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Abstract: Renowned for its versatility in environmental applications, biochar exhibits
substantial potential to enhance anaerobic digestion, facilitate carbon sequestration, and
improve water treatment through its highly efficient adsorption mechanisms. This study
focuses on biochar derived from pineapple crown biomass, produced through slow pyroly-
sis, and its efficiency in removing organic dyes from contaminated water. The structural,
morphological, and surface properties of both biochar and chemically activated biochar
samples were comprehensively characterized using a range of techniques, including XRD,
FTIR, XPS, BET surface area analysis, and SEM microscopy. The adsorption performance
was evaluated using methylene blue (MB), rhodamine B (RhB), and malachite green (MG)
dyes as model contaminants, with particular emphasis on the contact time on dye removal
efficiency. Initial results showed removal rates of 10.8%, 37.5%, and 88.4% for RhB, MB,
and MG, respectively. Notably, chemical activation significantly enhanced the adsorption
efficiency, achieving complete (100%) removal of all tested dyes. Complete adsorption
of MB and MG occurred within 9 min, indicating rapid adsorption kinetics. Adsorption
data fit well with pseudo-second-order kinetics (R2 = 0.9748–0.9999), and the Langmuir
isotherm (R2 = 0.9770–0.9998) suggested monolayer adsorption with chemical interactions
between dyes and biochar. The intraparticle diffusion model further clarified the adsorption
mechanisms. These findings demonstrate the efficacy of activated biochar for dye removal
and highlight the potential of pineapple crown biomass in environmental remediation.

Keywords: biochar; adsorption; dye removal; pineapple crown biomass; environmental
remediation

1. Introduction
Biochar, a carbonaceous material obtained by pyrolysis of biomass, has become a

valuable resource in environmental applications due to its high porosity, structural stability,
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and diversity of functional groups on the surface [1]. This material, characterized by its
high carbon content, can be produced from a wide range of organic waste, including coffee
grounds [2], moringa leaves [3], pineapple peels [4], and others, thereby underscoring its
versatility and sustainability. Among its numerous applications, biochar has demonstrated
effectiveness in improving agricultural soil [5], the sequestration of carbon [6], and as a
component in anaerobic digestion processes [7]. In the latter context, biochar plays a role in
stabilizing microbial activity and optimizing biogas production in organic waste digestion
systems, facilitating electron transfer, and mitigating process inhibitors such as ammonia
and some volatile fatty acids.

One of the most promising emerging applications of biochar is in wastewater treatment,
where its adsorption capacity allows for the efficient removal of both organic and inorganic
pollutants [8]. The porous structure and functional groups provide active sites for the
retention of toxic substances, facilitating the removal of heavy metals, dyes, pesticides,
and pharmaceuticals present in industrial effluents [9]. These properties present in biochar
render it a sustainable, high-performance adsorbent, offering significant advantages in
terms of availability and ease of preparation. Furthermore, the characteristics of biochar,
including specific surface area, pore size and volume, and functional group distribution,
can be optimized through manufacturing conditions, which has a direct impact on its
effectiveness as an adsorbent [10].

The adsorption capacity of biochar can be enhanced through the implementation of
physical or chemical activation processes, which serve to augment the porosity and density
of active sites on its surface [11,12]. In the case of chemical activation, the utilization of
agents such as phosphoric acid or potassium hydroxide serves to enhance the adsorption
capacity by inducing a structural expansion that allows for the formation of electrostatic
interactions and hydrogen bonds with specific contaminants. Physical activation, which
is typically conducted through heat treatment or exposure to steam, increases the specific
surface area while maintaining a robust and stable structure [13]. It is important to dis-
tinguish activated biochar from activated carbon, as they differ in key aspects. Activated
biochar is derived from renewable biomass sources and produced at lower temperatures
during pyrolysis, making it a more sustainable and environmentally friendly option. In
contrast, activated carbon is often produced from non-renewable sources, requiring more
energy-intensive activation processes that result in a higher environmental footprint [14].
These distinctions highlight the environmental and cost-related advantages of activated
biochar, which aligns with sustainability goals in adsorption technologies. The adsorption
of pollutants such as heavy metals (e.g., lead and cadmium) [15] and the removal of or-
ganic dyes [16], which present an environmental risk due to their toxicity and persistence,
have been demonstrated to be highly efficient in activated biochar. During the activation
process, the incorporation of oxygenated functional groups facilitates the formation of
bonds with polar pollutants [17,18], while the microporous structure and high surface
area of the material allow the capture of non-polar pollutants through π–π and dispersion
interactions [19].

While there are numerous photocatalytic nanomaterials (such as TiO2, ZnO, BiVO4,
and CaO [20–22]) and advanced graphene-based composites [23] that are employed to
degrade pollutants under UV irradiation, biochar is distinguished by its efficacy under
ambient conditions without requiring external energy, which reduces operational costs and
renders it an affordable and efficient option for pollutant removal.

This study examines the efficacy of biochar derived from pineapple crown biomass,
produced via pyrolysis for the removal of organic dyes in aqueous solutions. The biochar
samples and their activated variant were subjected to comprehensive characterization
through a range of techniques, including X-ray diffraction (XRD), Fourier transform in-
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frared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Brunauer–Emmett–
Teller (BET) surface area analysis, and scanning electron microscopy (SEM). This novel
approach enables the evaluation of the adsorption performance of activated biochar for
model pollutants, including methylene blue (MB), rhodamine B (RhB), and malachite green
(MG). It enables the analysis of the impact of contact time and the adsorption mecha-
nisms involved, thereby contributing to the advancement of more efficient and sustainable
environmental remediation technologies.

