sigma 300 VP, Carl Zeiss Microscopy GmbH, Germany

Brunauer–Emmett–Teller analysis Quantachrome NOVA (e-series) gas sorption analyzer. 4-station NOVA 
4200e running NovaWin + v11.03, Anton Paar QuantaTec Inc. USA

Elemental analysis Energy-dispersive X-ray spectroscopy Zeiss Sigma 300 VP, Carl Zeiss Microscopy GmbH, Germany
X-ray fluorescence Xenemetrix Genius IF X-ray fluorescence (XRF) spectrometer, Xenem-

etrix Ltd, Israel
Solution chemistry analysis pH measurement Hannah Pocket-sized pH Meter
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Vb is the titration value of blank (mL), Vs is the titra-
tion value of sample (mL), w is the weight of sample, N 
is normality of sodium thiosulfate solution, 126.9 is the 
equivalent weight of iodine (g/mol).

2.7 � Batch adsorption

The effects of contact time, temperature, pH, dosage, and 
concentration on the adsorption of MB were examined in 
batch adsorption experiments using a stock solution of 
3000 mg/L MB, prepared by dissolving the supplied dye 
in an appropriate volume of distilled water (Baloo et al. 
2021). The experiments involved agitating a pre-weighed 
amount of adsorbent (0.4 g/L of SSS activator) at 200 rpm 
in a 500 mL beaker. The extent of adsorption depends on 
the mixing and interactions between the adsorbent and 
the adsorbate, and effective adsorption requires adequate 
mixing and contact, achieved by maintaining a constant 
agitation speed. Neutral pH was used as a reference point 
to control the adsorption process. All experiments were 
conducted at room temperature to ensure consistency and 
reproducibility. After agitation, the samples were imme-
diately filtered using 0.45 µm Whatman filters and ana-
lysed spectrophotometrically at 663 nm (the absorption 
maximum of MB) with a Hach UV–Visible spectropho-
tometer (model DR 2800) to determine the residual dye 
concentration (Zazouli et al. 2016; Reçber 2022). Labo-
ratory-prepared MB solutions in distilled water were used 
for all thermodynamic and temperature-effect adsorption 
experiments. The temperature range of 30–70  °C was 
selected to encompass both normal laboratory conditions 
and moderately elevated temperatures typical of indus-
trial operations or warm effluents (Pathania et al. 2017; 
Ahmad et al. 2022). This range allowed investigation of 
adsorption behaviour under different thermal conditions, 
reliable determination of thermodynamic parameters 
(∆H°, ∆S°, ∆G°), and assessment of adsorbent stability 
and pore accessibility under thermal stress (Tseng et al. 
2022). Experiments conducted within these limits enabled 
differentiation between endothermic and exothermic pro-
cesses and determination of whether changes in removal 
efficiency were due to increased diffusion, altered surface 
energetics, or desorption effects (Plaza et al. 2016). The 
parameters and values used for the batch adsorption exper-
iments are presented in Table 3.

The adsorption capacity ( qe ) was calculated using 
Eq. 6, and the percentage of methylene blue absorbed by 
the adsorbents was determined using Eq. 7.

(5)X

M
(mg∕g) =

(

Vb − VS

)

× N × 126.93

W

qe is the adsorption capacity (mg/g), C0 is the initial con-
centration of MB at start time (mg/L), Ce is the equilibrium 
concentration of MB or pollutant concentration at a required 
time (mg/L), V is the volume of the MB solution (L), m is 
the mass of activated carbon (g).

2.8 � Point zero charge analysis (PZC)

The method developed by Ogbodo et  al. (2021) was 
employed to determine the point of zero charge (PZC) of 
activated carbon derived from SSS. A series of 0.1 mol/dm3 
NaCl solutions were prepared in Erlenmeyer flasks, and 
0.1 g of activated carbon was added to each 50 mL NaCl 
solution (Jedynak & Charmas 2024). The initial pH of the 
mixtures was recorded without agitation, after which each 
batch was adjusted with 0.1 mol/dm3 HCl or 0.1 mol/dm3 
NaOH to obtain pH values between 2 and 10 (Nwosu et al. 
2018). The mixtures were shaken for 24 h at 500 rpm using 
a rotating shaker (BA 200 N) to ensure equilibrium (Ogbodo 
et al. 2021). The shaking rate of 500 rpm, recommended by 
Usman et al. (2012) and Asadu et al. (2021a, b), ensured 
complete suspension of carbon particles and rapid equilibra-
tion of the suspension pH. This confirmed that the computed 
PZC represented a true equilibrium point without mass-
transfer limitations. Preliminary kinetic studies indicated 
that the pH stabilised after approximately 20 h; therefore, 
a contact time of 24 h at 500 rpm was adopted to guarantee 
equilibrium (Liyanaarachchi et al. 2023). The final pH of 
each solution was measured once equilibrium was reached. 
The pH at which the initial and final pH values are equal is 
known as the PZC. An initial pH graph was plotted against 
the initial and final pH difference 

[

pHivs
(

pHf − pHi

)]

 (Lim 
et al. 2013). The PZC is the point at which the curve crosses 
the line where the initial and final pH values are equal. The 

(6)qe =

(

C0 − Ce

)

× V

m

(7)% removal (%R) =

(

C
0
− Ct

)

C
0

× 100

Table 3   Parameters and values used for Batch adsorption

Parameters Values

Adsorption dosage (g/L) 0.2 0.4 0.6 0.8 1
Initial concentration of 

adsorbate (mg/L)
200 400 600 800 1000

Contact time (mins) 20 30 40 50 60
pH solution 2 4 6 8 10
Temperature (ºC) 30 40 50 60 70
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point of zero charge was determined for both the raw and 
activated samples.

2.9 � Adsorption thermodynamic

The evaluation of thermodynamic parameters is facilitated 
by the temperature dependence of adsorption. Adsorption 
tests employ thermodynamics to assess the feasibility and 
spontaneity of adsorption processes. Consequently, thermo-
dynamic properties are derived from experimental adsorp-
tion data. The thermodynamic evaluation was carried out 
using the methodology outlined by Thompson et al. (2020) 
and Rauf et al. (2022). Data generated from the effects of 
temperature on MB adsorption onto RSSS, SSS-KOHAC, 
and SSS-H₃PO₄AC were used for thermodynamic modelling. 
Thermodynamic parameters such as ∆H, ∆S, and ∆G were 
obtained by applying the Van’t Hoff equation to the col-
lected data at temperatures of 303, 313, 323, 333, and 343 K. 
Accordingly, the thermodynamic parameters of change in 
enthalpy (∆H), change in entropy (∆S), and change in Gibbs 
free energy (∆G) were determined using Eqs. 8–13.

Kd is the equilibrium constant, R is the universal gas con-
stant (8.314 J/mol/K), T is the solution temperature (K), qe is 
the equilibrium adsorption capacity (mg/g), Ce equilibrium 
concentration. The values of ΔH and ΔS can be determined 
respectively from the slope and intercept of the plot of InKd 
vs 1∕T , Slope = −ΔH∕R , and intercept = ΔS∕R.

Isosteric heat of adsorption 
(

△HX

)

   The isosteric heat of 
adsorption is defined as the ratio of the infinitesimal change 
in the amount adsorbed at constant temperature to the infini-
tesimal change in the adsorbate enthalpy (Nuhnen & Janiak 
2020; Tun & Chen 2021). This parameter, which is essential 
for characterising adsorption processes, is frequently calcu-
lated using the Clausius–Clapeyron equation, as shown in 
Eq. 12 (Park et al. 2014; Solovtsova et al. 2023).

