
 

                        Applied Science and Engineering Progress, Vol. 18, No. 4, 2025, 7792 

   

 

 

A. Gaitán Bermúdez et al., “Ferromagnetic Biochar Derived from Agricultural Waste of Musa acuminata for Adsorption of Dyes.” 

  
1 

 

 

 

Ferromagnetic Biochar Derived from Agricultural Waste of Musa acuminata for 

Adsorption of Dyes 

 

 

Alexander Gaitán Bermúdez*, Maria Jose Arbeláez Arias, Julio Cesar Mosquera and Deibys Josue Marquez Castro 

Optoelectronics group, Interdisciplinary Institute of Sciences, University of Quindío, Armenia, Quindío, Colombia 

 

* Corresponding author. E-mail: agaitanb@uniquindio.edu.co        DOI: 10.14416/j.asep.2025.06.004 

Received: 16 December 2024; Revised: 11 April 2025; Accepted: 28 April 2025; Published online: 5 June 2025 

© 2025 King Mongkut’s University of Technology North Bangkok. All Rights Reserved. 

 

 

Abstract 

Dyes used in different industries are one of the main sources of water pollution. In this study, ferromagnetic 

biochar derived from agricultural residues of Musa acuminata was investigated as an adsorbent of dyes from 

water contaminated with methylene blue and rhodamine b. Biochar was obtained by pyrolysis at 550 °C for 1 h 

and then subjected to surface modification with FeSO4. Morphology and surface structure were observed by 

scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS). Functional groups 

before and after surface modification were determined using Fourier transform infrared (FTIR) spectra and 

Raman microscopy. Adsorption experiments were conducted in aqueous solutions previously contaminated with 

dyes. FTIR and Raman analyses were performed after sorption of the dyes. Adsorption kinetic analyses were 

performed using pseudo-first-order and pseudo-second-order models along with Intra-particle diffusion analysis. 

SEM-EDS revealed the biochar porosity and evidenced the presence of Fe in the material structure. FTIR and 

Raman analysis displayed bands associated with the surface modification with Fe. In the adsorption experiment, 

a maximum removal of methylene blue of 99.44% and rhodamine b of 98.20% was obtained. FTIR and Raman 

showed bands associated with dye adsorption. The second-order model described the adsorption kinetics. The 

ferromagnetic biochar from Musa acuminata demonstrated effective dye adsorption and could be considered an 

economical and environmentally friendly solution for water decontamination. 
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1 Introduction 

 

In different parts of the world deterioration of water 

sources is increasing. Industrial and domestic waste 

contaminates water sources with heavy metals, dyes, 

chemicals, pharmaceuticals, insecticides or pesticides, 

among others [1]. Dyes used in the textile industry and 

tanneries, present in wastewater negatively impact 

ecosystems and water resources [2]. Furthermore, 

these dyes can cause various diseases in humans and 

animals [3]. Organic dyes such as rhodamine b are 

widely used in industries such as paper, textile, 

leather, food, and they are also employed as dyes in 

printing. Studies show that rhodamine b is resistant to 

natural degradation and consequently affects the 

health of living beings [4], [5]. 

Some traditional water decontamination treatments 

involve the use of large amounts of energy, which 

could generate negative impacts on the environment, 

making it necessary to continue searching for 

sustainable alternatives for water treatments [6].  

Treatments such as electrocoagulation, 

photocatalysis, ultrasound and absorption with 

activated carbon have been used in the treatment of 

water contaminated with dyes and have shown great 

effectiveness [7]. The demand for activated carbon is 

increasing, and the gap between demand and supply is 

widening. As a result, the cost of activated carbon is 

rising, and its widespread use is being restricted [8]. In 

contrast, biochar derived from plant biomass is less 

expensive to produce and has a low environmental 

impact during production. Moreover, absorbing dyes 

with activated carbon completely removes dye 

molecules without leaving fragments in the water, 

which is why it is widely used [9]. Therefore, 

adsorption is a promising technique for the removal of 
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dyes and heavy metals using porous materials such as 

activated carbon and biochar. In this sense, biochar 

derived from agro-industrial waste has shown to be an 

efficient alternative as a contaminant adsorbent. 

