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Abstract

In this study, biochar was obtained via pyrolysis from Dominico-Harton plantain (Musa AAB
Simmonds) agricultural waste and surface-treated with FeSO, to provide it with magnetic properties.
This magnetic biochar was used to adsorb crystal violet and malachite green dyes dissolved in water.
The morphology, porosity, and elemental composition of biochar were analyzed using scanning
electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX) before and after surface
treatment. Additionally, biochar spectra were obtained before and after surface treatment, as well
as after adsorption experiments, using Fourier transform infrared (FTIR) spectroscopy and Raman
spectroscopy. The equilibrium kinetics of dye adsorption on magnetic biochar were evaluated using
pseudo-first-order (PFO), pseudo-second-order (PSO), and intraparticle diffusion models. The results
confirmed the presence of Fe in the biochar. Biochar’s maximum dye removal efficiencies were
99.06 % (t = 150 min) for crystal violet and 97.45% (¢t = 180 min) for malachite green. The
pseudo-second-order kinetic model best described the adsorption rate of dyes on the biochar surface,
with R? = 0.9933 (crystal violet) and R? = 0.9979 (malachite green). This study also demonstrated
that magnetic biochar can be successfully synthesized from Dominico-Harton plantain agricultural
waste and used for the degradation of crystal violet and malachite green dyes in aqueous solutions.

Keywords: Ancestry; Agricultural Waste; Dominico-Hart6n; Dyes; Kinetic; Magnetic Biochar.

1. Introduction

Although water is a key natural resource, water bodies and sources experience variable degrees of
pollution due to human activity [1]. Currently, there is a need to identify new, environmentally and
economically viable technologies for water decontamination [2]. Dyes used in the food, textile,
pharmaceutical, and other industries are among the waste products with a serious impact on water
sources. Worldwide, these industries annually use 700 000 tons of 10 000 different synthetic dyes,
10% - 15 % of which are discharged into water bodies without adequate treatment, triggering
water pollution and increasing toxicity [3,4]. Inadequate dye disposal practices compromise water
integrity, human health, and the environment [5]. Dyes can be visible in water at concentrations
of 1 mg-L~! or higher, indicating that they are problematic in aquatic environments [6]. Therefore,
water contaminated with dyes must undergo purification processes for its recovery.

Currently, physical, chemical, and biological methods, among others, are used to treat water
contaminated with residual dyes. However, some of the wastewater treatments mentioned above
are expensive and not time-consuming [7]. In this regard, adsorption methods have proven
effective in removing contaminants from wastewater [8]. Among the adsorbents that have been
studied are activated carbon, zeolites, clays, graphene, and nanometric-sized adsorbents such
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as carbon nanotubes [9-13]. However, zeolites and clays have demonstrated low adsorption
efficiency, and nanomaterials are expensive and difficult to recover after adsorption. Activated
carbon has been the most widely used material due to its performance and high adsorption capacity;
however, the increasing demand for activated carbon has elevated its cost [14]. Plant biomass
or agro-industrial waste, which are easily available and affordable, can be used to synthesize
carbonaceous adsorbents, such as biochar [15].

Recent research on biochar shows that it is an efficient adsorbent for heavy metals, carbon
sequestration, and contaminants removal from water [16-18]. Biochar is inexpensive and is
produced by carbonizing biomass in the absence of oxygen through a process called pyrolysis [19].
Additionally, this material has advantages over other adsorbents, namely its high specific surface
area (SSA), high porosity, and low density, which lead to an efficient contaminant removal [20].
Biochar can be prepared from various plant structures, dried leaves, seeds, peels, wood waste,
bamboo, and stems [21-32]. In wastewater, studies have demonstrated the effectiveness of biochar.
Fseha et al. obtained date palm leaf biochar and used it to treat wastewater contaminated with
phenol, achieving up to 85 % phenol removal [33]. Similarly, Ren ez al. obtained biochar from
eucalyptus wood waste and treated water contaminated with methylene blue and crystal violet.
After the experiment, they achieved 98 % methylene blue and 97 % crystal violet adsorption,
demonstrating biochar’s capacity as an adsorbent [34]. Likewise, biochar surface modification
via physical or chemical processes to improve its adsorption capacity has shown promising
results in pollutant removal. Biochar’s surface modification enhances its physical and chemical
characteristics, increasing porosity and improving its adsorption capacity [35,36]. Modified
biochar has been experimentally used to treat contaminated soils and waters, also revealing
efficient pollutant removal [37,38].