2. Materials and Methods
2.1. Preparation of Biochar and Activated Biochar

The biochar was synthesized by a controlled pyrolysis process. The pineapple crowns
were first thoroughly washed with water to remove residual debris, followed by air drying
for one week to reduce the surface moisture content. The biomass was then subjected to
a second washing process and placed in an oven for drying at 65 ◦C for 48 h to achieve
complete desiccation. The sieved biomass was then placed in a ceramic crucible and placed
in a pyrolysis reactor with a constant nitrogen flow to ensure an inert atmosphere. The reac-
tor was heated to a target temperature of 450 ◦C at a controlled heating rate of 10 ◦C/min
and maintained at this temperature for one hour to facilitate thermal decomposition of
the organic matter. Following the pyrolysis process, the reactor was allowed to cool to
ambient temperature. Finally, the resulting biochar was ground using a mortar to achieve a
homogeneous powder.

Subsequently, the activation process followed an eco-friendly method adapted from
established protocols for graphene oxide synthesis [24,25]. The activation procedure com-
menced with the preparation of a mixed acid solution, consisting of 43.2 mL of concentrated
sulfuric acid (H2SO4, ACS reagent, 95.0–98.0%, Sigma-Aldrich, St. Louis, MO, USA) and
4.8 mL of concentrated orthophosphoric acid (H3PO4, 85%, Sigma-Aldrich, USA). This
acid mixture was then gradually added to 1 g of biochar powder under continuous stir-
ring for 3 h while maintaining the system in a cold bath at 4 ◦C to ensure temperature
control and prevent exothermic reactions. At this stage, the acid mixture promotes the
expansion of biochar sheets, increases surface area, and enhances interactions with the
oxidizing agent. Following this, 6 g of potassium permanganate (KMnO4, 99.0%, ACS
reagent, Sigma-Aldrich, USA) was introduced into the reaction mixture, which serves
as the primary oxidizing agent, introducing oxygen-containing functional groups to the
biochar surface. The reaction continued for 2 h. After this period, a solution containing
12 mL of hydrogen peroxide (H2O2, 30 wt.%, ACS reagent, Sigma-Aldrich, USA) and 13 mL
of hydrochloric acid (HCl, 36.5–38.0%, ACS reagent, Sigma-Aldrich, USA) was added
dropwise to the mixture under vigorous stirring for 30 min. This mixture of H2O2 and
HCl was used specifically to stop the oxidation reaction by decomposing residual KMnO4.
The exfoliation of the treated material was then performed through sonication for 30 min.
Following exfoliation, the resulting dispersion was subjected to multiple washing cycles
until the supernatant reached a neutral pH (7). Finally, the material was collected and dried
in an oven at 65 ◦C for 12 h to yield the activated biochar. The stages of this oxidation
mechanism are detailed in our previous study [26], which provided the foundational basis
for this methodology.

2.2. Characterization of Materials

X-ray diffraction (XRD) analysis was performed using a Bruker D2 PHASER
diffractometer (Bruker Corporation, Billerica, MA, USA), employing Cu-Kα radiation
(λ = 1.54056 Å) with an operating voltage of 40 kV and a current of 30 mA. The diffraction
patterns were collected in the 2θ range of 10◦ to 60◦, with a scanning rate of 2◦/min, to
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characterize the crystalline structure of the materials. Fourier-transform infrared (FTIR)
spectroscopy was carried out on a PerkinElmer Frontier FTIR spectrometer (PerkinElmer,
Inc., Waltham, MA, USA), equipped with a diamond attenuated total reflectance (ATR)
accessory. Spectral data were acquired within the 580–4000 cm−1 range, with a resolution
of 4 cm−1, enabling the identification of characteristic functional groups within the sam-
ples. X-ray photoelectron spectroscopy (XPS) was conducted using a PHI VersaProbe II
system (ULVAC-PHI, Inc., Chanhassen, MN, USA), operating under a vacuum pressure
of 2 × 10−8 mTorr. Monochromatic X-ray radiation from an aluminum anode (1486.6 eV)
was used to analyze the surface chemical composition and oxidation states of the materials.
Scanning electron microscopy (SEM) imaging was performed with a Hitachi S5500 field-
emission scanning electron microscope (FESEM-Hitachi High-Technologies Corporation,
Tokyo, Japan) at an accelerating voltage of 5 kV, providing high-resolution images of the
surface morphology of the samples. The specific surface area and pore volume of the
materials were determined via nitrogen adsorption measurements using the Brunauer–
Emmett–Teller (BET) method on a Micromeritics Gemini 3240 instrument (Micromeritics
Instrument Corporation, Norcross, GA, USA). Before analysis, the samples were degassed
at 150 ◦C for 12 h under a nitrogen flow to eliminate adsorbed moisture and volatile
contaminants.

