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Abstract 
Adsorption processes using low-cost sorbents such as bio-polymer adsorbents are an attractive option for removing methylene blue 
from wastewater. This study involved magnetic sporopollenin (MSp) synthesis and its application for removing methylene blue 
(MB) from an aqueous solution via adsorption process. The synthesized MSp was characterized by FT-IR and FESEM analyses. 
The effects of pH 2 - pH 8, sorbent dosage (10 mg - 50 mg), and contact time (0 - 60 min) were studied in batch mode and 
optimized. Adsorption isotherms models, Langmuir and Freundlich were used to simulate the equilibrium data. The Freundlich 
isotherm model is best fitted with the experimental data compared to the Langmuir model. A maximum absorption capacity (𝑞௠) 
of 6.357 mg/g was obtained for MB. In addition, pseudo-first-order and pseudo-second-order were used to study the kinetics of 
MB adsorption onto MSp. The dye adsorption process obeyed the pseudo-second-order kinetic expression as proven by the high 
correlation coefficient (R2 = 0.999). Overall, these findings confirmed the potential of MSp as an alternative and efficient sorbent 
for the removal of MB dye, offering promising prospects for wastewater treatment applications. 
 
Keywords: magnetic nanoparticles, sporopollenin, methylene blue, isotherm, kinetics 

 
Abstrak 

Proses penjerapan menggunakan penjerap kos rendah seperti penjerap bio-polimer merupakan pilihan yang menarik untuk 
penyingkiran metilena biru daripada air sisa. Kajian ini melibatkan sintesis sporopollenin magnetik (MSp) dan aplikasinya untuk 
penyingkiran metilena biru (MB) daripada larutan akueus melalui proses penjerapan. MSp yang disintesis dicirikan oleh analisis 
FT-IR dan FESEM. Kesan pH 2 - pH 8, dos sorben (10 mg - 50 mg), dan masa dikaji (0 - 60 min) dalam mod kelompok dan 
dioptimumkan. Model isoterma penjerapan, Langmuir dan Freundlich digunakan untuk mensimulasikan data keseimbangan. 
Model isoterma Freundlich paling sesuai dengan data eksperimen berbanding dengan model Langmuir. Kapasiti penyerapan 
maksimum (𝑞௠) sebanyak 6.357 mg/g diperolehi untuk MB. Di samping itu, pseudo-tertib pertama dan pseudo-tertib-kedua 
digunakan untuk mengkaji kinetik penjerapan MB ke MSp. Proses penjerapan pewarna mematuhi ekspresi kinetik pseudo-tertib-
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kedua seperti yang dibuktikan oleh pekali korelasi tinggi (R2 = 0.999). Secara keseluruhan, penemuan ini mengesahkan potensi 
MSp sebagai sorben alternatif dan cekap untuk penyingkiran pewarna MB, menawarkan prospek yang menjanjikan untuk aplikasi 
rawatan air sisa. 
 
Kata kunci: magnetik nanopartikel, sporopollenin, metilena biru, isoterma, kinetik 
 

Introduction 
Recently, the abundance of pollutants in water has 
become a severe environmental issue. Amongst the 
industrial activities, dyeing industries are aggressively 
moving forward because of the extensive use of dyes in 
manufacturing industries, such as food, textile, paper, 
and plastic. Until now, more than 100,000 synthetic dyes 
have been produced, creating significant problems for 
the environment and human beings due to their toxicity 
and mutagenic effects [1]. The removal of synthetic dyes 
is an important concern as the incomplete degradation 
of dyes causes the production of carcinogenic and 
harmful amines [2]. Furthermore, the presence of color 
substances in the water may decrease light transmission 
and photosynthesis activity, leading to bacteria growth 
and hence inhibiting the growth of the plant and aquatic 
ecosystem in the water [3].  
 
Methylene blue (MB) dye is a cationic dye commonly 
used in the industry's coloring processes. It also has 
broader applications, including usage as a temporary 
hair colorant, a colorant for cotton and wools, and a 
coating for paper stock. MB has been classified as a non-
biodegradable dye and needs to be treated before being 
discharged into the environment [1]. MB can cause 
harmful side effects to humans, such as vomiting, shock, 
increased heart rate, and jaundice in newborn babies. 
 