In Colombia, agricultural practices are an important factor in the country’s economy and generate
large amounts of waste. These residues could be used to manufacture carbonaceous materials with
potential for dye adsorption in wastewater. Biochar, a carbonaceous material, can be obtained
from agricultural biomass via pyrolysis, resulting in an eco-friendly and low-cost product. In
2021, plantain (a Musa sp. cultivar) production reached 4,203,833 tons (t), distributed across
428 228 hectares throughout the country [39]. In the department of Quindio, located in the central
region of Colombia, plantain cultivation is one of the most productive and important agricultural
activities [40]. Relevant data shows that 70 % of the harvested crop consists of agro-industrial
waste or biomass, including leaves, rachis, and pseudostems [41]. In this region, the plantain type
with the highest cultivation density is Musa AAB Simmonds or Dominico-Hartén [42]. These
residues are underutilized and generally accumulate in cultivation areas, but they could serve as a
precursor for the synthesis of biochar, adding value to them.

Therefore, this study aimed to investigate the dye-removal capability of biochar derived from
agricultural residues of Dominico-Hartén (Musa AAB Simmonds). To achieve this, the biochar
particles were surface-modified with FeSO, to obtain magnetic biochar. This magnetic biochar
was then used to adsorb malachite green and crystal violet dyes from an aqueous solution. These
two dyes are widely used in the textile industry and as parasiticides; thus, we selected them as
model contaminants due to their high toxicity and mutagenicity, which pose a significant threat to
aquatic ecosystems even at low concentrations [43].
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2. Materials and Methods

In this study, all reagents used were of analytical grade and analytical standard. Malachite green
(MG, purity > 90 %) and crystal violet (CV, purity > 90 %) were purchased from Sigma-Aldrich.
NaOH (pellets, purity > 99 %) was obtained from Merck KGaA (Darmstadt, Germany), and
ferrous sulfate (FeSO,, purity > 99 %) for the magnetic treatment of biochar was sourced from
Adbaquim S.A.S. Dominico-Harton waste was collected from plantations located in the department
of Quindio, Colombia.

2.1. Biochar synthesis

Dominico-Harton pseudostem waste was allowed to dry at room temperature for 48 hours. After
drying, the waste was ground in a knife mill to obtain pieces of approximately 1 mm to 2 mm.
Subsequently, 60 g of the precursor material were packed into a cylindrical stainless steel tube to
limit its exposure to oxygen and placed in a muffle furnace, where a basic pyrolysis process was
conducted at 550 °C for 1 hour. The obtained biochar was left at room temperature for 2 hours
and then stored in a glass desiccator for further characterization.

Magnetic biochar (MBC) was prepared from a 0.5 M NaOH solution, to which 30 g of FeSO, were
added. Then, 20 g of Dominico-Harton biochar were introduced and kept in magnetic stirring
at 80 °C for 2 hours. A filtration process was then carried out, and the material was washed
with distilled water to remove excess modifying agents until the rinsing water reached a stable
condition. Subsequently, it was dried in an oven at 105 °C for 24 hours. Finally, the MBC was
stored in a glass desiccator. During the subsequent adsorption experiments, we ensured that the
solution’s pH naturally stabilized at 5.0 and remained constant throughout the process, indicating
a stable chemical environment for dye removal.