Ce  equilibrium concentration, R is the universal gas 
constant (8.314 J/mol/K), T is the solution temperature 

(8)InKd = −
ΔG

RT
= −

ΔH

RT
+

ΔS

R

(9)ΔG = −RTInKd

(10)Kd =
qe

Ce

(11)△G = △H − T △ S

(12)
d
(

In Ce

)

dT
= −

ΔHX

RT2

(K). Plot the natural logarithm of the equilibrium con-
centration 

(

In Ce

)

 against the inverse of the temperature 
(1/T). Slope = −HX∕R 

Adsorption Potential (A)  The movement of an adsorbate 
molecule from solution to the surface of an adsorbent during 
the adsorption process generates a chemical potential known 
as the adsorption potential. This parameter determines the 
ability of an adsorbent to adsorb molecules at a specific tem-
perature. The adsorption potential (A) was calculated using 
Eq. 13 (Ebelegi et al. 2020).

Co and Ce are the initial and equilibrium concentration of 
the adsorbate solution (mg∕L) , R is the universal gas con-
stant (8.314 J/mol/K), T is the absolute temperature at which 
the sorption occurred (K).

2.10 � Adsorption isotherms

Adsorption isotherms are used to analyse the surface proper-
ties of adsorbents and to describe the equilibrium between 
pollutants and adsorbent materials, taking into account the 
influence of temperature on adsorption systems. They are 
employed to determine the optimal performance of the sys-
tem. The development of large-scale adsorption systems and 
the optimisation of adsorption processes for reliable perfor-
mance evaluation depend heavily on isotherm models, as 
presented in Table 4. The interaction between the adsorbent 
and adsorbate at equilibrium is assessed using basic iso-
thermal models, including the Freundlich, Temkin, Elovich, 
Dubinin–Radushkevich, and Langmuir models. In this study, 
isothermal experiments were conducted to determine how 
the concentration of the adsorbate influenced the amount of 
methylene blue adsorbed from aqueous solution.

2.11 � Adsorption kinetics

Adsorption kinetics examines the line or curve that rep-
resents the rate at which a solute is released or retained 
at the solid–phase interface from an aqueous solution, 
while accounting for parameters such as flow rate, pH, 
adsorption temperature, and dose (William Kajjumba et al. 
2019). The rate of sorption over time is used to evaluate 
the adsorption kinetics of adsorbates on the adsorbent. 
This assessment provides insight into the process’s viabil-
ity and yields valuable information about the adsorption 
mechanism (Baba et al. 2023). This method is employed to 
determine the efficacy of the adsorption process over time. 
Selecting the most appropriate kinetic model is essential to 

(13)A = −RT In
Co

Ce
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establish how time influences sorption. Adsorption kinetic 
models are generally classified into adsorption reaction 
models and adsorption diffusion models. Reaction models 
describe the rate at which adsorbents adsorb adsorbates 
without identifying the underlying cause of adsorption, 
whereas diffusion models reveal mass action, external 
diffusion, and internal (pore) diffusion mechanisms. 
The adsorption rate constant of methylene blue (MB) 
from aqueous solution using RSSS, SSS-KOHAC, and 

SSS-H₃PO₄AC at varying initial concentrations was cal-
culated using several models, including intraparticle diffu-
sion, first-order, pseudo-second-order, and Avrami models. 
The linearised equations of the kinetic models presented in 
Table 5 were used to fit the experimental data. Microsoft 
Excel was employed to calculate constants and perform 
linear regression analyses. Adsorption kinetic experiments 
were conducted with initial adsorbate concentrations of 
200, 400, 600, 800, and 1000 mg/L to ensure consistency. 

Table 4   Isotherm model equations

Where qe is the amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium (mg/g), qm is the maximum adsorption capacity (mg/g), 
KL is the Langmuir adsorption constant (L/mg), Ce is the equilibrium concentration of adsorbate in solution (mg/L), β is Constant related to the 
mean free energy of adsorption per mole of the adsorbate (mol2/J2), ε is the Polanyi potential, calculated as ε = RTIn

(

1 + 1∕Ce

)

(J∕mol) , R is 
the Universal gas constant (8.314 J/mol·K), T is the temperature (K), Kf Freundlich adsorption constant 

[

(mg∕g)(L∕mg)(1∕n)
]

 , n is the Freundlich 
intensity parameter (dimensionless), A is the Temkin isotherm constant (L/g), b is the Temkin constant related to heat of adsorption (J/mol), α is 
the initial adsorption rate (mg/g. min.). Ke is the Elovich equilibrium constant

Isothermal model Equation Plot Reference

Linear Non-Linear

LANGMUIR 1

qe
=

1

QmKLCe

+
1

Qm

qe =
QmKLCe

1+KLCe

Plot
1

qe
vs.

1

Ce

The slop and the intercept give the 
Langmuir constant Qm and KL

 Kuang et al. (2020), Amode 
et al. (2016), Chang et al. 
(2020), Liu & Cao (2023), 
Abin-Bazaine et al. (2022), 
Sariana Sarana Miri & 
Narimo, (2022), Erdem et al. 
(2016)

DUBININ RADU-
SHKEVICH

Inqe = Inqm − ��
2

where ∶ � = RTIn
(

1 + 1∕Ce

)

qe = qmexp
(

−��
2
)

Plot Inqe vs. �
2

The slop and the intercept give the D-R 
constant qm and �

 Asadu et al. (2021a, b), Abdel-
naeim et al. (2016), Acosta 
et al. (2016),

FREUNDLICH logqe = logKf +
1

n
logCe qe = KfC

1∕ n

e

Plot logqe vs. logCe
The slop and the intercept give the 

Freundlich constant Kf  and n

Rashidi et al. (2016), Zaira 
Zaman Chowdhury (2011), 
King et al. (2024), Mabuza 
et al. (2022),

TEMKIN qe = BInA + BInCe
where ∶ B =

RT

b

qe =
RT

b
In(ACe) Plot qe vs. InCe

The slop and the intercept give the 
Temkin constant A and B

Serafin & Dziejarski (2023a, 
b), Abbas & Ahmed (2016), 
Gautam et al. (2023), Rajabi 
et al. (2023)

ELOVICH In
qe

Ce

= InKeqm −
qe

qm
qe = Ce.Keqm.e

−
qe

qm Plot In
qe

Ce

vs. qe
The slop and the intercept give the 

Temkin constant Ke and qm

 Ogbodo et al. (2021), Debord 
et al. (2022), Riyanto & 
Prabalaras (2019)

Table 5   Kinetic model equations

Where Ct is the concentration of adsorbate at time t, Co is the initial concentration, qe and qt are the amount of MB adsorbed (mg∕g) at equilib-
rium and at time t(min) , respectively, K

1
 is the rate constant of adsorption (1∕min) , K

2
 is the pseudo second-order rate constant of adsorption 

[

g∕(mg.min)
]

 , k is Avrami rate constant, n is Avrami exponent, Kint is the rate constant of intraparticle diffusion 
[

mg∕
(

g.min1∕2
)]

 , C is the inter-
cept of linear plot of qt against t1∕2(mg∕g)

Kinetic models Equation Plot References

First-order model InCt = InCO − k
1
t In

(

Ct

Co

)

vst  Asadu et al. (2021a, b), Ouaddari et al. (2024)

Pseudo-second-order 
model

t

qt
=

1

K
2
q2
e

+
1

qe
t

t

qt
vst  Eslami et al. (2020), Juzsakova et al. (2023), Majamo 

et al. (2024)
Avrami model In

[

−In
(

1 −
qt

qe

)]

= InK + nInt In
[

−In
(

1 −
qt

qe

)]

vs Int
 Grimm et al. (2023), Kouhi et al. (2023), Vega et al. 