Many treatment techniques have been applied to 
different types of water and wastewater contaminated 
with dyes. These treatment techniques, include physical 
or chemical treatment processes. Treatment processes, 
include chemical coagulation [4], ozonation [5], 
oxidation [6], photodegradation [7], ion exchange [8], 
irradiation [9], nanofiltration [10], and adsorption [11]. 
Unfortunately, several of these techniques are costly, 
require various tools, and have limitations. Based on the 
literature [12], low-cost sorbent has been developed as 
an alternative for dye removal. Several low-cost 
adsorbents have been investigated for dye removal such 
as wood waste activated carbon [13], olive oil activated 

carbon [14], apricot stone activated carbon [15], weeds 
activated biochar [16], and ZnO-nano rods-activated 
carbon [17].  
 
With the prevalence of adsorption as an essential 
technique for purifying dye-contaminated wastewater, 
the development of magnetic nanoparticles (MNPs) 
sorbent materials such as magnetite (Fe3O4) has gained 
notable recognition in water purification [18]. It is based 
on the advantages of having a simple manipulation 
process, high separation efficiency under an external 
magnetic field, and easy functional modifications for 
specificity and operation conditions [19]. Moreover, the 
high surface area-to-volume ratio properties possessed 
by MNPs ensure a better adsorption capacity and high 
recovery compared to other sorbents [20]. Nevertheless, 
adsorption also has a certain limitation that needs to be 
countered. For example, separation and recovery 
processes. After adsorption, separating the adsorbent 
from the solution can be challenging, especially when 
dealing with fine particles or colloidal materials. Thus, 
this process often requires additional filtration or 
centrifugation steps. Next, limitation is the 
environmental impact which some traditional 
adsorbents may have environmental implications due to 
their non-biodegradability or potential release of toxic 
substances during the adsorption process. Hence, these 
issues need to be countered properly. 
 
Sporopollenin is a natural bio-polymer obtained from 
Lycopodium clavatum, which is highly resistant to 
chemical reactions, has a stable chemical structure and 
occurs naturally as a component of spore walls [21]. 
Furthermore, sporopollenin exhibits significant stability 
even after prolonged exposure to mineral acids and 
alkaline. Due to its efficiency and biocompatibility, 
sporopollenin is a well-known potential biomaterial 
used to remove various types of dye from the aqueous 
solutions. Sunset yellow [22], methyl orange [23], 
crystal violet [24] and Rhodamine B [25] have been 
successfully absorbed from an aqueous solution by 
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sporopollenin and its derivatives. Moreover, biopolymer 
sporopollenin is typically biodegradable, minimizing 
the environmental impact associated with the disposal of 
used adsorbents. 
 
Sporopollenin loaded with magnetic functionality 
increases the total efficiency of the adsorption process 
and helps facilitate fast recovery. By incorporating 
magnetic nanoparticles or attaching magnetic moieties 
to the bio-polymer sporopollenin, it becomes responsive 
to external magnetic fields. This enables easy separation 
and recovery of the adsorbent from the solution by using 
a magnetic field, simplifying the overall process. Hence, 
a composite made from magnetic material is a suitable 
sorbent and thus a potential candidate for the removal of 
MB. A simple method for loading sporopollenin 

microcapsules with nanoparticles and insoluble salts is 
through a chemical reaction or a precipitation process 
that generates the encapsulated compounds inside the 
sporopollenin shell. This method produced magnetic 
sporopollenin loaded with magnetite nanoparticles and 
low solubility of organic salts [26]. 
 
Magnetic sporopollenin (MSp) was prepared as 
adsorbents in this study to remove MB dyes (Figure 1) 
from an aqueous solution. Two models, Langmuir and 
Freundlich, were used to describe the sorption process 
of MB adsorption onto the magnetic sporopollenin. 
Furthermore, the kinetics of MB adsorption onto the 
magnetic sporopollenin was investigated by using a 
pseudo-first-order and a pseudo-second-order models. 