2.2. Biochar characterization

The biochar particles were characterized before and after magnetic modification using scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) (Lyra
3-Dual Beam SEM-FIB, Tescan) to observe their morphology and surface structure. Fourier
transform infrared spectroscopy (FTIR) (IR Prestige-21, SHIMADZU) and Raman spectroscopy
(XploRA PLUS, Horiba) were employed to identify the main functional groups. FTIR and Raman
analyses were performed on the biochar after dye adsorption.

2.3. Adsorption experiments

Dye solutions (25 mL) were prepared with 7 mg-L~! of MG and CV dyes and 200 mg of MBC and
stirred on a magnetic stirrer at 150 rpm at room temperature. Liquid samples from each solution
were collected every 15 minutes and immediately analyzed using a UV-Vis spectrophotometer
(Thermo Scientific Evolution 201/220 UV-Visible) to determine dye concentration. Three
replicates were used, and the average value of each adsorption experiment was analyzed.

The percentage dye removal (R(%)) and the quantity of adsorbed dye (g,) have been determined
using the following Egs.:
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Where C, is the equilibrium concentration (mg-L~"), C, is the initial concentration of the dye,
and C, is the concentration at time ¢ (mg-L™1); q, is the adsorption amount of the adsorbent at
time 7 (mg-g~'), m is the mass of MBC (g), and V is the volume of the dye solution (L).

Regarding the solution pH, the experiments were conducted at a stable pH of 5.0. The system
naturally stabilized at this pH value without significant variations throughout the adsorption
process. The stabilization of the system at pH 5.0 is consistent with the observations of Anak
Manok et al., who reported that the adsorption of cationic dyes such as malachite green is highly
efficient in slightly acidic to neutral ranges (pH 4.0 — 7.0) [44]. This pH condition was monitored
throughout the experiments to ensure that the removal was not affected by external fluctuations in
acidity.

2.4. Adsorption kinetics

The adsorption kinetics of the adsorbate on biochar were studied using pseudo-first-order (PFO)
and pseudo-second-order (PSO) kinetic models. These models were used to calculate the
adsorption process rate. The PFO and PSO models were calculated using Egs. (3) and (4),
respectively.

In(q, — q;) =1ngq, — k¢ 3)

LA Lz + LS 4)
4  kyq; 4.

Where g, and g, are the amounts of dye adsorbed at equilibrium and at time ¢, respectively; k;
is the pseudo-first-order adsorption rate constant (min~'), and k, is the pseudo-second-order
adsorption rate constant (g-mg~!-min~).

In addition, the intraparticle diffusion model was used to calculate the rate constant K
(mg-g~"-min'/?) for each dye using Eq. (5).

g =kt* +C ®)

3. Results and Discussion
3.1. Dominico-Hartdon biochar features.

The surface morphology and elemental composition of the obtained Dominico-Hartén biochar
before magnetic modification are shown in Fig. 1
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Figure 1. Morphological and elemental characterization of the obtained Dominico-Hartén biochar surface: (a) SEM
image (1 000x magnification, scale bar = 100 ym) showing a well-defined porous network, and (b) energy-dispersive
X-ray spectroscopy (EDX) spectrum revealing reference element weight percentages.

The SEM image (Fig. 1a) shows the porous surface of the biochar, with conspicuous pores
of different sizes. Furthermore, the EDS (Fig. 1b) spectrum of the biochar derived from
Dominico-Hartén pseudostem waste revealed the weight percentages of various elements,
including carbon (73.80 %), oxygen (12.89 %), silicon (1.06 %), phosphorus (0.48 %), chlorine
(0.58 %), potassium (9.34 %), and calcium (1.85 %).

The surface morphology and elemental composition of the modified Dominico-Hartén biochar
are shown in Fig. 2. The SEM image of the biochar with surface magnetic modification (Fig. 2a)
is shown along with its corresponding energy-dispersive X-ray spectroscopy (Fig. 2b). The image
reveals a homogeneous surface and a coating accompanied by spherical particles, which can be
attributed to the presence of iron on the biochar surface. This MBC differs from the unmodified
biochar, revealing a successful iron impregnation.
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Figure 2. Morphological and elemental characterization of the surface of surface-modified magnetic biochar (MBC):
(a) SEM image (2,000x magnification, scale bar = 50 ym) revealing the deposition of spherical iron oxide
nanoparticles in the carbonaceous matrix, and (b) corresponding EDX spectrum showing the prominent percentage of

iron (Fe).