Biochar is a carbonaceous material synthesized 

from organic raw materials through a process called 

pyrolysis; the raw material for the synthesis of biochar 

can come from plant biomass and agro-industrial 

waste [10]. This material is rich in carbon, has a high 

cation exchange capacity, large surface area and 

highly porous structure [11]. Biochar has been 

synthesized from different precursors such as bamboo, 

peels of different fruits, straw and wood [12]–[18]. 

Biochar applications have been utilized in a 

variety of environmental applications such as soil 

remediation, dye and heavy metal removal, and carbon 

sequestration. Some research has focused on the 

employment of bamboo-derived biochar for soil 

remediation contaminated with heavy metals. The 

results demonstrated the effectiveness of bamboo 

biochar in the removal of Cd, Zn, Cu, and Pb showing 

that it can effectively remediate multiple heavy metals 

present in contaminated soils [19]–[21]. Similarly, 

biochar obtained from peels of different fruits such as 

banana, potato, orange, watermelon, has been used for 

water pollution treatment. Fruit peel biochar is 

effective in removing hazardous substances and 

metals from water such as lead, phosphate, cadmium, 

and copper [22]–[25]. Additionally, biochar derived 

from corn straw and rice straw has been used in CO2 

adsorption. Studies have shown that straw biochar can 

serve as potential adsorbent for CO2, with performance 

comparable to that of commercial activated carbon 

[26], [27]. Likewise, biochar obtained from softwood 

and hardwood waste has been investigated in 

environmental applications including CO2 

sequestration and the removal of heavy metals in soils 

and water, demonstrating effectiveness in reducing 

toxic substances and polluting metals [28]–[30]. 

In the central region of Colombia, agro-industry 

is one of the main economic sources. Musa acuminata 

is one of the products with the highest density in 

plantations with around 7.5 t ha–1 cultivated [31]. In 

the Musa acuminata harvest, the pseudostem produces 

a greater amount of waste, which accumulates in the 

plantation without any use; these wastes could be a 

source of raw material for biochar synthesis [32]. 

Furthermore, biochar derived from Musa acuminata 

presents an environmentally friendly and cost-

effective solution for treating contaminated water. In 

this context, agricultural residues from Musa 

acuminata gain added value by being utilized in the 

synthesis of by-products such as biochar. Different 

investigations show the use of biochar derived from 

banana biomass as a dye absorbent with promising 

results [33], [34]. Daffalla et al., [35] investigated the 

adsorption of Congo red dye from wastewater using 

pyrolyzed banana peel biochar produced at 600 °C for 

1 h. They found that the biochar exhibited a 

predominantly mesoporous structure and achieved up 

to 85% dye adsorption. Similarly, Fuentes-Gandara et al., 

[36] studied the direct removal of navy blue dye using 

banana peel biochar. By applying two pyrolysis 

temperatures (300 °C and 500 °C), they demonstrated 

that the biochar obtained at 500 °C achieved 

remarkable removal rates of up to 97% in 

contaminated water. 

The adsorption capacity of biochar can be 

enhanced through surface modifications. The 

introduction of magnetic elements to impart magnetic 

properties to biochar alters its physical and chemical 

characteristics, increases porosity, and improves 

adsorption capacity in wastewater treatment. These 

modifications also expand its potential applications in 

soil remediation and heavy metal removal [37], [38]. 

In this study, biochar was synthesized by basic 

pyrolysis from pseudostem of Musa acuminata agro-

industrial waste and was superficially modified with 

FeSO4 to obtain ferromagnetic biochar (FMB), and its 

adsorption on dyes in aqueous solution was studied. 

The physical-chemical properties of FMB were 

analyzed before and after absorption of methylene 

blue (MB) and rhodamine b (RB) dyes, using a UV-

vis spectrophotometer, Fourier transform infrared 

spectroscopy (FTIR), Raman spectroscopy, scanning 

electron microscope (SEM). This research shows the 

use of waste material and proposes the management of 

this waste and sustainable use of resources through the 

synthesis of adsorbent biochar from Musa acuminata. 