2.3. Adsorption Procedure

Adsorption experiments were conducted in batch mode, utilizing 100 mL of 10 ppm
solutions of each dye (MB, RhB, and MG) and 0.1 g of biochar and activated biochar
powders, respectively. For each compound, the mixture was subjected to vigorous stirring
in the dark for 30 min to ensure adequate contact between the adsorbent and the dye
molecules. All experiments were conducted at a neutral pH (~7) and room temperature
to ensure consistency and neutrality in the adsorption behavior of the dyes. At specified
intervals (every 3 min), aliquots were withdrawn, centrifuged immediately, and analyzed
using a UV–Vis spectrophotometer JASCO model V-670 (JASCO Corporation, Tokyo,
Japan), to determine the concentration of the dyes over time. The maximum absorbance
wavelengths were selected as 664 nm for MB, 617 nm for MG, and 555 nm for RhB, with
deionized water used as the reference. The effect of biochar activation on the dye removal
efficiency in solution was evaluated. Removal efficiency, R (%), and equilibrium adsorption
capacity, qe (mg/g), were calculated using the following equations:

R (%) =

(
C0 − Ce

C0

)
× 100 (1)

qe =

(
C0 − Ce

W

)
× V (2)

where C0 and Ce (mg/L) are initial and equilibrium concentrations of dye, respectively, W
(g) is the mass of adsorbent, and V (L) is the volume of the solution.

The adsorption kinetic experimental data were fitted and analyzed using pseudo-
second-order kinetic and intra-particle diffusion equations.

Pseudo-second-order kinetic :
t
qt

=
1

k2q2
e
+

1
qe

t (3)

Intra-particle diffusion model : qt = kidt1/2 + C (4)

where qt (mg/g) stands for the adsorption capacity at time t; k2 (g/mg/h) represents
the adsorption rate constants of pseudo-second-order kinetics; kid (mg/[g·min1/2]) is
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the intraparticle diffusion rate constant; C is a constant related to the thickness of the
boundary layer.

The isothermal adsorption experiment data were fitted and analyzed using the Lang-
muir model. The fitting equations are as follows:

Langmuirmodel :
1
qe

=
1

qmaxKL
· 1
Ce

+
1

qmax
(5)

where qmax (mg/g) represents the maximum adsorption capacity when adsorption equi-
librium is reached; KL (L/g) is the adsorption constant of the Langmuir equation. The
Langmuir isotherm can be discussed in terms of the dimensionless constant, RL which is
calculated by using the following equation:

RL =
1

(1 + C0KL)
(6)

3. Results and Discussion
3.1. Chemical Composition

XPS characterization was employed to determine both the elemental composition and
the predominant chemical states on the surface of the biochar (Figure 1a). The spectra of
both materials showed significant signals in the C 1s and O 1s regions. After activation,
the relative oxygen content increased significantly from 13.36% to 49.13%, as reflected by a
substantial rise in the O/C ratio, from 0.17 to 1.80. This increase confirms the incorporation
of oxygenated functional groups on the surface of the activated biochar, indicating that the
elemental composition of both materials is primarily carbon and oxygen. Deconvolution of
the C 1s spectrum of the activated biochar (Figure 1b) revealed peaks with binding energies
at 286.16, 287.49, and 289.04 eV associated with C-O, C=O, and -COOH bonds, respectively.
These energy values are consistent with those reported in previous studies and support the
identification of these oxygenated functional groups that enhance surface reactivity [27].
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In the spectrum of the biochar, additional signals were detected in the Ca 2p regions,
indicating the presence of calcium-derived compounds, along with contributions from K
2p and Cl 2p, which together accounted for 23.6% by mass. After activation, these signals
disappear, suggesting that they originated from surface-adsorbed species that were desta-
bilized and subsequently removed during the chemical treatment process. Additionally,
new signals were detected in the activated biochar in the Mn 2p, S 2p, and P 2p spectral
regions, attributed to impurities introduced during the activation process with KMnO4

as the oxidizing agent and H3PO4 and H2SO4 as acidic components. These impurities,
which constitute 12.34% by mass, may act as additional surface-active sites, enhancing dye
adsorption capacity [28]. Nevertheless, the presence of elements such as manganese may
also alter the electronic structure of the material, potentially impairing its performance in
specific applications [29].

FTIR spectroscopy was employed as a complementary technique to XPS analysis, al-
lowing a more complete evaluation of the surface chemistry of the material. Figure 2 shows
the FTIR spectra of the biochar and activated biochar, highlighting several characteristic
bands in the infrared region that correspond to specific functional groups in their structure.
The band at 3778 cm−1 corresponds to the free stretching of hydroxyl (OH) groups on the
biochar surface. These groups are not involved in hydrogen bonding, which gives rise to a
distinct band in this region. Similarly, the band at 3107 cm−1 is attributed to the stretching
of C-H bonds in double bonds (C=CH), indicating the presence of aromatic compounds or
alkenes, which are characteristic of the carbonaceous structure of biochar.
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Figure 2. FTIR of biochar and activated biochar.