The elemental composition of the biochar treated with FeSO,, determined by EDS analysis,
provided valuable insight into the distribution of iron in the biochar. The analysis revealed the
presence of 48.50 % Fe as a result of the treatment, along with carbon and oxygen shares of
15.60 % and 32.00 %, respectively.

3.2. FTIR and Raman analysis.

FTIR spectroscopy was used over the wavelength range of 4000 cm™! to 400 cm™! to determine
the functional groups present on the surfaces of biochar and magnetic biochar. The IR spectrum
of biochar and biochar impregnated with FeSO, (MBC) is shown in Fig. 3
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Figure 3. IR spectra of biochar derived from Dominico-Harton plantain waste and surface-modified magnetic biochar
(MBC) before dye adsorption.

The biochar spectrum showed bands centered at 3163 cm™!, 1652 cm™!, 1539 cm™!, 1394 cm™!,
1002 cm~!, 867 cm™!, and 700 cm~!. A band centered at 3263 cm~! was observed, which is
attributed to the stretching of the O-H hydroxyl group [45,46]. The bands observed at 1652 cm™!
and 1539 cm™! correspond to the vibration of the C = O bond in aldehydes or ketones, which
are related to the dissociation of cellulose and hemicellulose and the stretching vibration of the
aromatic C = C bond [47]. The band located at 1394 cm™! was assigned to the symmetric bending
of the C-H bond [48]; the band at 1002 cm™! was associated with the stretching of the C-O group,
while the bands located at 867 cm™! and 700 cm™! were assigned to the out-of-plane bending of
the aromatic C-H bond and the C = C bond, respectively [49].

In the IR spectrum of MBC, the absence of the 1394 cm™! band, corresponding to the symmetric
bending of C-H, as well as the stretching of C-O and the out-of-plane bending of C = C (700
cm™!), was observed. However, new bands at 1138 cm™!, 601 cm™!, and 507 cm™!, assigned
to the asymmetric stretching and bending of SOi_ and the stretching of the Fe-O bond, were
observed [50]. This indicates that the biochar has been successfully impregnated with FeSO,.

The Raman spectra of biochar and MBC are shown in Fig. 4. In the biochar spectrum, bands at
1313 cm~! and 1575 cm™! were observed, associated with the presence of defects in the carbon
structure and the stretching vibration of carbon atom pairs characteristic of graphite [51]. The
weak band at 498 cm~! is associated with the bending vibration of C-C bonds. In the MBC
spectrum, additional bands were identified at 213 cm~!, 276 cm™!, and 616 cm™!, which are
assigned to the Fe-OS stretching (OS of the SOZ‘ bridge), Fe-OA stretching (OA of the H,O
terminal), and the asymmetric bending of SO~ [50].
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Figure 4. Raman spectra of biochar derived from Dominico-Harton plantain waste and surface-modified magnetic
biochar (MBC) before dye adsorption.

3.3. Malachite green (MG) and crystal violet (CV) adsorption

The adsorption of malachite green (MG) and crystal violet (CV) dyes by magnetic biochar (MBC)
was analyzed using FTIR and Raman spectroscopy after dye adsorption tests were completed, as
shown in Fig. 5.

For malachite green (MQG), its IR spectrum adsorption onto MBC (Fig. 5a), revealed presence
of two unque bands: a medium-intensity band centered at 1585 cm™!, assigned to the C = C
stretching of the benzene ring or the C = C + C-N stretching of the nitrogen heterocycles in the
malachite green structure, and another weak band at 1165 cm™!, corresponding to the stretching
vibration of the C-N bond [52, 53]. In parallel, the IR spectrum of crystal violet (CV) adsorption
(Fig. 5b) showed a shift in the band corresponding to O-H stretching from 3317 cm™! to 3145
cm™!, possibly due to a contribution from the N-H stretching of primary amines present in the
dye structure [54]. Likewise, the band corresponding to the aromatic C = C vibration exhibited a
slight shift from 1558 cm™! to 1585 cm™!, which could be attributed to the stretching vibration of
the C = C bond in the benzene ring of the crystal violet structure or to the -NH vibration. This
confirms the adsorption of CV by MBC [54].