 

2 Materials and Methods 

 

2.1 Materials 

 

Musa acuminata pseudostem waste was collected in 

plantations located in the central Andes region of 

Colombia, specifically in the Quindío department. 

Laboratory-grade NaOH was purchased from Merck 

KGaA, (Darmstadt, Germany). For biochar surface 

treatment, ferrous sulfate (FeSO4) was purchased from 

Adbaquim S.A.S in analytical purity. Methylene blue 

(MB), and rhodamine b (RB) were purchased from 

Sigma Aldrich.  
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2.2 Preparation of biochar and ferromagnetic 

biochar (FMB) 

 

Musa acuminta pseudostem was placed in a drying 

oven at 40 °C for 24 h. After the drying time, 

pseudostem was placed in a knife mill until particles 

with an approximate size of 8 mm were obtained. 

Subsequently, 40 g of the precursor material was 

packaged in a cylindrical stainless steel tube to limit 

its exposure to oxygen. Then, the tube was taken to a 

muffle furnace to perform a basic pyrolysis process at 

550 °C for 1 h. The pyrolysis temperature was selected 

based on Tomczyk et al., [39] where it is shown that 

at temperatures above 500 °C lignin and other organic 

matter are degraded, porosity and hydrophobicity 

increase, and yield percentage increases. The 

produced biochar was left at room temperature for 2 h. 

Biochar samples were stored in a glass desiccator for 

later characterization. Biochar surface was modified to 

obtain ferromagnetic biochar (FMB) [40]. Ferrous 

sulfate (FeSO4) was used for the magnetization of 

biochar. This compound is easy to manipulate, 

inexpensive, non-toxic to the environment and is used 

in water treatment for the adsorption of various 

pollutants [41]. For surface modification, 30 g of 

FeSO4 were added to a 0.5 M NaOH solution and 

placed under magnetic stirring. Then, 10 g of Musa 

acuminata biochar was added, and the mixture was 

kept under magnetic stirring at 80 °C for 2 h. The 

resulting mixture was filtered and washed with 

distilled water, then dried in a laboratory oven at 105 °C 

for 24 h. Finally, FMB was stored in a glass desiccator. 

 

2.3 Characterization of biochar and ferromagnetic 

biochar (FMB) 

 

Biochar morphology and surface structure were 

observed by scanning electron microscopy coupled 

with energy dispersive X-ray spectroscopy EDS (Lyra 

3-Dual Beam SEM-FIB, Tescan) before and after the 

surface treatment process. Functional groups available 

on Musa acuminata waste biochar before and after 

surface treatment by FTIR (IR Prestige-21, 

SHIMADZU) in wavenumber (400–4000 cm–1) and 

Raman spectra using a micro-Raman spectrometer 

(XploRA PLUS, Horiba) provided with a 785 nm 

laser. 

 

2.4 Dyes adsorption experiments 

 

Different solutions of 25 mL were prepared with the 

addition of 5 ppm of the dyes (MB and RB). To each 

of the previously described solutions, 200 mg of FMB 

was added and stirred using a magnetic stirrer at 150 

rpm at room temperature. The pH of the solutions was 

measured during the adsorption experiment, the 

aqueous medium was found to be acidic with a pH of 4 

and showed no significant changes. Liquid samples of 

each solution were taken every 15 min and analyzed 

immediately on a UV-vis spectrophotometer (Thermo 

Scientific, Evolution 201/220 UV-Visible) to 

determine the dye concentration. In addition, FTIR 

and Raman analyses were performed after dye 

sorption. Three replicates were used, and the average 

value of each adsorption experiment was analyzed. 

The quantity of dye adsorbed onto the FMB (qt) 

and the dye removal rate from the solution (Removal) 

was derived from the following Equations (1) and (2): 

 

Removal (%) = 
C0-Ce

C0
*100%                                       (1) 

 

q
t
= 

C0-Ct

m
*V                                                                (2) 

 

Where Ce is equilibrium concentration (mg/L), C0 and 

Ct are the initial concentration of dyes and the 

concentration at time t (mg L–1), respectively; qt is the 

adsorption amount of the adsorbent at time t (mg g–1); 

m and V are the mass of FMB (g) and the volume of 

dyes solution (L), respectively. 