(2024), Gonçalves Dos Santos et al. (2025)
Intra-particle diffusion 

model
qt = Kint t

1∕2 + C qtvst
1∕2  Thithai et al. (2024), Wasilewska et al. (2024), Liya-

naarachchi et al. (2023)
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The experiments were carried out at pH 7, with an agita-
tion speed of 200 rpm and a temperature of 30 °C. Time 
intervals of 20, 30, 40, 50, and 60 min were used.

3 � Results and discussion

3.1 � Proximate analysis evaluation

Table 6 compares the proximate analysis of RSSS, SSS-
KOHAC, and SSS-H₃PO₄AC. The RSSS samples contained 
77% fixed carbon, 18% volatile matter, 4% ash, and 1% mois-
ture. The high proportion of carbon supports the findings 
of Ogbodo et al. (2021), who reported that biomass with a 
high carbon content possesses adsorptive properties. This 
suggests that RSSS can be used as an adsorbent.

The fixed carbon percentage was highest in SSS-
H₃PO₄AC, followed by RSSS, and lowest in SSS-KOHAC. 
The enhanced potential of acidic activators is consistent 
with the findings of Omar and Abdul Halim (2012), who 
observed that thermal treatment eliminates the volatile 
fraction of organic waste, thereby increasing fixed car-
bon and pore formation. The high fixed carbon content of 
SSS-H₃PO₄AC (78.8%) aligns with the findings of Ganjoo 
et al. (2023), who demonstrated that phosphoric acid dehy-
drates and cross-links lignocellulosic materials, leading to 
increased carbon yield and porosity.

The volatile matter content was reduced by the heat treat-
ments of SSS-KOHAC and SSS-H₃PO₄AC. SSS-H₃PO₄AC 
exhibited the lowest volatile matter (15.4%) and was ther-
mally more stable than SSS-KOHAC (15.8%). RSSS, with 
the highest volatile matter (18%), was less stable due to its 
greater thermal lability.

The ash content of RSSS increased with activation in 
SSS-KOHAC. The ash contents of SSS-H₃PO₄AC and 
SSS-KOHAC were 4.4% and 5.6%, respectively. The resid-
ual inorganic salts from KOH activation accounted for the 
higher ash content (5.6%) in SSS-KOHAC. Elevated ash 
content diminishes the pore structure’s adsorption capacity, 
which is generally undesirable.

Moisture content increased in the activated compounds, 
particularly in SSS-KOHAC (4.0%). Since water can occupy 

adsorption sites, low moisture levels are preferable to main-
tain adsorption efficiency.

Overall, the proximate analysis indicates that SSS-
H₃PO₄AC is the most suitable compound for adsorption pro-
cesses, owing to its highest fixed carbon, lowest volatile mat-
ter, relatively low ash content, and optimal moisture content.

3.2 � Batch adsorption evaluation

Figures 2, 3, 4, 5, 6 summarise the batch adsorption per-
formance of RSSS, SSS-KOHAC, and SSS-H₃PO₄AC as 
a function of contact time, adsorbent dosage, temperature, 
initial dye concentration, and solution pH, respectively. 
Table 3 and the figure captions indicate that all operational 
conditions were kept constant in each experiment, except 
for the parameter of interest, ensuring that the observed 
trends could be attributed solely to the selected parameter. 
All batch adsorption experiments were conducted at an agi-
tation speed of 200 rpm and a temperature of 30 °C, with a 
contact time of 30 min to attain equilibrium.

Effect of contact time  Figure 2 illustrates the influence of 
contact time on MB sorption at pH 6 and 30 °C, with an 
initial concentration of 1013 mg/L and a dosage of 0.6 g/L. 
SSS-H₃PO₄AC exhibited superior surface properties, achiev-
ing a peak adsorption capacity of 8.9 mg/g within 30 min, 
whereas SSS-KOHAC reached a peak adsorption capacity 
of 8.2 mg/g within 40 min. The high uptake rate observed 
during the initial 20–30 min indicates a large number of 
available, unrestricted external active sites and a strong 
mass-transfer driving force. Beyond this period, adsorption 
gradually approached equilibrium as intra-particle diffusion 
became the rate-limiting step. A high surface area and acces-
sible pores are essential for the rapid kinetics that enable 
adsorption to occur within 30–40 min (Eldeeb et al. 2024).

Effect of adsorbent dosage  Figure 3 illustrates the effect of 
adsorbent dosage on MB removal at pH 6, 30 °C, a contact time 
of 30 min, and an initial concentration of 1013 mg/L. As the dos-
age increased, the percentage removal of all adsorbents also rose 
due to the greater availability of active sites. Effective dosages of 
0.4 and 0.6 g/L yielded maximum removal efficiencies of 98% 
and 99% for SSS-KOHAC and SSS-H₃PO₄AC at equilibrium, 
respectively, indicating efficient surface utilisation. At higher 
dosages, the incremental improvement in removal became mar-
ginal, which can be attributed to overlapping diffusion zones and 
partial saturation or shielding of micropores, particularly in the 
case of SSS-KOHAC. By contrast, SSS-H₃PO₄AC maintained 
high efficiency across a wider dosage range, consistent with its 
more favourable pore structure and surface chemistry reported 
for H₃PO₄-activated carbons (Liu et al. 2019).

Table 6   The proximate composition of Sandbox seeds shell (SSS)

Adsorbent properties Adsorbents

RSSS SSS-KOHAC SSS-H3PO4AC

Fixed carbon (%) 77.0 74.6 78.8
Volatile matter (%) 18.0 15.8 15.4
Ash content (%) 4.0 5.6 4.4
Moisture content (%) 1.0 4.0 1.4
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Effect of temperature  Figure 4 illustrates the influence of 
temperature on MB removal at pH 6, 30–70 °C, a contact 
time of 30 min, a dosage of 0.6 g/L, and an initial concen-
tration of 1013 mg/L. MB removal increased with tem-
perature for all adsorbents, confirming the endothermic 

nature of the adsorption process and the enhanced acces-
sibility of pores at elevated temperatures. RSSS consist-
ently exhibited the lowest removal efficiency, attributed 
to its limited porosity and weaker interactions between 
MB and the largely unmodified carbon surface. By 

Fig. 2   Effect of time. Condi-
tions: pH = 6, Temperature = 30 
℃,. Concentration = 1013 mg/L, 
Dosage = 0.6 g/L, Agitation 
speed of 200 rpm

Fig. 3   Effect of adsorbent 
dosage.Conditions: pH = 6, 
Time = 30 min,. Tem-
perature = 30 ℃, Concentra-
tion = 1013 mg/L, Agitation 
speed of 200 rpm
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contrast, SSS-KOHAC and SSS-H₃PO₄AC demonstrated 
higher and more stable removal, reflecting a greater 
density of energetically favourable adsorption sites and 
improved thermal stability. The superior performance of 

SSS-H₃PO₄AC compared with SSS-KOHAC at higher 
temperatures further highlights the contribution of 
phosphate-derived functionalities to adsorption energy 
(Davoudi, 2022).