In the Raman spectrum of malachite green (MG) adsorption (Fig. 5¢), four new bands at 354 cm™!,
386 cm™!, 788 cm™!, and 1347 cm™! are observed compared to the Raman spectrum of MBC.
The bands at 354 cm™! and 386 cm™! correspond to the in-plane and out-of-plane vibrations of
phenyl-C-phenyl [55]. The band at 788 cm™! is associated with the out-of-plane vibration of the
C-H bond in the ring, while the band at 1347 cm™! is attributed to the stretching of the N-phenyl
bond [56,57].
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Figure 5. Malachite Green (MG) and crystal violet (CV) adsorption IR and Raman spectra with Magnetic Biochar
(MBCQ): (a) IR spectra of MBC after Malachite Green (MG) dye adsorption. (b) IR spectra of MBC after Crystal
Violet (CV) dye adsorption; (¢) Raman spectra of MBC after Malachite Green (MG) dye adsorption; (d) Raman

spectra of MBC after Crystal Violet (CV) dye adsorption.

The Raman spectrum of crystal violet (CV) adsorption (Fig. 5d) marked the absence of the bands
located at 213 cm™! and 616 cm™!, which are present in the Raman spectrum of MBC, followed by
a decrease in intensity and a shift in the maximum of the Fe-OA stretching band from 276 cm~! to
282 cm~!. Additionally, the peak assigned to the 1575 cm™! band exhibits an increase in intensity
and a slight shift from 1578 cm™! to 1584 cm~!, which may be attributed to a contribution from
the C-C ring stretching mode (1584 cm™') present in the crystal violet structure.

3.4. Adsorption Kinetics analysis.

The removal percentage (R%) of MG and CV dyes from the aqueous solution is illustrated in
Fig. 6. The adsorption time for CV was 150 min, and for MG, 180 min. After these time lapses,
no further changes in dye adsorption were observed, indicating that these were the equilibrium
times for the removal of MG and CV dyes by MBC. The experiment demonstrated the effective
adsorption of 99.06 % of CV and 97.45 % of MG.
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Figure 6. Effect of contact time on the removal percentage (R (%)) of crystal violet (CV) and malachite green (MG)
dyes on surface-modified magnetic biochar (MBC). The profiles show a rapid initial absorption during the first 15
minutes (70% for CV and 60% for MG), followed by a gradual deceleration until reaching final equilibrium at 150 min
and 180 min, respectively.

CV adsorption was rapid during the first 15 minutes of testing. The graph shows that adsorption
reached nearly 70 % at this point, after which the adsorption rate gradually decreased until reaching
its equilibrium at 150 minutes. Similarly, MG adsorption was also rapid during the first 15 minutes.
However, the graph indicates that adsorption reached approximately 60 % at this stage, suggesting
a slower process compared to CV adsorption. The adsorption rate then gradually declined until
reaching equilibrium at 180 minutes.

The observed adsorption process can be explained by the availability of adsorption sites on the
adsorbent’s surface. These sites are more abundant during the initial stage of adsorption and
become saturated by dye molecules over time [58]. Nonetheless, the adsorption of CV was
faster than that of MG. This may be because CV molecules have more charged groups than MG
molecules, resulting in a stronger electrostatic interaction with the adsorbent [59]. Additionally,
this could be attributed to the smaller kinetic molecular diameter of the CV dye compared to MG,
which may facilitate its incorporation into the active sites of MBC [60]. The high iron content
(Fig. 2b) in the MBC suggests removal likely involves both adsorption onto the biochar surface
and the catalytic action of iron oxide particles, which could partially degrade the dye molecules
under ambient radiation. The proposed mechanism explains the observed fit between the data and
the adsorption kinetic models (Table 1), which contribute to dye removal.