A kinetic study was performed to determine the 

equilibrium time and the adsorption rate. Two kinetic 

models, pseudo-first-order (PFO) and pseudo-second-

order (PSO) were used to calculate the rate constant in 

the sorption process. The reaction mechanism of PFO 

and PSO was calculated using Equations (3) and (4), 

respectively. 

 

ln(q
e
- q

t
) = ln q

e
- K1t                                                  (3) 

 
t

qt

 = 
1

K2qe
2
+ 

t

qe

                                                               (4) 

 

Where qe and qt are the adsorbed dye at equilibrium 

and time, K1 is the pseudo-first-order adsorption rate 

constant (min-1), and K2 is the pseudo-second-order 

adsorption rate constant (g/mg.min). 

Also, the rate constant of the intraparticle 

diffusion model K (mg/g.min0,5) was calculated for 

each of the dyes using the following Equation (5): 

 

q
t
 = Kt0,5+C                                                                (5) 
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3 Results and Discussion 

 

3.1 Characterization of biochar and ferromagnetic 

biochar (FMB)  

 

The biochar’s SEM image (Figure 1(a)) shows its 

surface porosity. In the image, it can be observed that 

the pores formed on the biochar surface are well 

defined and uniform. EDS analysis indicates higher 

carbon (40.01%) and oxygen (39.60%) content in 

biochar (Figure 1(b)). However, the elemental 

composition showed the presence of inorganic 

elements such as Cl (0.42%), Ca (1.89%), Si (0.34%) 

and K (17.66%). 

 

 
Figure 1: (a) SEM image of biochar and (b) EDS 

analysis of biochar.  

 

The SEM image of FMB (Figure 2(a)) shows a 

homogeneous surface, the iron particles are 

distinguishable and it is attributed to the presence of 

spheres on its surface that the non-modified biochar 

did not show. This highlights that the biochar 

impregnation with iron was achieved and FMB was 

obtained. Figure 2(b) shows the elemental 

composition of FeSO4-treated biochar determined by 

EDS analysis. This analysis technique was used to 

understand the disposition of iron in biochar and the 

existence of 52.95% Fe was observed after treatment. 

In addition, a higher C (24%) and O (21.51%) content 

was observed, which is similar to that observed in 

biochar. 

The functional groups presented on the surface 

of biochar and FMB were determined by FTIR 

spectroscopy in the wavelength range of 4000 to 400 

cm–1. The infrared spectra are shown in Figure 3. The 

spectrum of biochar shows bands centered at 3163, 

1652, 1539, 1394, 1002, 867 and 700 cm–1. The band 

at 3163 cm–1 is assigned to the O-H stretching of the 

hydroxyl group [42], [43]. The bands at 1652 and 1539 

cm⁻¹ correspond to the C=O vibration of aldehydes or 

ketones, related to the cellulose dissociation and 

hemicellulose and the aromatic C=C stretching 

vibration [44]. The band appearing at 1394 cm–1 is 

assigned to the symmetric bending of C-H, the band at 

1002 cm–1 is associated with the C-O stretching, and 

bands at 867 and 700 cm–1 are assigned to the out-of-

plane C-H bending of aromatic and the C=C bond 

[45], [46]. In the FTIR spectrum of the FMB, the 

absence of bands corresponding to symmetric C-H 

bending (1394 cm–1), C-O stretching and C=C out-of-

plane bending (700 cm–1) was observed. However, 

new bands were observed after Fe modification 

biochar to obtain FMB, these bands appear at 1138, 

601 and 507 cm–1 and are assigned to the asymmetric 

stretching and bending of SO₄²⁻ and the stretching of 

Fe-O [47]. 

 

 
 

Figure 2: (a) SEM image of FMB and (b)EDS 

analysis of FMB.  