Fig. 4   Effect of tempera-
ture. Conditions: pH = 6, 
Time = 30 min,. Dos-
age = 0.6 g/L, Concentra-
tion = 1013 mg/L, Agitation 
speed of 200 rpm

Fig. 5   Effect of concentra-
tion. Conditions: pH = 6, 
Time = 30 min,. Dos-
age = 0.6 g/L, Temperature = 30 
℃, Agitation speed of 200 rpm
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Effect of initial concentration  Figure 5 illustrates the effect 
of initial MB concentration at pH 6, 30 °C, a contact time 
of 30 min, and a dosage of 0.6 g/L. At lower concentra-
tions, both the percentage removal and adsorption capacity 
increased due to the stronger driving force for mass trans-
fer between the solution and solid. With further increases 
in concentration, the adsorbents became saturated at the 
surface, and the growth in adsorption capacity became less 
pronounced. The removal of MB with SSS-H₃PO₄AC was 
consistently the highest at the initial increase in concentra-
tion, followed by SSS-KOHAC, which exhibited a greater 
surface area and more developed pore networks compared 
with RSSS. This observation is consistent with previous 
studies, which reported that only adsorbents with sufficient 
surface area and pore capacity can maintain high removal 
efficiencies at elevated pollutant concentrations (Bansal 
et al. 2021; Liu et al. 2021).

Effect of pH  Figure 6 illustrates the influence of pH (2–10) 
on MB removal at 30 °C, a contact time of 30 min, a dos-
age of 0.6 g/L, and an initial concentration of 1013 mg/L. 
The percentage removal was highest near pH 6, with 
SSS-H₃PO₄AC achieving the greatest removal, followed 
by SSS-KOHAC and RSSS. The enhanced performance 
of the activated carbons resulted from modifications to 

surface charge and functional groups during chemical 
activation. Treatment with H₃PO₄ introduced additional 
negatively charged oxygen-containing groups (–COOH, 
–OH, and phosphate species), which strengthened elec-
trostatic attraction towards cationic MB molecules at 
near-neutral pH. Davoudi (2022) and Khomri et al. (2022) 
reported that methylene blue (MB) adsorption generally 
attains its maximum at pH 6–7 as a result of favourable 
electrostatic interactions and the enhanced ionic character 
of the surface sites. The combined PZC and pH results 
confirm that surface deprotonation and the formation of 
negatively charged sites at pH 6 are critical for maximising 
MB uptake by the activated carbons.

3.3 � PZC evaluation

The PZC of the samples was determined in accordance with 
Asadu et al. (2021a, b). PZC values for RSSS, SSS-H₃PO₄AC, 
and SSS-KOHAC were 7.83, 7.19, and 6.90, respectively, as 
shown in Fig. 7. The ordering RSSS > H₃PO₄AC > KOHAC 
indicates progressively higher surface acidity after activa-
tion. The high PZC value of RSSS reflects a residual basic 
mineral that is neutral to positive and contains fewer acidic 
oxygenated groups on its surface. H₃PO₄ activation introduced 
phosphate-containing groups (C–O–P, –PO₃H/–PO₂H) and 

Fig. 6   Effect of pH Conditions: 
Concentration = 1013 mg/L,. 
Dosage = 0.6 g/L, Tempera-
ture = 30 ℃, Time = 30 min, 
Agitation speed of 200 rpm
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other oxygenated functionalities on the carbon surface of 
SSS-H₃PO₄AC, thereby increasing surface acidity and low-
ering the PZC relative to RSSS. The aggressive etching and 
oxidation caused by KOH treatment resulted in the lowest 
PZC and the highest concentration of acidic groups (car-
boxyls, lactones, and phenolics) on the surface. The adsor-
bent surfaces were positively charged (pH < PZC), which 
caused electrostatic repulsion with the cationic dye, result-
ing in minimal removal across all samples at pH 2–4. SSS-
KOHAC, which had the lowest PZC, attracted MB at the 
lowest pH, followed by SSS-H₃PO₄AC. RSSS exhibited the 
weakest uptake below neutral pH and required more alkaline 
conditions, despite having a PZC in the near-alkaline range. 
The pH 6 range of the activated carbons showed the high-
est removal and adsorption capacity, which is close to the 
PZC range. Partial deprotonation was more desirable at pH 6, 
where oxygenated sites promoted π–π interactions and spe-
cific binding. Dye aggregation was low, and pore filling was 
effective. The reduction in percentage removal at pH 8–10 
was attributed to dye aggregation, hydroxide/solvation layers 
partially blocking the active sites, and the disruption of π–π 
and hydrogen bonding. SSS-KOHAC had the lowest PZC, 
followed by SSS-H₃PO₄AC and RSSS, indicating that chemi-
cal activation increased the adsorbents’ surface acidity. The 
surface groups are more acidic when the PZC is low. Activa-
tion reduced the PZC of the raw sample (RSSS) by introduc-
ing additional acidic functionalities, particularly with KOH 
and H₃PO₄ treatments.

3.4 � Fourier transform infrared (FTIR) evaluation

The FTIR analyses of RSSS, SSS-H₃PO₄AC, and SSS-
KOHAC are shown in Figs. 8, 9, and 10, respectively. The 
band assignments were consistent with the findings of Asadu 
et al. (2021a, b), and functional groups were identified based 
on their characteristic frequencies. Distinct functional groups 
were indicated by several prominent adsorption peaks high-
lighted in the red spectral trace. The primary groups present 
included hydroxyl (–OH), aliphatic (C–H), carbonyl (C = O), 
and aromatic or nitro (N–O) functionalities. Figure 8 shows 
the RSSS FTIR spectrum. The lignin or cellulose content 
produced a broad peak at approximately 3283.8 cm⁻1, corre-
sponding to O–H stretching vibrations from alcohols or phe-
nols. The peak at 2922.2 cm⁻1 represented typical aliphatic 
C–H stretching. Conjugated carbonyl contributions or combi-
nation bands appeared at 2124.6 cm⁻1 and 1968.0 cm⁻1. A dis-
tinct peak at 1632.6 cm⁻1 reflected C = O stretching vibrations, 
indicating oxygenated functional groups naturally present in 
raw organic materials. The C–O–C stretching linked to cel-
lulose-derived polysaccharides caused a sharp transmittance 
drop to 80.5% at 1028.7 cm⁻1. Overall, the presence of O–H, 
C–H, and C–O groups highlighted the complex organic struc-
ture of RSSS and its suitability as a carbon precursor. Fig-
ures 9 and 10 display the FTIR spectra of SSS-KOHAC and 
SSS-H₃PO₄AC. Multiple distinct adsorption bands confirmed 
the presence of functional groups on the activated carbon 
surfaces. Strong signals at 3664.0 cm⁻1 (SSS-H₃PO₄AC) and 

Fig. 7   Point zero charge (PZC). 
Conditions: pH adjusted 
with 0.1 mol·dm⁻3 HCl and 
0.1 mol·dm⁻3 NaOH to cover 
pH 2–10,. 0.1 g/L of the carbon 
sample added to each 50 mL of 
0.1 mol·dm⁻3 NaCl solution,. 
shaken for 24 h at 500 rpm on a 
BA 200 N to achieve equilib-
rium
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3649.1 cm⁻1 (SSS-KOHAC) corresponded to O–H stretch-
ing vibrations, indicative of alcohol or phenolic functionali-
ties. Aliphatic C–H stretching was observed at 2851.4 cm⁻1 
for SSS-KOHAC and 2653.9 cm⁻1 for SSS-H₃PO₄AC. Peaks 
at 2325.9 and 1997.9 cm⁻1 (SSS-H₃PO₄AC) and 2333.3 and 
1997.9 cm⁻1 (SSS-KOHAC) suggested asymmetric C≡C and 
C≡N stretching vibrations or overtone bands, reflecting struc-
tural rearrangements induced by activation. The FTIR spectra 
demonstrate that H₃PO₄ activation successfully introduced and 

stabilised a variety of oxygen-containing functional groups, 
significantly enhancing surface reactivity, adsorptive interac-
tions, and the functional role of the activating agent within 
the carbon matrix.