 

 
Figure 1. Structure of methylene blue (MB) 

 
Materials and Methods 

Materials 
Analytical grade ammonia, ethanol, hydrochloric acid 
and sodium hydroxide pellet were purchased from 
Merck (Darmstadt, Germany) and used without further 
purification. Ferrous chloride tetrahydrate (CAS no. 
13478-10-9) and ferric chloride hexahydrate (CAS no. 
10025-77-1) were obtained from Sigma-Aldrich 
(Steinheim, Germany). All commercial grade solvents 
were stored over molecular sieves (4 Å, 8–12 mesh) 
from Aldrich (Steinheim, Germany). Lycopodium 
clavatum with a particle size of 25 μm was purchased 
from Aldrich (Steinheim, Germany). Methylene blue 
was obtained from Merck (Steinheim, Germany). The 
pH of the solution was adjusted by mixing an 
appropriate amount of HCl and/or NaOH (0.1 M). 
Deionized water that passed through a Milli-Q system 
(Lake End, UK) was used to prepare the solutions. 

 
Instrumentation 
Fourier transform infrared (FTIR) spectrometry 
(Spectrum 400 Perkin Elmer, Waltham, MA, USA) 
utilizing the ATR technique. Field emission scanning 
electron microscopy (FESEM) analysis was performed 
by using scanning electronic microscopy (HITACHI 
SU8220), OXFORD Instrument (Oxfordshire, UK). 
Ultraviolet-Visible (UV-Vis) spectrophotometer 
(Shimadzu, Tokyo, Japan) equipped with 1 cm quartz 
cells. 
 
Preparation of magnetic sporopollenin (MSp) 
MSp was prepared as follows: 13.32 g FeCl3.6H2O, 
19.88 g FeCl2.4H2O, 5 mL of 5M HCl, 40 mL deionized 
water and 5 mL of ethanol were mixed in a 100 mL flask. 
The solution was stirred at room temperature until a 
complete dissolution of the salts. Then, 1.0 g of the 
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freshly prepared sporopollenin was redispersed in 30 
mL of this solution and stirred for 2 h at room 
temperature. The sporopollenin suspension was filtered, 
and the filtrate was quickly washed with deionized water 
and immediately transferred to a 1.0 M ammonia 

solution. After 2 h stirring at room temperature, the MSp 
(with a core of magnetic nanoparticles) were collected 
by neodymium magnet, washed thoroughly with 
deionized water, and dried under vacuum. Figure 2 
shows the preparation of MSp sorbent. 

 

 
Figure 2. Synthesis of magnetic sporopollenin (MSp) 

 
Sorption study 
The batch sorption study was carried out to evaluate the 
MB removal efficiency of MSp sorbent. Different 
parameters, such as sorbent dosage (10 mg - 50 mg), pH 
(pH 2 - pH 8), and contact time (0 - 60 min) were 
optimized to achieve the optimum sorption results. The 
experiments were conducted in 25 mL Erlenmeyer 
flasks with glass caps containing the amount of the 
sorbent and concentration of sorbate solution, i.e., 5 ppm 
aqueous solution of MB. The Erlenmeyer flasks were 
stirred on a horizontal shaker operating at a constant 

speed (100 rpm) at room temperature for 10 min to 
obtain sorption equilibrium. Then, the sorbent was 
removed before measurement by using an external 
magnet. The MB concentration before the treatment and 
the residual concentration of MB in the aqueous phase 
after the treatment was analysed through UV-Vis 
spectrophotometer at 664 nm. The percentage removal 
and adsorption capacity of MB utilizing the synthesized 
MSp were calculated using Eq.1 and Eq.2, respectively. 
The percentage removal and qe of MB were calculated 
through Eq. (1) as follows: 

 
஼೔ି஼೑

஼೔
  ×   100 %                          (1) 

 
Where, 𝐶௜  (mol L−1) is initial concentration of MB before sorption, and 𝐶௙ (mol L−1) is final concentration of MB after 

adsorption. 
 

𝑞௘ =
௏ (஼బି஼೐)

ௐ
             (2) 

 
Where, 𝑞௘ is adsorption capacity (mg g-1), V is aqueous volume (L), W is adsorption dosage (mg), and 𝐶௘  (mol L-1) 
and 𝐶௢ (mol L-1) are residual and initial concentrations of MB.  
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Results and Discussion 
Characterization of adsorbent 
The FTIR spectra provided information about the 
presence of functional groups. The FT-IR spectra for the 
synthesized MSp and sporopollenin were similar except 
for the characteristic peaks near 570 cm-1, corresponding 
to (–Fe-O) bond stretching in Fe3O4. This characteristic 

peak showed that the sporopollenin was successfully 
magnetized with Fe3O4 [27]. The remaining peaks with 
their corresponding assignment were as follow: 3289 
cm-1 (–OH), 1646 cm-1 (–C=O), 1546 cm-1 (–C=C), 1442 
cm-1 (–C-C), 1260 cm-1 and 1113 cm-1 (–C-O) as shown 
in Figure 3. 