 

Raman spectra of biochar and FMB are shown in 

Figure 4. The spectrum of biochar shows the 

appearance of D (1313 cm–1) and G (1575 cm–1) 

bands, which are associated with the presence of 
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defects in the carbon structure and the stretching 

vibration of carbon atom pairs (characteristic of 

graphite) [48]. Additionally, a weak band is observed 

around 498 cm⁻¹ attributed to the bending vibration of 

C-C bonds. The FMB spectrum shows three additional 

bands which were identified at 213, 276 and 616 cm–1, 

these are assigned to Fe-OS stretching (OS of SO₄²⁻ 

bridge), Fe-O stretching (O of terminal H₂O) and 

asymmetric bending of SO₄²⁻, respectively [49]. 

 

 
 

Figure 3: FTIR spectra of biochar and FMB. 

 

 
 

Figure: 4 Raman spectra of biochar and FMB. 

 

3.2 Dyes adsorption 

 

FMB was used for MB and RB adsorption tests. FTIR 

and Raman analyses were performed on FMB after 

dye adsorption tests were completed. The FTIR 

spectra are shown in Figure 5. 

The spectrum obtained from MB absorption 

(Figure 5(a)), shows three new bands which appear at 

1194, 698 and 630 cm–1 and are assigned to the in-

plane bending of the C-C heterocyclic, symmetric 

stretching and bending of the C-S-C [50]. In the 

spectrum obtained after RB absorption (Figure 5(b)), 

no difference was observed with respect to the 

spectrum of FMB; however, a slight increase in 

intensity was observed in the band located between 

1650 and 1470 cm–1, with a maximum around 1585 

cm–1. This band is associated with the stretching 

vibration of C=N bond in the aromatic structure of RB 

[51]. 

 

 
Figure 5: FTIR spectra of FMB adsorption of (a) MB 

and (b) RB.  

 

The Raman spectrum of MB absorption (Figure 6(a)), 

the appearance of new bands can be observed, 
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including two bands at 339 and 372 cm–1 generated by 

the stretching vibration of the Fe-O bond [49]. Two 

bands at 450 and 604 cm–1 were assigned to the 

skeletal deformation of C-N-C and C-S-C bonds, and 

a band at 1285 cm–1 corresponding to the in-plane 

deformation of C-H bond in the ring [52], [53]. The 

spectrum after absorption of RB (Figure 6 (b)) showed 

two new bands centered at 388 and 593 cm–1, which 

were assigned to torsion of xanthene ring and in-plane 

bending or deformation of xanthene ring, respectively 

[54]. 

 

 
Figure 6: Raman spectra of FMB adsorption of (a) 

MB and (b) RB.  

 

The change in the percentage of removal of dyes 

by FBC with contact time (t) is shown in Figure 7. The 

adsorption time of MB was 75 min and that of RB was 

150 min, which remains constant after their respective 

times. During the experiment, 99.44% of methylene 

blue and 98.20% of rhodamine B were successfully 

adsorbed. This means that the equilibrium time for 

MB and RB removal dyes by FMB is considered to be 

75 min and 120 min, respectively. During the first 15 

min the MB adsorption was rapid; subsequently, the 

adsorption rate decreased slowly and steadily until 

equilibrium at 75 min. On the other hand, the RB 

adsorption test was slow compared to the MB 

adsorption; however, during the first 15 min the RB 

adsorption was close to 50% as shown in the graph. 

Then, the adsorption rate slowly and steadily 

decreased until equilibrium at 150 min. The smaller 

kinetic diameter of the methylene blue molecule 

compared to that of rhodamine B could facilitate its 

incorporation into the active sites of ferromagnetic 

biochar, similar results were reported by Wolski et al., 

[55]. Kumar et al., [56] synthesized banana stem 

biochar under similar pyrolysis conditions to those in 

this study and achieved a maximum removal 

efficiency of 93.3% for methylene blue within 80 min. 

Similarly, Alharbi et al., [57] reported using magnetic 

biochar derived from Peganum harmala with Mn-

ZnFe₂O₄ surface treatment for water decontamination, 

achieving 95% rhodamine B removal within 120 min. 

These findings confirm that biochar derived from 

plant biomass has significant potential for MB and RB 

dye adsorption. 

 

 
Figure 7: Effect of contact time on the elimination of 

MB and RB by FBC. 