3.5 � XRF evaluation

Table 7 presents a comprehensive quantitative XRF analysis 
comparing RSSS, SSS-H₃PO₄AC, and SSS-KOHAC. The major 

Fig. 8   FTIR image of RSSS before adsorption of methylene blue from aqueous solution

Fig. 9   FTIR image of SSS-H₃PO₄AC before adsorption of methylene blue from aqueous solution
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constituents identified in the samples were SiO₂, Fe₂O₃, P₂O₅, 
CaO, K₂O, and Al₂O₃. RSSS contained the highest percent-
ages of SiO₂ (17.481%) and CaO (21.506%), followed by SSS-
KOHAC (10.874% SiO₂, 10.953% CaO) and SSS-H₃PO₄AC 
(6.657% SiO₂, 2.586% CaO). The elevated SiO₂ and CaO 
contents in RSSS reflect the presence of silicate and carbonate 
precursors, indicating a mineral-rich matrix. Activated samples 
must be depleted of these compounds, as they reduce surface 
area and obstruct pores. The observed decrease in SiO₂ and CaO 
following activation suggests structural opening through leach-
ing or transformation during acid/base treatment. This trend is 
consistent with Bedia et al. (2020), who reported that mineral 
matter removal during activation enhances pore accessibility and 
adsorption efficiency. SSS-KOHAC exhibited the highest K₂O 
content (29.049%), while SSS-H₃PO₄AC showed the highest 
P₂O₅ content (70.164%). KOH activation promotes potassium 
intercalation into the carbon matrix, thereby increasing surface 
area and pore development. The elevated K₂O content in SSS-
KOHAC supports the findings of Singh (2024), who demon-
strated that KOH activation enhances micropore formation 
and adsorption of volatile organic molecules. RSSS contained 
the highest Al₂O₃ concentration (9.966%), followed by SSS-
KOHAC (9.354%) and SSS-H₃PO₄AC (4.443%). Quantitative 
XRF analysis of elemental composition (wt%) also revealed oxy-
gen contents of 33.678% in RSSS, 50.414% in SSS-H₃PO₄AC, 
and 31.89% in SSS-KOHAC.

The addition of oxygenated functional groups (–OH, 
–COOH, and –PO₄) to SSS-H₃PO₄AC (50.414%) increased 
its oxygen content and enhanced its hydrophilicity and chemi-
cal reactivity—two crucial properties for activated carbon in 

aqueous-phase adsorption. Heidarinejad et al. (2020) reported 
that H₃PO₄ activation is particularly effective for aqueous-phase 
adsorption of dyes and heavy metals, as it introduces oxygen-
ated functional groups (–OH, –COOH, –PO₄) and promotes 
mesoporosity. All three samples contained varying amounts of 
Ca, Si, P, Al, and K. The potassium content of SSS-H₃PO₄AC 
was the most significant, at 30.622%. Phosphorus (P), especially 
when introduced chemically through activation, enhances sur-
face functionality, while traces of aluminium can alter the Lewis 
acidity of the carbon surface and interact with diverse organic 
pollutants. SSS-H₃PO₄AC exhibited the highest phosphorus 
levels (30.622%), whereas RSSS contained the highest calcium 
content. The XRF results are consistent with the FTIR and XRF 
investigations of Shahcheragh et al. (2023), which demonstrated 
that activation techniques influence adsorption efficiency and 
surface chemistry by introducing oxygenated functional groups 
and increasing porosity. SSS-H₃PO₄AC is particularly effective 
for heavy metal and dye adsorption due to its mesoporosity and 
acidic functional groups. In contrast, KOH activation (SSS-
KOHAC) promotes micropore formation and a large surface 
area, making it more suitable for gas-phase adsorption and the 
removal of organic pollutants (Cheng et al. 2015; Jawad et al. 
2021; Wang & Kaskel 2012). RSSS, although mineral-rich, 
lacks the specific surface chemistry and porosity required for 
highly efficient adsorption.

3.6 � XRD evaluation

The diffracting peaks of varying intensities and angles 
observed in the XRD patterns were attributed to crystalline 

Fig. 10   FTIR image of SSS-KOHAC before adsorption of methylene blue from aqueous solution
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phases. The RSSS XRD pattern (Fig. 11) exhibited a promi-
nent peak at approximately 20° 2θ, signifying a dominant 
crystalline phase. This feature was linked to the mineral 
dinite, which comprised the majority of the sample. Smaller 
peaks indicated the presence of other crystalline materi-
als such as marialite, epsonite, graphite, and aluminium 

phosphate. The detection of epsonite confirmed the pres-
ence of magnesium sulphate hydrate, which may arise either 
synthetically or through environmental exposure. Overall, 
the RSSS XRD pattern revealed a predominantly amor-
phous structure with distinct peaks near 20° 2θ, likely due to 
residual crystalline minerals, including silicates (SiO₂) and 

Fig. 11   XRD image of RSSS

Fig. 12   XRD image of SSS-KOHAC
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aluminium phosphate, incorporated into the carbonaceous 
matrix. These diffraction peaks were caused by inorganic 
impurities rather than carbon crystallinity, confirming that 
the carbon framework itself was amorphous, with minor 
mineral residues producing crystalline effects.

The XRD pattern of SSS-KOHAC (Fig. 12) displayed 
peaks between 20–25°, indicating the presence of distinct 
crystalline components. This result was consistent with the 
XRD analysis of Asadu et al. (2021a, b), which reported 
minimal variation in biomass crystallinity. Aluminium phos-
phate was identified as a dominant phase, evidenced by a 
strong peak near 20°, in agreement with Ali et al. (2022), 
who noted that cubic aluminium phosphate and related 
phases produce strong peaks in this region depending on pre-
cursor and annealing conditions. Additional peaks revealed 
the presence of residual urea and graphite. The large graph-
ite peak at ~ 26° 2θ was attributed to carbonaceous materials 
formed during pyrolysis, either from support materials or 
heat treatment. The presence of urea suggested unreacted 
or residual precursors from synthesis. KOH activation also 
produced potassium aluminium carbonate (kalicinite), while 
sulphur and alkali precursors contributed to the formation of 
mascagnite and marialite.

The XRD pattern of SSS-H₃PO₄AC (Fig. 13) showed 
a strong peak at ~ 20° 2θ, corresponding to the crystalline 

phase of flagstaffite and a phosphate-based structural order 
(Mezned 2023). Smaller peaks indicated additional crystal-
line phases, including graphite, mascagnite, brushite, marial-
ite, and silicon oxide. Graphite peaks confirmed the presence 
of carbon, introduced either during synthesis or activation. 
Calcium and ammonium sulphate components were associ-
ated with brushite and mascagnite, arising from phosphorus-
related treatments, while silicon oxide and marialite were 
linked to residual precursors or contaminants.