The spectrum of biochar exhibits bands associated with aromatic ring vibrations C=C
at 1566 cm−1 [30], indicative of aromatic compounds formed during biomass pyrolysis.
This indicates that biochar retains some structural integrity of the original organic matter,
particularly lignin, which is rich in aromatic structures. In addition, bands at 1394 cm−1

and 750 cm−1 were associated with out-of-plane bending vibrations of C-H bonds in
aromatic rings. The bands at 1232 cm−1, 1108 cm−1, and 1022 cm−1 are attributed to C-O
or C-O-C bond stretching vibrations present in alcohols, ethers, or polysaccharide-derived
compounds such as hemicellulose and residual cellulose [31,32]. These features indicate the
presence of oxygenated compounds derived from lignin or partially decomposed cellulose
during pyrolysis. Furthermore, the band at 869 cm−1 is assigned to Ca-O bonds, while the
band at 584 cm−1 may correspond to metal–oxygen bond vibrations (M-O) [33], specifically
from K-O or Ca-O bonds, as corroborated by XPS analysis.

For the activated biochar, the oxidation process induced significant changes in its
chemical structure and surface functionality, as evidenced by the appearance of new bands
in the infrared spectrum. This process increased the concentration of oxygenated groups,
such as carbonyls (C=O), reflected in the band at 1717 cm−1 characteristic of carboxylic
groups (-COOH), ketones, and aldehydes. Oxidation also modified the aromatic structure of
the biochar, shifting the C=C stretching band to 1628 cm−1 due to the incorporation of new
functional groups. This shift results from the impact of oxygenated groups on the π-bond
system of aromatic structures, where alterations in electron density disrupt the conjugation
of C=C bonds, leading to higher vibrational frequencies. This phenomenon is consistent
with the literature reports describing how the oxidation of aromatic compounds affects
π-bond conjugation, shifting C=C bands toward higher frequencies [34]. Additionally,
the band at 1484 cm−1, associated with the vibration of C=C bonds in aromatic rings
and carboxylic groups, shows variations in intensity and position, indicating chemical
transformation in the bond network of the material. Oxidation also enhances the bands
at 968 cm−1, attributed to the vibration of Mn-O bonds, suggesting the incorporation of
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manganese oxides (MnO2, Mn2O3) on the biochar surface. The presence of phosphorus
was evidenced by the band at 837 cm−1 corresponding to P-O vibrations, indicating the
formation of phosphate groups, while the band at 639 cm−1 associated with S-O bonds
suggests the introduction of sulphonate groups.

Activation with KMnO4 creates oxidized active sites on the biochar surface, which
increases the density of Mn, P, and S functional groups in the activated areas. These
groups, being dispersed on the surface, enhance the infrared signal of their bonds in
the FTIR spectrum. Although the total concentrations of Mn, P, and S are moderate, the
high intensity of their bands is explained by their surface concentration and a favorable
chemical environment that enhances the infrared response. This phenomenon confirms
that the KMnO4 activated biochar has a surface enriched in oxidized species, suggesting a
higher reactivity.

3.2. Microstructure

Figure 3 presents the X-ray diffraction (XRD) patterns for the biochar and activated
biochar samples. The diffractogram of the biochar shows two characteristic peaks at 24.0◦

and 40.7◦, indicative of graphitization during biomass pyrolysis [35]. The signal at 24.0◦ cor-
responds to the (002) reflection, associated with the stacked aromatic layers of graphite [36].
The amplitude of this signal suggests a reduction in crystallite dimensions perpendicular
to the layers, indicating that pyrolysis produces disordered graphitic domains rather than
highly ordered graphite. The signal at 40.7◦ corresponds to the (100) plane, reflecting the
sp2 hybridization of the carbon atoms [37] and providing further insights into the structural
order of the biochar.
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Figure 3. XRD pattern of biochar and activated biochar.

In addition, a broad signal around 14.8◦ is observed, typically associated with inter-
layer spacing in graphite-like materials, influenced by the presence of oxygenated functional
groups located between the layers. This signal, characteristic of materials such as graphene
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oxide (GO), reflects an increase in interlayer spacing compared to graphite, suggesting
structural heterogeneity in the biochar. For GO, the (001) signal is generally observed in
the 9◦ to 15◦ range [38]; therefore, the signal in biochar likely indicates variability in the
concentration and distribution of oxygenated groups, resulting in a structure intermediate
between graphite and GO. The coexistence of signals (indicative of crystalline graphite
domains) and broader, functionalized signals (typical of GO) suggests that biochar consists
of a mixture of stacked crystalline regions and heavily functionalized domains. Some
regions exhibit dense functionalization, whereas others retain minimal oxidation, which
contributes to the heterogeneous structure of the material [39]. This structural inhomogene-
ity may be influenced by the pyrolysis conditions, which promote an uneven distribution
of oxygenated functional groups between the carbon layers. Additionally, signals at 28.5◦

and 29.5◦ are attributed to carbonate minerals, such as calcite (CaCO3) (JCPDS file n◦.
47–1743) [40], confirming the presence of inorganic impurities in limited quantities.

On the other hand, the activated biochar shows significant structural changes com-
pared to its non-activated counterpart. The disappearance of graphite signals is indicative
of the rapid oxidation and reduction in the size of the crystalline graphite domains. The
activation process increases the interplanar distance and promotes the exfoliation of the
layers, which results in a more amorphous structure enriched with oxygenated functional
groups [26]. If the exfoliation progresses to the point of separating the layers into single
monolayers, the characteristic signal of the (001) plane diminishes or disappears entirely,
explaining its absence in the diffractogram of the activated biochar. Furthermore, distinct
signals corresponding to the formation of manganese oxides (such as MnO2 and Mn2O3)
and manganese phosphates (MnPO4) were observed, confirming the Mn and P presence
identified through XPS analysis. These findings underscore the profound structural and
chemical modifications induced by chemical activation, yielding an activated biochar char-
acterized by a highly functionalized surface and a disordered structure—key attributes of
materials with high surface reactivity [12].