The rapid removal of crystal violet and the time required to reach final equilibrium are consistent
with the findings of Peighambardoust et al. [61]. Their study on pineapple biochar modified with
magnetic nanoparticles (CoFe,O,) showed that the synergy between the porous carbon matrix and
the magnetic oxides promotes rapid sequestration of crystal violet molecules, achieving removal
efficiencies above 98 % under optimized contact times.
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Table 1. Model-specific kinetic parameters for the removal of CV and MG.

Kinetic Model Parameter Cv MG
Qexp (mg-g~1) 0.8423  0.8282
q, (mg-g~h 0.3285 0.4746
Pseudo-first order K, (min~!) -0.0001  -0.0001
R? 0.9038  0.9389
q, (mg-g~h 0.9096  0.9074
Pseudo-second order K, (g'mg~!min~!) 0.0946 0.0722
R? 0.9933  0.9979
C 0.2359 0.2218
Intra-particle diffusion K (g'mg~!-min~')  0.0580 0.0532
R? 0.7616  0.8184

For malachite green, which exhibited rapid surface adsorption followed by slow intraparticle
diffusion, the results align with those reported by Eltaweil et al. [62]. Their research on magnetic
biochar derived from corn straw demonstrated that malachite green adsorption follows a three-stage
mechanism, with the final equilibrium reached after the molecules penetrate the compound’s
mesoporous structure.

The adsorption kinetics were analyzed by fitting the data to pseudo-first-order (PFO) and
pseudo-second-order (PSO) models to study the adsorption rate and mechanism, as shown in
Fig. 7. Under the pseudo-first-order model, In(qe - qt) vs. Time (t) was plotted (Fig. 7a). Based on
the analyzed experimental data, we concluded that the PFO equation does not fit the experimental
analysis for the CV (R? = 0.9038) and MG (R? = 0.9389) dyes. However, the R? values obtained
from the pseudo-second-order model, based on the t/qt vs. Time (t) graph (Fig. 7b), for the CV
(R? =0.9933) and MG (R? = 0.9979) dyes indicate that this model better describes the adsorption
kinetics.

14 = CV 200 /f/E
R’>=0.9038
+ MG
| R’=0.9389
= 150 4
E
& 3 =
5 100
e . oV
50 - R?=0.9933
+ D
-5 4 R?=0.9979
T T T T T 0

15 30

T
45 60 75 90
Time (min)

(A)

T T T T
105 120 135 150

0

T T T T T T T T T T T T
15 30 45 60 75 90 105 120 135 150 165 180

Time (min)

(B)

Figure 7. Linear kinetic data fitted to two models. (a) The pseudo-first order (PFO) model, represented by Ln(q, - q,)
as a function of contact time (t), for the adsorption of crystal violet (CV) and malachite green (MG) dyes. (b) The
pseudo-second order (PSO) model, represented by t/qt as a function of contact time (t), for the adsorption of crystal
violet (CV) and malachite green (MG) dyes.
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The linear graphs of the Intraparticle diffusion model are shown in Fig. 8, and its parameters are
provided in Table 1. The q, vs. t°3 plot of the intraparticle diffusion model, which is expected to
be linear, was used to explain the dyes adsorption onto biochar [63]. The straight line is expected
to pass through the origin, indicating that the rate-limiting step is intraparticle diffusion. If this
does not occur, the adsorption process is governed by a different mechanism. As shown in the
graph, the intercepts for CV and MG are nonzero, indicating that intraparticle diffusion is not the
rate-limiting step in this study.