 

 
Figure 3. FTIR spectra of (a) raw Sp, (b) MNP, and (c) MSp 

 
Field emission scanning electron microscopy (FESEM) 
is widely used to observe synthesized materials 
morphology and size distribution. FESEM images in 
Figure 4(a) show an open uniform pores structure and 
smooth surface morphology of sporopollenin. 
Meanwhile, Figure 4(b) shows a surface loaded with 

magnetic nanoparticles, which caused the change of 
porous structure to become limpid. This scenario 
confirmed that sporopollenin's surface has been 
successfully magnetized and was predominantly 
localized with magnetic nanoparticles [28]. 

 

 
Figure 4. FESEM images of (a) sporopollenin and (b) MSp 
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Optimization of effective parameters on the removal 
of MB: Effect of sorbent dosage 
Figure 4(a) shows the sorbent dosage's effect on MB 
adsorption. From the results, the percentage of MB 
removal increased rapidly from 61% to 90%, with 
increasing sorbent mass from 10 mg to 50 mg. The 
removal of MB was greater with the increase of sorbent 
dosage due to more available sites for adsorption. The 
amount of sorbent for further adsorption experiments 
was selected as 30 mg because beyond this point; there 
was no signification increase in adsorption of the MB. 
Therefore, all experiments were carried out with a fixed 
amount of 30 mg sorbent. 
 
Effect of solution pH 
This study investigated the effect of solution pH on the 
removal of MB (Figure 5b) at different pH ranges. The 
removal of MB increased with the pH of the solution 
from pH 2 to pH 8. Above pH 8, the removal of MB 
reached an equilibrium. This was due to the cation 
exchange between the sorbent and dye solution. The 
reported pHzpc for MNP was pH 6.5 [29]. Beyond the 
pHzpc point, the sorbent surface was in its protonated 
form, resulting in electrostatic repulsion between the 
positively charged MB and the sorbent surface. The 
higher amount of hydrogen ions in the solution 
prevented the negative charge formation on the MSp 
surface; thus, reducing the dye uptake. Above the pHzpc 

point, the sorbent surface deprotonated the hydroxyl 
groups on the surface of MSp and provided more 
negative sites for electrostatic attraction between the 
cationic form of the dye molecules and the sorbent 
surface. Percentage removal was higher at this point; 
thus, the optimum pH for the maximum adsorption 
capacity of MB was determined to be pH 8. 
 
Effect of contact time 
Figure 5(c) shows that the amount of MB adsorbed 
(mg/g) increased with the contact time as predicted. 

During the first 5 min of the adsorption process, the 
percentage removal rapidly increased. As the contact 
time increased to 10 min, the adsorption of MB dye 
reached a maximum level and achieved an equilibrium. 
By further increment from 10 min to 60 min, the 
percentage of removal showed no significant changes 
that could be due to saturated binding sites on surface of 
MSp. Thus, 10 min was sufficient for removing MB and 
selected as the optimum contact time for further 
analysis. 
 
Sorption isotherm 
Adsorption isotherms described how analytes interact 
with sorbent materials in optimizing adsorbents. 
Therefore, the relationship between the removal ability 
of the material and the concentration of the contaminant 
solution can be illustrated by adsorption isotherms. It is 
crucial to establish the most appropriate correlation for 
the equilibrium curve to optimize the design of an 
adsorption system to remove dye from the solutions 
[30]. The investigation of the adsorption process was 
employed by Langmuir and Freundlich isotherm 
models. Furthermore, linearized forms of their equations 
have been used to describe the isotherm curves. The 
relative parameters of each equation were obtained by 
using the linear regressive analysis. In this study, the 
adsorption isotherm of MB by MSp was measured by 
shaking it for 10 min at different initial concentrations 
at pH 8 at room temperature.  
 