3.3. Morphology and Specific Surface

SEM images at different magnifications, shown in Figure 4, provide detailed insights
into the morphology of the biochar before and after chemical activation, revealing signifi-
cant changes in its structure. The biochar in Figure 4a displays large blocks with stacked
lamellae, indicative of a layered structure typical of carbon-rich materials derived from
biomass pyrolysis [41]. These lamellae exhibit an interlocking texture, forming irregular
layers, suggesting an organized structure with high carbon content, similar to the morphol-
ogy of graphite-based materials [42,43]. This morphology is consistent with the findings
reported by de Almeida, S. G., 2022 for a biochar produced from sugarcane biomass [44]. At
higher magnifications, the biochar surface reveals a homogeneous distribution of small par-
ticles and flake-like fragments, likely resulting from thermal degradation during pyrolysis.
This process facilitates the gradual decomposition of the microstructure, increasing surface
roughness and generating smaller particles and flakes [45]. The SEM images confirm the
presence of large, rough carbon flakes with smaller fragments adhered to their surfaces,
clearly visible in the basal planes of the blocks.

On the other hand, chemical activation induces significant morphological changes
in the biochar (Figure 4b), notably altering its surface structure. In contrast to the layered
structure of the initial biochar, the activated biochar exhibits a morphology composed of
smaller, rougher particles ranging in size from 800 to 900 nm. This transformation suggests
a fragmentation of the original structure and a pronounced increase in surface roughness.
At higher magnifications, the surface of these particles reveals flake-like features similar
to those observed in the biochar, indicating a process of exfoliation and fragmentation of
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the graphitic lamellae caused by chemical attack [46], as corroborated by the XRD pattern.
The chemical attack weakens the bonds between graphite layers, promoting the formation
of smaller fragments, which then agglomerate into rough, flaky particles. This process
contributes to an increase in the specific surface area of the activated biochar, as reflected in
the values in Table 1.
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Table 1. Specific surface area (SSA) and pore volume of biochars.

Material Specific Surface Area BET (m2/g) Pore Volume (cc/g)

Biochar 2.60 0.142
Activated biochar 3.25 0.011

Despite these morphological changes, the increase in SSA was moderate. The high
concentration of oxygenated functional groups on the surface of activated biochar facilitates
the agglomeration of exfoliated and fragmented lamellae [47]. Thus, although chemical
activation increased roughness and generated flaky structures on the surface, the resulting
agglomeration prevented a more significant increase in total surface area. On the other
hand, the observed reduction in pore volume could be due to the partial collapse of the pore
structure during the chemical treatment, especially affecting the micropores by restructuring
or destruction of the internal network. The agglomeration of carbon fragments on the
surface may obstruct access to deeper pores, reducing the space available for adsorption [48].
In addition, the introduction of oxygenated functional groups on the pore walls occupies
space within the pores, decreasing the effective volume, which may potentially limit the
adsorption of larger molecules [49]. However, although the reduction in pore volume may
limit its adsorption capacity for large molecules, the slight increase in surface area, together
with the presence of active oxygenated groups, may favor the adsorption of smaller and
polar compounds, optimizing its application in water remediation.

3.4. Adsorption Experiments
3.4.1. Effects of Contact Time and Kinetics

The adsorption efficiency of dyes on biochar and activated biochar was evaluated as
a function of contact time for 30 min under dark conditions. This parameter is critical in
determining how quickly the molecules of dye are captured by the adsorbent surface, as
well as the time required to reach adsorption equilibrium. For a more rigorous analysis
of the kinetics, the results were evaluated at defined time intervals and fitted to both
pseudo-first-order and pseudo-second-order adsorption kinetic models. However, the R2

values demonstrated a more suitable fit of the experimental data to the pseudo-second-
order model, indicating that it better describes the adsorption process. Nevertheless,
the parameters obtained from the pseudo-first-order model are provided in Table S1 as
a reference.

Figure 5a exhibits varying adsorption efficiencies on biochar. For RhB, removal reached
10.8%; for MB, 37.5%; and for MG, 88.4% after 30 min. These results are attributed to the
structure and chemical composition of the biochar surface, as confirmed by FTIR and XPS
analyses. The limited presence of functional groups, such as hydroxyl (-OH) and carboxyl
(-COOH), which are essential for electrostatic interactions and hydrogen bonding [50],
explains the moderate adsorption rates for all dyes. Regarding the observed differences
in removal percentages among the dyes, these variations were attributed to the distinct
physicochemical properties of each dye.