The elemental composition of the biochar with surface magnetic modification, determined by
EDS analysis (Fig. 2b), showed a significant presence of iron (48.50 %) due to the treatment, along
with high carbon (15.60 %) and oxygen (32.00 %) contents. These factors, along with the resulting
surface morphology (Fig. 2a), are key determinants of the adsorption kinetics. Experimental
data showed a superior fit to the pseudo-second-order (PSO) model (R? > 0.99), indicating that
the rate-limiting step is governed by chemisorption. The high iron content (48.50 %) and the
functional groups identified by FTIR create a high density of active sites that facilitate chemical
bonding with MG and CV molecules.

Furthermore, the removal of these dyes could result from the combination of several mechanisms,
namely the electrostatic attraction between the cationic dye molecules and the negatively charged
oxygen groups, 7—z stacking between the aromatic rings of the dyes and the graphitic structure
of the biochar, and hydrogen bonding, which is consistent with the Raman analysis. The synergy
between the pseudostem’s porous structure and the magnetic particles likely allows for rapid
initial absorption and the formation of stable chemical bonds, as observed in the kinetic profiles.

As shown in ??, comparative studies, including the present one, report an R? > 0.99 for the
Pseudo-Second Order model. This confirms that the chemical interaction between the functional
groups of the biochar and the MG/CV molecules is the controlling mechanism, regardless of the
agricultural precursor used; chemisorption plays an important role in the removal of cationic dyes.
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Figure 8. Graphs of the intraparticle diffusion model, represented by q, versus t*2, for the adsorption of the dyes CV
and MG.
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Table 2. Comparative analysis of kinetic and adsorption mechanisms

Adsorbent

Dye Kinetic R?
model

Kinetic findings Ref.

(Dominico-Harton)

nZVI/BC (Corn) MG PSO 0.993

CV/MG  PSO > 0.99 Biphasic kinetics, This study
60-70 % of the dye is
removed in 15 minutes,
followed by slow
diffusion through the
pores.

BC/CoFe,O, (Pine) CV PSO 0.990 Rapid total adsorption Peighambardoust

(70 min). High rate etal. [61]
constant (k,) due

to the synergistic

effect of the magnetic
nanoparticles.

JEB MG PSO 0.991  Chemisorption by the Ozkan et al.
formation of iron-dye [64]

complexes.

(Rice MG PSO 0.999 Longer equilibrium Wang et al.
time due to diffusionin  [65]
calcium functionalized
pores.

Intraparticle diffusion Eltaweil et al.
is not the only [62]
rate-limiting step

(C > 0.

4. Conclusions

Magnetic biochar was prepared using biochar obtained from the pyrolysis of agricultural waste
from the Dominico-Hartén plantain pseudostem, which was surface-treated with FeSO,. The
physicochemical characterization of the magnetic biochar revealed a good dispersion of Fe particles
on its surface. Magnetic biochar proved effective at degrading crystal violet and malachite green
dyes in aqueous solutions. Among the tested models, the pseudo-second-order model provided
the best fit to the experimental data, indicating that chemisorption is the primary rate-limiting
step of the reaction. The maximum dye adsorption capacities observed were 99.06 % for crystal
violet and 97.45 % for malachite green, with degradation percentages above 90 % under the
experimental conditions. These results indicate that aqueous solutions contaminated with CV
and MG dyes, toxic pollutants harmful to fauna, flora, and human health, can be effectively
treated using magnetic biochar, restoring the quality and suitability of the water for other purposes.
However, further experimental studies in real industrial environments are planned, along with an
evaluation of the biochar’s reusability after being used as an adsorbent.
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Los Colorantes Cristal Violeta y Verde de Malaquita Son Adsorbidos por Biocarbon
Magnético Obtenido a Partir de Residuos de Platano Dominico-Harton