The Langmuir isotherm suggested that sorption 
occurred on a homogeneous surface to obtain maximum 
adsorption capacity. No further adsorption process will 
occur if a solute occupies the site [31-32]. Langmuir 
isotherm models assumed the sorbate's monolayer 
coverage on a sorbent surface at a constant temperature. 
The linear fit of Langmuir for the adsorption of MB onto 
MSp is shown in Figure 6(a). The following equation 
represents the Langmuir isotherm: 

 
஼೐

௤೐
=

஼೐

௤೘
+

ଵ

௤೘௕
                        (3) 

 
Where 𝑞௘ is amount of solute sorbed on the surface of the sorbent, Ce is equilibrium ion concentration in the solution, 

qm is maximum surface density at monolayer coverage, and b is Langmuir adsorption constant. The plot of  
஼೐

௤೐
 vs. 

𝐶௘for the sorption gives a straight line of slope 
ଵ

௤೚
 (Figure 6a). 
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Figure 5. The effect of (a) dosage, (b) pH, and (c) contact time on the sorption of MB 

 
The value of 𝑞௠, b and R2 are presented in Table 1. The 
results indicated that the linear form of the Langmuir 
model showed a minimal deviation from the fitted 
equation as indicated by the R2 value of 0.9637. This 
result suggested that the Langmuir model could not 
describe the relationship between the adsorbed amount 
of MB and its equilibrium concentration in the solution. 
Hence, the adsorption data would not follow the 

Langmuir model as compared to the Freundlich model.  
 
Freundlich isotherm model suggested the sorbent 
surface heterogeneity with different energy of active 
sites and reversible adsorption which is restricted to 
multilayer formation. The Freundlich isotherm equation 
is shown as below: 

 

log 𝑞௘ = log 𝐾ி +
ଵ

௡
log 𝐶௘                         (4) 

 
Where 𝐾ி and 𝑛 are Freundlich constants related to the adsorption capacity and adsorption intensity, respectively. 𝑞௘ 
is equilibrium solute concentration on sorbent, and 𝐶௘  is equilibrium concentration of the solute.  
 
The linear plot of 𝑙𝑜𝑔𝑞௘  versus 𝑙𝑜𝑔𝐶௘ for the Freundlich 
isotherm is shown in Figure 6(b). The constants of 𝐾ி 
and 1 𝑛⁄  can be evaluated from the intercept and slope 
of the linear plot of experimental data are shown in Table 
1. A larger value of 𝐾ி indicates the greater adsorption 
capacity while 𝑛 values indicate the favourability of the 
adsorption process. If 𝑛 is above unity, then the 
adsorption process is favourable. 
 
The Freundlich isotherm plot was found to be linear over 

the studied concentration range, and the correlation 
coefficient (R2 = 0.9988) obtained was higher than the 
Langmuir isotherm model. In addition, the Freundlich 
constant, 𝐾ி was 82.38 L/mg. In the present study, the 
value of 𝑛 (indicative of favorability) is 1.476, which is 
above unity, indicating the favourability of the 
adsorption process. This showed that the interaction 
force between the MB dye and MSp sorbent was strong. 
Therefore, the Freundlich model is a good model to 
describe the adsorption data. The applicability of the 
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Freundlich adsorption model proposed the multilayer 
coverage of MB dye on the surface of MSp. Hence, the 
Freundlich model's experimental data indicated that the 
MSp surface's nature is heterogeneous with different 
adsorption sites.  

 
Similarly, Boukhemkhem and Rida [33] reported a good 
adsorption potential (n = 4.17) for MB uptake modified 
Tamazert kaolin. The Freundlich model best fits to 
describe the adsorption of MB onto Tamazert kaolin 
relative to the Langmuir isotherm models implying 
multilayer adsorption onto a heterogeneous surface. In 
contrast, Mosleh and co-workers [34] reported magnetic 

sporopollenin supported polyaniline (MSP-PANI) for 
removal of lead ion (Pb2+) was suitable for Langmuir 
isotherm with the maximum adsorption capacity of 163 
mg/g and followed the monolayer pattern. Similarly, for 
magnetic sporopollenin supported magnesium 
nanocomposite (MSP@MgO) for removal of 
tetracycline (TCP) reported by Algethami and co-
workers [35]. The adsorption models were investigated, 
and the process was fitted with the Langmuir model with 
adsorption capacities of 110 mg/g. Overall, the isotherm 
mechanism depended on the nature of the interactions 
between the adsorbent and the adsorbate. 