3.7 � Thermal stability evaluation

Thermogravimetric analysis (TGA) is an analytical tech-
nique that measures a material’s mass change or weight 
loss as a function of temperature over time in a controlled 
environment (Rajisha et al. 2011). Weight loss may result 
from physical processes such as evaporation, desorption, 
and drying, as well as chemical reactions including com-
bustion and decomposition. TGA is essential for evaluating 
pore accessibility and surface hydration in thermally treated 
materials (Akash & Rehman 2025). Figure 14 presents the 
TGA curves for RSSS, SSS-KOHAC, and SSS-H₃PO₄AC. 
Evaporation of physically adsorbed water produced a slight 
weight decrease in all samples between ~ 25–120 °C. Hemi-
cellulose pores absorbed more moisture in RSSS, resulting 

Fig. 13   XRD image of SSS-H₃PO₄AC
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in a marginally lower mass loss in the untreated biomass. 
Decomposition of SSS-KOHAC and SSS-H₃PO₄AC occurred 
earlier than that of RSSS, at ~ 200–320 °C, suggesting the 
breakdown of oxygenated surface groups introduced during 
chemical activation. SSS-H₃PO₄AC degraded more slowly, 
as phosphoric acid promotes phosphate-ester crosslinking 
and charring, thereby inhibiting rapid volatilisation. Amin 
et al. (2022) demonstrated that H₃PO₄ enhances carbon sta-
bility through esterification and generates thermally stable 
phosphate species. By contrast, alkali salts in SSS-KOHAC 
catalysed bond cleavage and dehydration, producing more 
volatile compounds and resulting in earlier degradation.

The greatest mass loss in all samples occurred in the 
320–420 °C range, which is typical for biomass devola-
tilisation. This stage was associated with the degradation 
of weaker lignin fractions, cellulose, and hemicellulose. 
RSSS exhibited the steepest loss and the lowest intermedi-
ate weight, reflecting the presence of native biopolymers. 
Activation removed most of the labile components from the 
carbons, thereby facilitating breakdown. Slower reactions 
such as aromatisation, the elimination of surface oxygen 
groups (CO and CO₂ evolution), and partial gasification in 
SSS-KOHAC were reflected in the curves that levelled off 
above 450 °C, indicating pore formation.

The highest residue was observed for SSS-H₃PO₄AC at 
700–800 °C, followed by SSS-KOHAC and RSSS. SSS-
H₃PO₄AC yielded the greatest char due to enhanced carboni-
sation and the presence of thermally stable phosphate and 
pyrophosphate species, resulting in higher ash content and 
apparent thermal stability. Amin et al. (2022) reported that 
increased thermal stability and residue are attributable to 
stable phosphorus products formed during H₃PO₄ activation. 
By contrast, SSS-KOHAC left less residue because alkali 

activation promoted deeper devolatilisation and pore forma-
tion, producing a more carbon-lean, porous structure. RSSS 
exhibited the lowest mass retention, consistent with its low 
mineral content and complete burnout of native organics. 
Significant devolatilisation occurred between 320–420 °C, 
while moisture loss was observed below 120 °C. Activated 
carbons decomposed earlier but more gradually. SSS-
KOHAC displayed intermediate behaviour, with lower final 
residue and stronger early catalysis. RSSS showed the least 
thermal stability due to its unmodified biopolymer content.

3.8 � SEM and EDS evaluation

Scanning electron microscopy (SEM) was employed to com-
pare the surface morphology of RSSS, SSS-KOHAC, and 
SSS-H₃PO₄AC, as shown in Figs. 15, 16, 17. SEM was com-
bined with energy-dispersive spectroscopy (EDS) to deter-
mine the elemental distribution of the adsorbents (Nazari 
et al. 2022). The SEM image of RSSS revealed small pore 
structures with a rough, coarse surface prior to activation. 
EDS analysis of RSSS identified the elements C, O, Ne, Mg, 
Al, Si, P, S, K, and Ca. The surfaces of SSS-KOHAC and 
SSS-H₃PO₄AC appeared rougher and more fractured fol-
lowing chemical activation. EDS of SSS-KOHAC showed a 
more pronounced porous surface with a high carbon domain, 
reflected in increased K and C intensities and a reduction 
in oxygen-containing functional groups. The SEM image of 
SSS-KOHAC revealed a fractured, etched surface with vis-
ible micro–mesopore mouths, resulting from the chemical 
etching of lignin and cellulose. Chen et al. (2020) and Ma 
et al. (2020) reported that KOH activation promotes decar-
boxylation and dehydration, leading to a more graphitised 
crystal structure. The clear K peaks indicated residual 

Fig. 14   TGA and DTG curves for all samples
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potassium species and ash, confirming effective KOH treat-
ment and a more basic surface chemistry, which favours 
the adsorption of cationic dyes. SSS-H₃PO₄AC particles 

exhibited sponge-like, highly porous, rounded pore walls, 
indicative of phosphoric-acid-induced dehydration and 
cross-linking. EDS revealed a distinct P peak, confirming 

Fig. 15   SEM & EDS of RSSS

Fig. 16   SEM & EDS of SSS-KOHAC

Fig. 17   SEM & EDS of SSS-H₃PO₄AC
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phosphate incorporation or retention within the carbon 
matrix. The stronger phosphate groups, higher carbon con-
tent, enhanced porosity, and improved thermal stability of 
SSS-H₃PO₄AC produced more pronounced outcomes com-
pared with RSSS and SSS-KOHAC. The operational resil-
ience of SSS-H₃PO₄AC was attributed to the thermal stability 
of phosphate groups. Furthermore, SSS-H₃PO₄AC displayed 
a cleaner elemental profile, reduced inorganic residue, and 
greater porosity, resulting in lower oxygen content and higher 
carbon content (Nazari et al. 2022; Zeng et al., 2022).

3.9 � Textural properties evaluation

Table 8 summarises the textural properties of the sam-
ples, while Fig. 18 displays the BET graph. The specific 
surface area of the prepared adsorbents was determined 
using the BET method, which provides a precise and 
comprehensive evaluation of adsorption potential (Tian 
& Wu 2018). The textural properties of the chemically 
activated carbons were significantly improved compared 
with the raw material (RSSS). SSS-KOHAC exhibited 
the highest BET surface area and micropore volume 
(0.194  cc/g), consistent with the strong etching and 
redox characteristics of KOH, which promote ultrami-
cropore formation. The removal of methylene blue (MB) 
at low dosages was enhanced by SSS-KOHAC due to 
the increased initial adsorption rate arising from greater 
microporosity. SSS-KOHAC recorded the highest BET 
surface area, micropore surface area, pore volume, 
and micropore volume, with values of 543.378 m2/g, 
546.532 m2/g, 0.280  cc/g, and 0.194  cc/g, respec-
tively. Since surface area directly influences adsorp-
tion performance, biochars with higher BET values 
(> 236 m2/g) generally exhibit superior nutrient adsorp-
tion (Irewale et al. 2025). Maneerung et al. (2016) simi-
larly reported that activated carbons with BET values 
exceeding 500 m2/g perform better in adsorbing dyes 
and heavy metals. SSS-H₃PO₄AC displayed a slightly 
larger pore diameter (2.126 nm) and the widest pore 
width (6.65 nm), indicating easier pore accessibility and 
a more uniform distribution of micro- and mesopores. 
Despite having a smaller BET surface area than SSS-
KOHAC, SSS-H₃PO₄AC achieved the highest iodine 
number (1142 mg/g), attributed to phosphorus–oxygen 
surface groups that enhance iodine adsorption capac-
ity. Adsorption energies ranged between 4–4.45 kJ/mol 
across all samples, characteristic of physisorption. RSSS 
exhibited a lower iodine capacity (482 mg/g), though 
its slightly higher adsorption energy was likely due to 
strong native adsorption sites, such as oxygen groups 
or mineral inclusions, rather than extensive porosity. 
The iodine number of RSSS reflected medium adsorp-
tion capacity and microporosity, consistent with its raw, Ta
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unactivated state. Begum et al. (2023) noted that raw 
precursors lacking chemical activation show limited pore 
development and iodine uptake due to the absence of 
etching or pore-opening processes. The iodine number 
of SSS-KOHAC significantly increased its adsorption 
capacity, as KOH activation promotes micropore forma-
tion through redox reactions and carbon rearrangement. 
This agrees with Chen et al. (2014), who demonstrated 
that KOH activation enhances small-molecule adsorption 
alongside increasing BET surface area and iodine num-
ber. The high iodine number of SSS-H₃PO₄AC, restored 
through pore formation and surface chemistry, makes it 
particularly effective for gas adsorption, dye removal, 
and water purification (Vallejo et al. 2025).