 

The adsorption kinetics process was used to 

examine the adsorption rate and mechanism, the 

pseudo-first-order model (PFO) and pseudo-second-

order model (PSO) were conducted, respectively. The 

results are summarized in Table 1. The experimental 

data analyzed using the pseudo-first-order model 

where ln (qe–qt) vs. t was graphed (Figure 8(a)), it 
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could be interpreted that the pseudo-first-order 

equation does not fit the experimental analysis for MB 

(R2 = 0.7642) and RB (R2 = 0.8124) dyes. However, 

t/qt vs. t was plotted (Figure 8(b)) for pseudo-second-

order kinetic analysis; the R2 values for both MB (R2 

= 0.9911) and RB (R2 = 0.9770) dyes indicate that the 

second-order model is adequate to describe the 

adsorption kinetics. Likewise, it can be observed in 

Table 1 that for the adsorption experiments studied, 

the calculated qe values are close to the experimental 

qe values. 

 

 
 

Figure 8: Linear graphs of pseudo-first-order kinetics 

(a) and pseudo-second-order kinetics (b) for MB and 

RB adsorption. 

 

The linear graphs of the intraparticle diffusion 

model (IPD) are shown in Figure 9 and its parameters 

are presented in Table 1. IPD was used to explain the 

dye adsorption process on biochar. The graph of q vs 

t0.5 of IDP should provide a straight line [58]. When 

the straight line crosses the origin, it means that the 

rate-limiting step is an intraparticle diffusion; 

otherwise, the adsorption process is controlled by 

another mechanism. In this case, as seen in the graph 

(Figure 9) the graph’s intersections for both MB and 

RB are not zero so the interparticle diffusion 

mechanism is not the rate-limiting step. 

 

Table 1: Kinetic parameters model for removal of MB 

and RB. 
Kinetic Model Parameter MB RB 

Pseudo-first order qexp (mg/g) 0.6136 0.6215 
qe (mg/g) 0.2666 1.0424 

K1 (1/min) –0.00049 –0.00024 

R2 0.7642 0.8124 

Pseudo-second 

order 

qe (mg/g) 0.6627 0.7556 

K2 (g/mg.min) 0.2029 0.0391 

R2 0.9911 0.9770 

Intra-particle 
diffusion 

C 0.0876 0.0637 

K (g/mg.min) 0.0684 0.0490 

R2 0.8761 0.9672 

 

 
 

Figure 9: Linear plots of intraparticle diffusion model 

for MB and RB removal. 

 

4 Conclusions 

 

This research demonstrates the adsorption 

effectiveness of methylene blue and rhodamine b dyes 

from synthetically prepared wastewater by means of 

ferromagnetic biocarbon, synthesized from 

agricultural residues of Musa acuminata. The physical 

and chemical characterization carried out on modified 

biochar showed a good dispersion of Fe particles on 

the biochar surface, giving it ferromagnetic properties. 

Ferromagnetic biochar has been shown to be an 

effective method of adsorbing methylene blue and 

rhodamine b from aqueous media contaminated with 

these dyes. Adsorption kinetics showed that the 

pseudo-second-order model fit the equilibrium data 
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for the adsorption process of both dyes. Dye 

adsorption percentages of 99.44% of methylene blue 

and 98.20% of rhodamine b were obtained under the 

conditions determined for this experiment. 

Furthermore, the results obtained demonstrate that 

water contaminated with methylene blue and 

rhodamine b, dyes toxic to the environment, can be 

effectively removed, i.e. ferromagnetic biochar can be 

useful and effective for the treatment of effluents 

contaminated with dyes. 

Magnetic biochar synthesis is simple to perform 

and economically feasible. Additionally, separating 

biochar after adsorption is straightforward using 

magnetic methods and filtration. However, further 

research is needed to explore methods for reusing 

biochar after adsorption. Moreover, scaling up 

methodologies from laboratory to industrial settings is 

essential. Future studies will focus on investigating the 

adsorption of larger amounts of dye in wastewater and 

the adsorption of heavy metals under full-scale 

conditions. 
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