Although the dyes are cationic and the biochar surface lacks sufficient oxygenated
functional groups for effective electrostatic interactions, MG showed significantly higher
adsorption efficiency. This superior performance is likely due to the planar structure of the
aromatic rings of the MG molecule, which allows stable π–π stacking interactions with the
adsorbent [51]. It has been previously demonstrated that π–π interactions can possess a
chemical character as a consequence of electron transfer and a particular affinity between
the adsorbent and the adsorbate [52,53]. These interactions, which are stronger and more
stable compared to those with MB, are enhanced by the molecular complexity of MG and
its nitrogen atom, which disrupts the electronic conjugation of MB, thereby reducing the
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stability of its interactions [54]. Furthermore, the larger and more complex structure of MG
allows it to form multiple π–π interactions more effectively than MB, which is smaller and
less conjugated [55,56]. This enhances the ability of MG to exploit the graphitized regions
of the biochar surface, promoting more intense and stable interactions. In contrast, RhB
showed significantly lower adsorption due to its pH sensitivity. In neutral media, weakened
cationic interactions limited its removal efficiency [57]. This aligns with previous studies
reporting that RhB adsorption is almost entirely inhibited at pH > 6 [58]. These findings
underscore the importance of both the chemical and structural properties of the adsorbent
and the intrinsic characteristics of the dyes in determining adsorption performance. Figure 6
provides a schematic representation of the potential interactions between the dyes and the
active sites of the biochar surface. These interactions are proposed based on comprehensive
studies reported in the literature, which have compared the chemical bonds formed between
similar adsorbents and adsorbates after the adsorption process [56,59,60]. These studies
utilize advanced characterization techniques such as FTIR to confirm the nature of these
interactions. The schematic emphasizes key mechanisms such as π–π stacking interactions,
hydrogen bonding, electrostatic attractions, and van der Waals forces, highlighting the
role of the functional groups present on the biochar surface and the molecular structure of
the dyes.

Figure 5. Effect of contact time on dye adsorption on (a) biochar and (b) activated biochar (under
working conditions: initial dye concentration: 10 ppm, adsorbent dosage: 1 g/L, pH: 7, room
temperature).

The activated biochar (Figure 5b) exhibited a significant improvement in adsorption
efficiency, reaching a complete removal (100%) of the three evaluated dyes. This enhance-
ment is attributed to the substantial increase in the concentration of oxygenated functional
groups, which increases both the polarity and reactivity of the biochar surface, making the
improvement in RhB adsorption more evident. Despite a reduced pore structure (confirmed
by BET), the higher concentration of oxygenated functional groups and the presence of
impurities compensate for this limitation by providing additional active sites, enabling
rapid and effective interactions with the dyes. However, the time required to reach ad-
sorption equilibrium varied among the dyes. While MB and MG reached equilibrium
within 9 min, RhB required significantly more time (24 min). This disparity suggests that
adsorption kinetics depend not only on the surface properties of the adsorbent but also
on the molecular structure and polarity of the dyes. RhB, with its larger molecular size
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and reliance on polar interactions, requires more time to establish electrostatic stabilization
and form hydrogen bonds with the oxygenated functional groups on the biochar surface.
This behavior aligns with previous studies comparing the adsorption capacity of various
biomass-derived biochars, thus supporting the findings obtained in this work within the
existing literature. Table S2 provides a detailed comparison of recent studies investigating
the removal of aquatic pollutants using biomass-derived biochars, highlighting the influ-
ence of surface structure and functional groups on adsorption performance. This broader
context strengthens the understanding of how chemical modifications in biochars enhance
their adsorption efficiency for diverse contaminants.
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Figure 7 illustrates that the pseudo-second-order kinetic model provides the best fit for
describing the adsorption process in all cases, highlighting the predominance of chemisorp-
tion. This implies that the adsorption rate is primarily governed by the availability of active
sites and electron exchange interactions between the dye molecules and the oxygenated
functional groups on the biochar surface, rather than being limited solely by diffusion
processes [61]. The kinetic parameters derived from the model are summarized in Table 2,
providing quantitative insights into the adsorption dynamics for each dye.
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Figure 7. Pseudo-second-order kinetic study of dye adsorption by (a) biochar and (b) acti-
vated biochar.

Table 2. Results of the pseudo-second-order kinetic model for the adsorption of biochar and acti-
vated biochar.

Material Dye qe (mg/g)(Experimental)
Pseudo-Second Order

k2 (min−1) qe (mg/g)(Calculated) R2

Biochar
MB 3.48 ± 0.04 0.76 3.47 0.9831
RhB 1.08 ± 0.02 10.22 1.07 0.9748
MG 8.82 ± 0.11 0.35 8.77 0.9994

Activated
biochar

MB 10 ± 0.06 1.18 10.03 0.9999
RhB 10 ± 0.50 0.10 10.32 0.9998
MG 10 ± 0.12 0.58 10.06 0.9999

3.4.2. A Mechanistic Model for MB Dye Diffusion

To further elucidate the complex adsorption mechanisms observed, an intraparticle
diffusion model was applied to analyze the transport and diffusion processes of species
within the adsorbent materials [62]. Plots of qt versus t1/2 for the dyes adsorbed on biochar
and activated biochar are presented in Figure 8, fitting a linearized form of the model to
describe each adsorption phase [63]. The adsorption process for all three dyes comprises
three distinct stages.

In the first stage (I), rapid and pronounced adsorption occurs within the initial three
minutes of contact, particularly for all three dyes. During this stage, adsorption approaches
near-maximum levels, attributed to the high availability of surface-active sites and the
steep concentration gradient between the dye molecules in the solution and the adsorbent
surface. This phase is dominated by surface adsorption, where dye molecules rapidly bind
to accessible outer surface sites on the biochar, unhindered by internal diffusion constraints,
enabling near-complete adsorption within a short time.
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Figure 8. Intraparticle diffusion model for dye adsorption in (a–c) biochar and (d–f) activated biochar.