The BET plot illustrates the relationship between 1/[W(P/
P₀) − 1] and relative pressure, as shown in Fig. 18. Reduced 
y-values at a given P/P₀ point signify increased monolayer 
capacity (Wₘ) and the corresponding contribution to surface 
area. RSSS displayed the largest line due to its low BET 
value, which was associated with the lowest Wₘ and weakest 
uptake. Chemical activation enhanced monolayer adsorp-
tion, as evidenced by the downward shift of SSS-KOHAC 
and SSS-H₃PO₄AC. SSS-KOHAC exhibited the highest BET 
surface area and the largest Wₘ, making it the most effective 
in generating ultramicropores. SSS-H₃PO₄AC occupied an 
intermediate position, with a moderately higher BET value, 
balanced micro–mesoporous structure, and greater uptake 
compared with RSSS.

3.10 � Thermodynamics model

The standard Gibbs free energy change (ΔG°), standard 
enthalpy change (ΔH°), and standard entropy change (ΔS°) 
are the parameters used to characterise the system in order 
to establish the thermodynamic model. Table 9  shows 
that the negative Gibbs free energy (ΔG°) values of SSS-
KOHAC and SSS-H₃PO₄AC across the temperature range 
indicate spontaneous adsorption, consistent with the find-
ings of Ebelegi et al. (2020), who reported that negative 
ΔG° values validate the feasibility of adsorption processes. 
By contrast, RSSS exhibited positive ΔG° values, indicat-
ing non-spontaneous adsorption due to its low porosity and 
absence of activating functional groups. Activated samples 
(ΔG° < 0) adsorbed MB spontaneously as a result of their 
high surface energy, in agreement with Amin et al. (2017). 
Tran et al. (2021) noted that negative enthalpy changes 
(ΔH°), which signify energy release during adsorbate 
binding, are characteristic of exothermic adsorption. SSS-
KOHAC, SSS-H₃PO₄AC, and RSSS all exhibited negative 
ΔH°, confirming exothermic behaviour. Negative entropy 
changes (ΔS°) reflected reduced disorder when molecules 
adsorbed onto the activated carbon surfaces. The larger neg-
ative ΔH° values of SSS-KOHAC and SSS-H₃PO₄AC sug-
gested stronger adsorbent–adsorbate interactions. The Van’t 
Hoff model demonstrated strong linearity and reliability, 
with R2 values > 0.97 for SSS-KOHAC and SSS-H₃PO₄AC 
(Girish 2025). RSSS showed moderate linearity (R2 = 0.77), 
reflecting its considerable but variable raw adsorption capac-
ity. According to Girish (2025) and Tran et al. (2021), raw 

Table 9   Thermodynamics model

Temp. 
K

Slope Intercept R2 ΔHº ΔSº ΔGº Equation ΔΗX Adsorption potentials

(KJ/mol) (KJ/
mol.k)

(KJ/mol) (J/mol) A (kJ/mol) R2 Equation

RSSS 303 1664.443 −6.24422 0.76833 −13.8382 −0.05191 1.891902 1.197E-
05

−1.260056199 0.6356

313 2.411046 −0.959784837

323 2.930191 y = 1664.4x—
6.2442

−0.760980558 y = 0.0101x—
4.1756

333 3.449335 −0.841815443

343 3.96848 −0.816286301

SSS-KOHAC 303 7599.535 −21.7145 0.99486 −63.1825 −0.18053 −8.48052 0.000152 −8.763920174 0.9962

313 −6.67517 −7.596701907

323 −4.86983 y = 7599.5x—
21.715

−5.785457522 y = 0.1506x—
54.513

333 −3.06448 −4.243882426

343 −1.25913 −2.90888003

SSS-H3PO4AC 303 7314.171 −20.4191 0.97586 −60.81 −0.16976 −9.37131 1.44E-04 −10.13645722 0.9693

313 −7.67366 −7.749835902

323 −5.97601 y = 7314.2x—
20.419

−6.655006157 y = 0.1486x—
54.79

333 −4.27836 −5.800191242

343 −2.58072 −3.683299074
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Fig. 18   BET graph

Fig. 19   Thermodynamics fit statistics Fig. 20   Adsorption potentials

adsorbents without chemical activation often exhibit hetero-
geneous binding sites and non-uniform surface characteris-
tics. The low R2 of RSSS confirmed heterogeneous adsorp-
tion and non-uniform mechanisms due to the absence of an 
activator. Figure 19 presents the MB fit statistics for RSSS, 
SSS-KOHAC, and SSS-H₃PO₄AC, while Fig. 20 shows the 
adsorption potential. RSSS displayed an R2 of 0.6356 and a 
low adsorption potential range (− 0.76 to 1.26). By contrast, 

SSS-KOHAC and SSS-H₃PO₄AC exhibited higher adsorp-
tion potentials, with ranges of − 2.91 to 8.76 and − 3.68 to 
10.14, respectively, and R2 values of 0.9962 and 0.9693. 
Adsorption potentials with small negative values indicated 
weak physical adsorption due to ineffective adsorbate 
interaction. The more negative adsorption potential values 
of SSS-H₃PO₄AC reflected higher adsorption energy and 
stronger affinity. Negative physisorption is characterised 
by exothermic and spontaneous adsorption. Negative Gibbs 
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free energy (ΔG°) confirmed spontaneity, while negative 
enthalpy (ΔH°) supported exothermic behaviour (Ebelegi 
et al. 2020). The stronger the adsorbent–adsorbate bond, the 
greater the negative adsorption potential. The higher adsorp-
tion energy values of SSS-H₃PO₄AC compared with SSS-
KOHAC resulted in more effective uptake and potentially 
selective adsorption. H₃PO₄ activation introduced surface 
functional groups that enhanced selectivity and affinity, 
whereas KOH activation primarily generated micropores 
(Karapınar 2022; Sahoo & Mishra 2023).
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Fig. 21   RSSS Temkin model fit statistics

Fig. 22   SSS-KOHAC Temkin model fit statistics
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3.11 � Isotherm model evaluation

Adsorption isotherms are a fundamental prerequisite for 
designing adsorption systems (Rajeshkannan et al. 2011). 
The amount of material extracted (adsorbed) from the liq-
uid phase by a unit mass of activated material (adsorbent) 
depends on the solute concentration at a fixed temperature. 
Table 10 summarises the constants and fitness for the TI, 
EI, DRI, FI, and LI models, while Figs. 21, 22, 23 present 
the fit statistics. The regression coefficient (R2) was used 
to identify the model that best represents the adsorption 
process. For RSSS, the LI ranged from 7.36 to 21.55 mg/g 
and increased with temperature, although the model was 
poorly fitted. Ahmed et al. (2025) noted that LI typically 
ignores heterogeneity in modified surfaces. RSSS adsorbed 
more material at higher temperatures, but modest to low 
R2 values indicated poor LI applicability, particularly for 
chemically modified adsorbents. The FI model also failed 
to fit the adsorption phase, as 1/n and n values were nega-
tive, despite adsorption being favourable when 0 < 1/n < 1. 
In the TI model, negative BT values indicated exothermic 
adsorption, while KT values were consistent and positive, 
with RSSS showing slightly higher affinity. H₃PO₄ activa-
tion proved crucial for adsorption, as reflected by the high 
R2 values, particularly for SSS-H₃PO₄AC. The EI model 

fitted well, with R2 > 0.9, although its negative Ke and 
qm values suggested unfavourable adsorption despite the 
strong statistical fit. The D-R isotherm yielded extremely 
low qm values, indicating very limited adsorption capac-
ity. Overall, the TI and EI models were the most reliable. 
The TI model consistently produced high R2 values (up 
to 0.97), demonstrating strong linearity and appropriate 
adsorption energies with moderate BT and KT values. Rah-
man et al. (2021) emphasised that TI is robust in systems 
with moderate energy heterogeneity, particularly when R2 
exceeds 0.9. While EI showed promise as an empirical 
model with good data fit, its negative constants limited 
mechanistic interpretation. Thus, the TI model was identi-
fied as the most suitable for mechanistic insight into the 
adsorption process.