Resumen: En este estudio, se obtuvo biocarbén mediante pirdlisis a partir de
residuos agricolas de platano Dominico-Harton (Musa AAB Simmonds), el cual se tratd
superficialmente con FeSO, para conferirle propiedades magnéticas. Este biocarbon
magnético se utiliz6 para adsorber los colorantes cristal violeta y verde de malaquita disueltos
en agua. La morfologia, la porosidad y la composicién elemental del biocarbén se analizaron
mediante microscopia electronica de barrido con espectroscopia de rayos X de energia
dispersiva (SEM—-EDX, por sus siglas en inglés), antes y después del tratamiento superficial.
Ademads, se obtuvieron los espectros del biocarbon antes y después del tratamiento superficial,
asi como después de los ensayos de adsorcidén, mediante espectroscopia infrarroja por
transformada de Fourier (FTIR, por sus siglas en inglés) y espectroscopia Raman. La cinética
de equilibrio de la adsorcidn de los colorantes sobre el biocarbén magnético se evalué mediante
los modelos de pseudo-primer orden (PFO, por sus siglas en inglés), pseudo-segundo orden
(PSO, por sus siglas en inglés) y difusién intraparticular. Los resultados confirmaron la
presencia de Fe en el biocarbon. Las eficiencias maximas de remocion de colorantes del
biocarbon fueron de 99,06 % (¢t = 150 min) para cristal violeta y de 97,45 % (¢ = 180 min)
para verde de malaquita. La mejor descripcion de la tasa de adsorcién de los colorantes
sobre la superficie del biocarbon, segtin el modelo cinético de pseudo-segundo orden, fue
R? = 0,9933 para cristal violetay R? = 0,9979 para verde de malaquita. Este estudio también
demostrd que el biocarbon magnético puede sintetizarse exitosamente a partir de residuos
agricolas de platano Dominico-Hart6n y utilizarse para la degradacién de los colorantes
cristal violeta y verde de malaquita en soluciones acuosas.

Palabras Clave: Biocarbon magnético; Cinética; Colorantes; Dominico-Harton; Residuos
agricolas.
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Os Corantes Cristal Violeta e Verde Malaquita Sao Adsorvidos por Biocarvao Magnético
Obtido a Partir de Residuos de Banana-da-Terra Dominico-Harton

Resumo: Neste estudo, obteve-se biocarvao por pirdlise a partir de residuos agricolas de
banana-da-terra Dominico-Harton (Musa AAB Simmonds), o qual foi tratado superficialmente
com FeSO, para conferir-lhe propriedades magnéticas. Esse biocarvao magnético foi utilizado
para adsorver os corantes cristal violeta e verde malaquita dissolvidos em dgua. A morfologia,
a porosidade e a composicdo elementar do biocarvao foram analisadas por microscopia
eletronica de varredura com espectroscopia de raios X por dispersao de energia (SEM-EDX,
na sigla em ingl€s), antes e depois do tratamento superficial. Além disso, os espectros do
biocarvao foram obtidos antes e depois do tratamento superficial, bem como apds os ensaios
de adsor¢do, por espectroscopia no infravermelho por transformada de Fourier (FTIR, na
sigla em ingl€s) e espectroscopia Raman. A cinética de equilibrio da adsor¢do dos corantes
no biocarvao magnético foi avaliada por meio dos modelos de pseudo-primeira ordem (PFO,
na sigla em inglés), pseudo-segunda ordem (PSO, na sigla em inglés) e difusdo intraparticular.
Os resultados confirmaram a presenca de Fe no biocarvao. As eficiéncias maximas de
remogao de corantes pelo biocarvao foram de 99,06 % (r = 150 min) para o cristal violeta e de
97,45 % (t = 180 min) para o verde malaquita. A melhor descri¢do da taxa de adsor¢@o dos
corantes na superficie do biocarvao, segundo o modelo cinético de pseudo-segunda ordem,
foi R* = 0,9933 para o cristal violeta e R> = 0,9979 para o verde malaquita. Este estudo
também demonstrou que o biocarvao magnético pode ser sintetizado com sucesso a partir de
residuos agricolas de banana-da-terra Dominico-Hart6n e utilizado para a degradacao dos
corantes cristal violeta e verde malaquita em solu¢des aquosas.

Palavras-chave: Biocarvao magnético; Cinética; Corantes; Dominico-Hartén; Residuos
agricolas.
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