 

 
Figure 6. (a) Langmuir isotherms; (b) Freundlich isotherms for removal of MB by MSp 

 
 

Table 1. Isotherm constants and regression data for adsorption of MB onto MSp at room temperature 
Langmuir Constant Freundlich Constant 

𝒒𝒎 
(mg/g) 

b 
(L/mg) 

R2 
𝑲𝑭  

(L/mg) 
𝒏 R2 

6.357 0.027 0.9637 82.38 1.476 0.9988 
 
Sorption kinetics 
Adsorption kinetics can describe a relationship between 
the amount of MB dye adsorbed to MSp in the aqueous 
solution. The analysis of the kinetic data is essential to 
generate an equation that accurately represents the 
results and could be used for design purposes [36]. The 
adsorption of MB dye onto MSp was further studied in 
terms of the kinetic model via pseudo-first-order and 
pseudo-second-order equations. The boundary layer 
resistance will be affected by the rate of adsorption with 

an increase in the contact time, which will increase the 
mobility of the adsorbate during adsorption. Since the 
uptake of adsorbates at the active sites of MSp is a rapid 
process, the adsorption rate is governed mainly by either 
the liquid phase mass transfer or the rate of intraparticle 
mass transfer. 
 
Pseudo-first-order model 
The pseudo-first-order model rate is based on the 
sorption capacity of the sorbent. The first-order model is 
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extensively applied for the adsorption of any solute from 
solution by the standard exchange procedure, which is 
fast and is mainly controlled by diffusion [37]. The plots 

of log (𝑞௘ −  𝑞௧) versus t are shown in Figure 7. 
The pseudo-first-order equation is expressed as: 

 
log (𝑞௘ – 𝑞௧) = log 𝑞௘ – 𝐾ଵt           (5)

    
Where, 𝑞௘ and 𝑞௧ are amounts of MB (mg g-1) absorbed at equilibrium and at the time, t, respectively and 𝐾ଵis first 
order rate constant (min-1). The values of 𝑞௘  and 𝐾ଵ are obtained from the linearity of pseudo-first-order rate by plotting 
log (𝑞௘ – 𝑞௧) versus time, t. 
 
The rate constant, 𝐾ଵ and 𝑞௘ are tabulated in Table 2. 
From Table 2, the value of R2 = 0.7465 was low. Also, 
the calculated equilibrium adsorption capacities (𝑞௘ ௖௔௟) 
by MSp was 0.276 mg/g, which is not consistent with 

the experimental data (𝑞௘ = 4.855 mg/g); hence this 
value is not in good agreement. This showed that the 
adsorption of MB onto MSp is not based on first-order 
kinetics.  

 

 
Figure 7. Pseudo-first order kinetic of MB. 

 
Pseudo-second-order model 
On the other hand, the pseudo-second-order model 
proposes that chemisorption is the rate-limiting step and 
that adsorption occurs on localized sites where no 
interactions between adsorbates arise [36]. Figure 8 

shows the linear plots for the initial concentration 
studied.   
 
The pseudo-second-order kinetic model applied for 
analyzing chemisorption kinetics from liquid solutions 
can be represented by Eq. (6) as follows. 

 
௧

௤೟
=  

ଵ

௄మ௤೐
 మ +  

௧

௤೐
             (6) 

 
Where 𝐾ଶ is rate constant of pseudo-second-order adsorption (g/mg min). The value of 𝐾ଶ and 𝑞௘ can be described 

from the slope and the intercept of the graph 
௧

௤೟
 versus 𝑡, respectively. 
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Figure 8. Pseudo-second order kinetic of MB 