In the second stage (II), the adsorption continues at a slower rate because the sur-
face sites have been occupied, causing the process to become limited by intra-particle
diffusion into the deeper pores. The penetration of the dye molecules into the internal
structure increases resistance to diffusion, limiting the rate of adsorption. Each dye reaches
equilibrium during this phase, influenced by its molecular properties. For biochar, MB
reaches equilibrium quickly (≈6 min), likely due to its smaller molecular size and favorable
diffusion characteristics, whereas RhB and MG equilibrate at ≈18 and 12 min, respectively,
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due to their larger size and higher resistance to internal diffusion. On activated biochar,
equilibrium is reached slightly later, with MB and MG equilibrating at 9 min and RhB at
24 min. The slower rate in this phase reflects the diffusion-limited nature of the process [61].
Interestingly, within this second stage, the presence of two linear sub-regions (a and b)
suggests a transition between two diffusion phases, specifically for RhB and MG: an initial
faster diffusion into larger, more accessible pores, followed by a slower diffusion into
smaller or less accessible pores. The structural heterogeneity of the materials, combined
with the molecular size and interaction of the dyes with the pore walls, likely influenced
this phenomenon.

Finally, in the third stage (III), after the maximum adsorption is achieved, biochar
(Figure 8a–c) exhibits a slight desorption followed by readsorption. For MB, the desorption–
readsorption cycle ranges between 31% and 37%, while for RhB and MG, the values are
9–11% and 87–91%, respectively. This stage reflects a dynamic equilibrium, where a fraction
of the adsorbed molecules undergo desorption, which can be attributed to the presence
of physisorption interactions. This allows for a limited degree of reversibility. Although
kinetic models indicate that the process is dominated by chemosorption, the presence of
multiple interactions—such as π–π stacking, van der Waals forces, and hydrogen bond-
ing (as depicted in Figure 6)—suggests a hybrid adsorption mechanism involving both
chemisorption and physisorption. Therefore, the term ‘chemosorption’ in this context
refers to specific interactions involving electronic affinities beyond weak physical forces.
In contrast, activated biochar demonstrates significantly improved adsorption behavior
(Figure 8d–f). During the third stage, no desorption is observed, indicating irreversible
adsorption and a stronger predominance of chemisorption. This enhanced performance
is attributed to the increased concentration of oxygenated functional groups and struc-
tural modifications introduced during activation, which strengthen the adsorbent–dye
interactions and improve the stability of adsorption.

The parameters of the intraparticle diffusion model, presented in Table 3, indicate that
the intraparticle diffusion rate constant kp1 > kp2, confirms that the rate of dye removal
during the first stage is higher than in the second stage for both systems [64].

Table 3. Stage parameters of intraparticle diffusion kinetics model for biochar and activated biochar
adsorption.

Material Dye
1st Step 2nd Step 3rd Step

kp1 (mg/g·min1/2) R2 kp2 (mg/g·min1/2) R2 kp3 (mg/g·min1/2) R2

Biochar

MB 2.028 1 1.6959 1 - -

RhB 0.413 0.9805
(a) 0.112 0.995 - -
(b) 0.229 0.998

MG 4.791 1
(a) 1.176 1 - -
(b) 0.129 0.995

Activated
biochar

MB 5.476 1 3.916 0.992 - -

RhB 4.430 1
(a) 1.259 0.986 - -
(b) 0.401 0.988

MG 5.224 1 3.846 0.998 - -

3.4.3. Adsorption Isotherm Models

To further understand the adsorption behavior of dyes on biochar and activated
biochar, the experimental data were fitted to both the Freundlich and Langmuir isotherm
models. While the analysis of the Freundlich model is included in the supplementary
material (Figure S1), the R2 values confirm that the Langmuir model provides a superior fit
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to the experimental data. This result indicates that dye adsorption on biochar and activated
biochar primarily occurs through the formation of a uniform monolayer on the adsorbent
surface until maximum saturation is achieved [65,66].

The suitability of the Langmuir isotherm model is further supported by the graphical
fits for each dye, as shown in Figure 9. The consistency between the kinetic and isothermal
models reaffirms that dye adsorption on biochar and activated biochar is predominantly
governed by the formation of specific chemical bonds in a monolayer configuration. This
alignment provides a comprehensive understanding of the adsorption mechanism and
underscores the efficiency of activated biochar as a high-performance adsorbent for the
removal of dyes from aqueous solutions.
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Figure 9. Adsorption Langmuir isotherm study of dye by (a–c) biochar and (d–f) activated biochar.

Table 4 presents the Langmuir isotherm parameters, including the maximum adsorp-
tion capacity (qmax) and the separation factor (RL), which are critical for assessing the
efficiency and selectivity of the adsorption process under the evaluated conditions (10 ppm;
pH~7; T = 25 ◦C). For biochar, the RL values fall within the range 0 < RL < 1, indicating a
favorable adsorption process characterized by moderate affinity between the dyes and the
biochar [67]. This range suggests that while the biochar efficiently adsorbs the dyes, the
interaction is sufficiently weak to permit partial desorption. This aligns with the experi-
mental observations of desorption and readsorption, indicating a reversible and efficient
adsorption process.