3.12 � Kinetic modeling evaluation

The kinetic model of MB adsorption provides insight into 
the solute uptake rate during the reaction. Kinetic model-
ling demonstrated that pseudo-second-order (PSO) adsorp-
tion of methylene blue on the adsorbents was satisfied at 
concentrations ranging from 200 to 1000 mg/L. Table 11 
shows that the PSO model provided an excellent fit, as 
indicated by consistently high correlation coefficients (R2). 

Fig. 23   SSS-H3PO4AC PSO 
model fit statistics
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Figure 24 presents the PSO fit statistics for RSSS, while 
Figs. 25 and 26 show the statistics for SSS-KOHAC and 
SSS-H₃PO₄AC, respectively. The adsorption process of 
SSS-KOHAC yielded the best model fitness, with every 
point along the line well aligned. The PSO model fitted 
the data most effectively, with R2 values ranging from 
0.986 to 0.9999. The PSO model also revealed that as 
solute concentration increased, the calculated equilib-
rium adsorption capacity (qₑ(cal)) rose correspondingly. 
Table 11 displays the constants and R2 values for each 
adsorbent system, along with the results of the IPD, AM, 
PSO, and FO kinetic models. SSS-H₃PO₄AC consistently 
exhibited high R2 values in both the PSO and IPD models. 
Phosphoric acid activation enhanced adsorption kinetics 
and capacity by increasing surface area and introducing Ta
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Fig. 24   RSSS PSO model fit statistics

Fig. 25   SSS-KOHAC PSO model fit statistics
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functional groups. By contrast, the comparatively lower R2 
values of RSSS indicated that heterogeneous active sites 
and mixed surface energies caused deviations from ideal 
monolayer dynamics. As the surface chemistry became 
more homogeneous, the R2 values of the activated carbons 
(SSS-KOHAC and SSS-H₃PO₄AC) increased, confirming 
their superior adsorption performance.

3.13 � Comparison with other adsorbents

Table 12 compares the findings of this study with those of 
other investigations on methylene blue uptake using readily 
available and low-cost agricultural waste adsorbents. The 
comparison was based on the percentage of methylene blue 
removed by the adsorbents. The results of the present study 

Fig. 26   SSS-H3PO4AC PSO 
model fit statistics

Table 12   Comparative 
efficiency of biomass-based 
adsorbents for methylene blue 
dye removal

Agro-waste adsorbent Target pollution % Removal References

Sandbox seed shell (KOH) Methylene blue 98 This study
Sandbox seed shell (H₃PO₄) Methylene blue 99 This study
Banana peels Methylene blue 99.6  Ali (2018)
Waste peach wood branches Methylene blue 94.91  Zhang et al. (2024)
Seaweed Methylene blue 100  Kumar et al. (2022)
Tea-waste adsorbent Methylene blue 99  Salameh et al. (2025)
Rice husk (torrefied) Methylene blue 84  Hummadi et al. (2022)
Orange & lemon peel Methylene blue 98  Ramutshatsha-Makh-

wedzha et al. (2022)
Bamboo-derived biochar (KOH) Methylene blue 99.5  Ge et al. (2023)
Tamarind seed powder Methylene blue 97.5  Kotla et al. (2025)
Rice husk Methylene blue 95.2  Kotla et al. (2025)
Wheat hull (Siyez variety) Methylene blue 96.8  Yetgin & Amlani (2025)
Rice hull (Sarı Kılçık variety) Methylene blue 94.3  Yetgin & Amlani (2025)
Garlic stalk (Taşköprü variety) Methylene blue 98.1  Yetgin & Amlani (2025)
Lignocellulosic biomass (generic) Methylene blue 99.2 G.P. Avinash et al. (2025)
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indicate that the performance of the other adsorbents was 
broadly similar. The relatively high percentage removals of 
98% and 99% within a short contact time of 30 min demon-
strated that SSS-KOHAC and SSS-H₃PO₄AC are efficient, 
low-cost adsorbents for methylene blue removal in aqueous 
solution.

4 � Conclusion

The study successfully demonstrated that methylene blue 
(MB) in aqueous solutions can be effectively removed 
using activated carbon derived from sandbox seed shell 
(SSS), an underutilised agro-waste. SSS-KOHAC and 
SSS-H₃PO₄AC achieved high removal efficiencies of 98% 
and 99%, respectively. Activation with KOH and H₃PO₄ 
significantly enhanced the textural and chemical properties 
of the raw biomass, improving adsorption performance by 
increasing surface area, porosity, and the incorporation of 
functional groups. The mesoporous structure and phos-
phate-derived surface chemistry of SSS-H₃PO₄AC sup-
ported strong interactions with the cationic dye, resulting 
in improved adsorption capacity and energy. SSS-KOHAC 
exhibited a high degree of surface area and microporos-
ity, making it particularly effective at low adsorbent dos-
ages. The adsorption process for both activated samples 
was exothermic and spontaneous. Equilibrium analysis 
revealed that the Temkin isotherm model best described 
the adsorption mechanism. Kinetic measurements con-
firmed that the process followed the pseudo-second-order 
(PSO) model, suggesting chemisorption. Thermodynamic 
modelling further validated the feasibility and spontaneity 
of MB adsorption on the activated carbons.

Future research should focus on bridging existing 
knowledge gaps to determine the lifespan and economic 
feasibility of activated carbons in real-world applications. 
This includes analysing the regeneration and reusabil-
ity of SSS-derived activated carbons through repeated 
adsorption cycles. The effectiveness of these adsorbents 
against a broader range of contaminants, such as heavy 
metals, other dyes, and newly identified organic pollut-
ants in industrial wastewater, should also be investigated 
to provide a more comprehensive assessment. In addition, 
advanced modelling techniques could be employed to opti-
mise activation process parameters, maximising yield and 
adsorption performance while minimising chemical and 
energy consumption. Scaling up production and conduct-
ing pilot-scale studies will be essential to translate labo-
ratory success into practical technologies for large-scale 
water treatment.

This work is significant because it advances the prin-
ciples of sustainable environmental management and the 
circular economy. It provides a dual solution: addressing 

solid waste management by converting agro-waste into a 
valuable product, while simultaneously offering a method 
to treat dye-contaminated wastewater through the valorisa-
tion of sandbox seed shell, a readily available and low-cost 
agricultural waste. The development of such eco-friendly, 
high-performing, and inexpensive adsorbents presents a 
viable alternative to costly commercial activated carbons, 
making clean water treatment more accessible, particularly 
in developing nations. In summary, this study demonstrates 
that locally sourced agro-waste biomass holds considerable 
promise for creating sustainable solutions to contemporary 
environmental pollution challenges, paving the way for more 
affordable and environmentally responsible water purifica-
tion systems.
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