 
From Table. 2, the correlation coefficient (𝑅ଶ) for the 
pseudo-second-order model is better (0.9996) than the 
pseudo-first-order model. The calculated equilibrium 
adsorption capacities (𝑞௘ ௖௔௟) by MSp was found to be 
4.684 mg/g, which is consistent with the experimental 
data (𝑞௘ ௘௫௣ = 4.855 mg/g). A comparison between the 

calculated (𝑞௘ ௖௔௟) and experimental (𝑞௘ ௘௫௣) adsorption 

capacities revealed the pseudo-second-order model high 
applicability to describe the sorption process. Hence, the 
adsorption of MB onto MSp indicated that the 
adsorption kinetic is better represented by the pseudo-
second-order model. Because of these results, it can be 
said that the pseudo-second-order kinetic model 

provided a good correlation for the adsorption of MB 
onto MSp in contrast to the pseudo-first-order model. 
This trend showed that the electron sharing between 
adsorbate and adsorbent is suited to uptake MB from 
aqueous media with high efficiency [38]. Numerous 
authors have reported similar pseudo-second-order 
kinetics, for adsorption of MB on different adsorbents, 
such as polyvinyl alcohol/carboxymethyl cellulose 
isolated from pineapple peel (PVA/CMC/GO/bentonite) 
[39], carboxymethyl cellulose-acrylamide-graphene 
oxide (CMC/AAm-GO) [40], and chitosan-g-
poly(acrylic acid) modified cellulose nanowhiskers 
(Chitosan-g-PAA/CNW) [41]. 

 
Table 2. Kinetic parameters for adsorption of MB onto MSp 

𝑪𝟎 𝒒𝒆 𝒆𝒙𝒑 (mg/g) Pseudo-First-Order Model Pseudo-Second-Order Model 

𝒒𝒆 
(mg/g) 

𝑲𝟏 
(1/min) 

𝑹𝟐 𝒒𝒆 
(mg/g) 

𝑲𝟐 𝑹𝟐 

30 4.855 0.276 0.055 0.7465 4.684 0.855 0.9996 
 
Comparison of sorption capacities of MSp with other 
adsorbents for MB removal 
A comparison between MSp and other reported 
adsorbents in the literature is listed in Table 3. The 
performances were evaluated regarding the adsorption 

capacities. The data showed that the sorption capacity of 
MSp is relatively high as compared to other common 
sorbents except for several adsorbents such as spent rice 
biomass. 
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Table 3. The sorption capacities of the proposed MSp compared to other common adsorbents for the removal of MB 

Adsorbent Type of Analyte 
Sorption Capacities  

(mg/g) 
Ref 

Glass wool MB 2.20 [42] 
Cashew nutshell MB 5.31 [43] 
Pyrolyzed petrified sediment MB 2.39 [44] 
Spent rice biomass MB 8.30 [45] 
Coir pith carbon MB 5.87 [46] 
Mansonia wood sawdust MB 15.32 [47] 
Padina sanctae-crucis Methyl violet 10.02 [48] 
Calcined lotus leaf Methyl violet 26.32 [49] 
Walnut shells MB & methyl violet 6.5 [50] 
Magnetic sporopollenin (MSp) MB 6.4 This study 

 
Conclusion 

This study offered a unique method for removing 
methylene blue (MB) from aqueous solutions 
by implementing the economical adsorbent magnetic 
bio-polymer sporopollenin (MSp). The successful 
synthesis of MSp is confirmed by characterization by 
using FESEM analysis and FTIR spectroscopy. The 
optimum adsorption capacity of MB was achieved, and 
investigation of adsorption mechanisms sorption 
isotherms and isotherm kinetics revealed the Freundlich 
model and pseudo-second-order providing the best fit 
with the multilayer sorption on a heterogeneous surface. 
Some future prospects can be considered, including 
incorporating sporopollenin into polymer-based 
matrices, such as hydrogels or composite materials, to 
create hybrid adsorbents. The porous nature and 
flexibility of polymer matrices can enhance the 
adsorption capacity and stability of sporopollenin, 
making it suitable for various applications. Additional 
isotherm models, such as the Temkin model, Hasley 
model and Dubinin-Radushkevich isotherms model can 
be done to provide further insights into the adsorption 
behavior of methylene blue. These models can help 
characterize the energetic heterogeneity of the adsorbent 
surface, assess the feasibility of adsorption processes, 
and improve the understanding of the adsorption 
mechanisms. Lastly, in terms of regeneration and 
reusability to investigate the regeneration potential of 
MSp after MB adsorption. This is to ensure the 
restoration of the adsorption capacity of MSp, allowing 
for its repeated use and reducing overall operational 
costs. 
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