In contrast, the RL values for activated biochar are notably low, approaching zero.
These values indicate a much stronger interaction between the dyes and the activated
material, suggesting high-affinity adsorption nearing irreversibility. This behavior is char-
acteristic of adsorbents with highly reactive and specific surfaces [68]. A comparison of RL

values between biochar and activated biochar reveals a stark difference in both adsorption
capacity and the nature of the interactions, underscoring the superior performance of
activated biochar. This material is particularly advantageous in applications requiring
strong and sustained retention of pollutants.
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Table 4. The Langmuir isotherm model results for biochar and activated biochar adsorption.

Materials Dye
Langmuir Model

qmax (mg/g) KL (L/mg) RL (10 ppm) R2

Biochar
MB 7.55 13.55 0.0480 0.977
RhB 1.64 5.95 0.0110 0.982
MG 33.84 31.20 0.0210 0.988

Activated
biochar

MB 470.23 463.86 0.0002 0.998
RhB 129.53 123.72 0.0008 0.998
MG 992.72 986.34 0.0001 0.999

Furthermore, qmax obtained in this study provides critical insights into the efficiency
of the materials for dye removal. For activated biochar, the qmax values achieved were
470.23 mg/g for MB, 129.53 mg/g for RhB, and an exceptional 992.72 mg/g for MG. These
results demonstrate the remarkable capacity of activated biochar, particularly for MG,
where it significantly outperforms other biochar and adsorbents reported in the literature.
For instance, water lily-derived biochar [69] and tapioca peel biochar [70] exhibited qmax

values of 102.35 mg/g and 29.28 mg/g, respectively, for MG, while corn straw-derived
biochar [71] reached a higher qmax of 515 mg/g. Similarly, for MB, the qmax of 470.23 mg/g
achieved by the activated biochar significantly exceeds that of biochars derived from lychee
seeds (124.5 mg/g) [72] and carbon–silica composites (340.1 mg/g) [73]. Although it falls
short of the porous alginate-based hydrogel beads (1426.0 mg/g) [74], activated biochar
offers a more cost-effective and scalable alternative with excellent adsorption capacity.
For RhB, the qmax is 129.53 mg/g, surpassing biochar derived from olive biomass waste
(32.81 mg/g) [75] but remaining below the activated carbon derived from jackfruit peel
(263.71 mg/g) [76]. These comparisons emphasize the versatility and strong adsorption
capacity of the pineapple crown biochar while suggesting that further functionalization
could enhance its performance for specific dyes such as RhB.

Overall, the exceptional adsorption capacities achieved by the activated biochar de-
veloped in this study highlight its potential as a superior adsorbent for a wide range of
dyes, particularly MG. The Langmuir isotherm model provides a reliable framework for
understanding and optimizing the adsorption process, reaffirming the suitability of acti-
vated biochar as a cost-effective and efficient solution for dye-laden wastewater treatment.
Future studies should explore the reusability and long-term performance of this material to
fully assess its potential for industrial applications.

4. Conclusions
This study demonstrated that chemical activation of biochar derived from pineapple

crown biomass significantly enhances its adsorption capacity for organic dyes, achieving
complete removal of MB, RhB, and MG. The superior adsorption performance of the acti-
vated biochar, compared to its unmodified counterpart, was attributed to the higher density
of active sites generated during the activation process. Kinetic and isotherm analyses
revealed that the adsorption process follows a pseudo-second-order model, underscor-
ing the critical role of chemisorption and active site availability in determining process
efficiency. The Langmuir isotherm further confirmed that adsorption occurs via mono-
layer formation on a homogeneous surface, characterized by strong adsorbent–adsorbate
affinity. Additionally, activation markedly increased the concentration of oxygenated func-
tional groups (from 13.8% to 49.13%), enhancing surface reactivity and enabling faster
adsorption kinetics. Equilibrium was achieved in approximately 9 min for MB and MG
under experimental conditions (10 ppm, neutral pH, and ambient temperature). Structural
and chemical modifications were validated through SEM, BET, FTIR, and XPS analyses,



Sustainability 2025, 17, 99 19 of 23

which revealed significant changes in surface morphology and functionality. These trans-
formations contribute to the high reactivity and exceptional adsorption performance of
the material. Compared to other adsorbent materials reported in the literature, activated
biochar derived from pineapple crown biomass stands out as a low-cost, efficient, and rapid
solution for dye removal in aqueous systems. Although this study primarily focused on
initial adsorption efficiency under standard pH and temperature conditions, it is important
to consider that factors such as pH, ionic strength, and thermodynamics can significantly
influence adsorption performance. Additionally, the reusability of the material after multi-
ple adsorption–regeneration cycles warrants further investigation. Future research should
explore the effects of these variables to fully realize the potential of this material as a
reusable and scalable adsorbent for industrial and environmental applications. This study
highlights its potential as a sustainable solution for water remediation, proposing it as a vi-
able alternative to conventional adsorbents, particularly due to its low cost and abundance
of raw materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su17010099/s1, Table S1: Recent studies on pollutants removal
by various biomass-derived biochar; Table S2: Comparison of recent studies on pollutant removal by
various biomass−derived biochar; Figure S1: Adsorption Freundlich isotherm of dyes by (a) biochar
and (b) activated biochar, [3,69,76–81].
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