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Abstract: The increasing generation of agro-industrial waste has intensified soil and water
contamination, as well as the eutrophication of water bodies, impacting biodiversity and
human health. This highlights the need for responsible management to meet Sustainable De-
velopment Goals (SDGs) 3, 6, 12, 13, 14, and 15, which promote health, access to clean water,
responsible consumption, climate action, and the protection of life on land and below water.
This study aimed to produce activated carbon from cocoa, baru, and monguba residues
for the removal of contaminants dyes (methylene blue, bromocresol green, and methyl
red) presented in wastewater. The three materials were carbonized at 500 °C for one hour
under a nitrogen atmosphere and activated with H3POy. The samples were characterized
using TGA, SEM, XRD, FT-IR, pHpzc, and ASAP, in addition to conducting kinetic and
thermodynamic parameter assays for the dyes. Monguba carbon exhibited the highest pore
volume (1.57 cm3-g~1), surface area (1604 m?-g~!), and adsorption capacity for methylene
blue and methyl red (50 mg-g~!). The data were analyzed using pseudo-first and pseudo-
second order kinetic models. It was concluded that monguba carbon shows potential
for the sustainable removal of organic dyes and molecules with similar characteristics in
contaminated water or wastewater.

Keywords: Theobroma cacao L.; Dipterix alata Vog.; Pachira aquatica Aubl.; solution for dye
removal; sustainable water treatment; agro-industrial waste management

1. Introduction

Technological advances have increased pollutants in the environment and water, with
organic dyes being among the most hazardous [1]. The use of dyes is expanding across
various industries, such as textiles, paper, plastics, food, and cosmetics, resulting in massive
annual production [2]. Up to 15-20% of these dyes are released in wastewater [3], present-
ing concentrations between 100 and 500 mg~L’l in textile wastewater [4,5]. These dyes
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are difficult to treat due to the complexity of their molecular structure, chemical stability,
and high resistance to biodegradation, posing risks to both human health and the environ-
ment [1]. More than 10% of the dyes produced during industrial processes are resistant
to water, sweat, light, oxidizing agents, and microorganisms. Even at concentrations as
low as 1 mg-L~! in wastewater, dyes are visible [5], affecting water quality due to color
changes and toxicity, posing cancer and mutation risks. This makes wastewater treatment
prior to discharge into effluents, in many cases, a higher priority than the removal of
other compounds [6].

Methylene blue (MB), classified as a cationic thiazine dye with the Color Index Number CI
52015, is widely used in industries such as textiles, biology, and chemistry due to its water solu-
bility and chemical stability. This dye is particularly employed in the coloring of materials like
wool and silk, and it can adsorb onto negatively charged surfaces. Structurally, MB contains a
heterocyclic aromatic ring that facilitates strong interactions with adsorbent surfaces, particularly
through electrostatic attraction. This property, combined with its high visibility even at low con-
centrations, makes it an ideal candidate for evaluating adsorption processes. However, MB has
adverse effects on human health, such as methemoglobinemia, cyanosis, seizures, tachycardia,
eye and skin irritation, digestive disorders, mental confusion, vomiting, anemia, hypertension,
and dyspnea. It also affects the metabolism of aquatic organisms and has teratogenic effects on
fish [7-12]. Bromocresol green (BCG), a triphenylmethane dye, is commonly used as a pH indi-
cator and coloring agent in analytical and laboratory applications. Unlike other industrial dyes,
BCG does not have an assigned Color Index Number, as it is not used in dyeing processes or the
textile industry but rather in scientific and educational settings. As an anionic dye, BCG contains
a sulfonate group in its structure, which increases its solubility in water and enhances its stability.
However, its resistance to biodegradation and complex molecular structure make it challenging
to remove from wastewater. In the environment, BCG can persist and disrupt the ecological
balance, particularly by reducing photosynthetic rates in aquatic ecosystems. Furthermore, it is
capable of causing carcinogenic diseases, ocular damage, and nausea, and it also reduces the
photosynthetic rate in the marine environment, creating an ecological imbalance, and empha-
sizing the need for effective adsorption techniques [13-17]. Methyl red (MR), a monoazo dye
with the Color Index Number CI 13020, is highly toxic, difficult to degrade, and widely used
in the textile industry and as an acid-base indicator [1,18]. It belongs to the category of acidic
dyes and contains an azo (-N=N-) group, which is responsible for its intense color and chemical
stability. This group, along with its carboxylic acid functional group, enhances its resistance to
biodegradation and contributes to its persistence in the environment. MR has been reported to
cause irritation to the eyes, skin, and digestive tract in humans, as well as exhibiting mutagenic
and carcinogenic effects. It has also been observed that it reduces light penetration into the
lower layers of water bodies, decreasing the photosynthetic rate and the oxygen concentration
necessary for the survival of aquatic flora and fauna. Within trophic chains, an increase in the
concentration of organic dyes has been identified as the chain lengthens, a phenomenon known
as bioaccumulation [19-22].

Various methods exist for treating and decolorizing contaminated effluents, such as
coagulation, flocculation, photocatalysis, membrane separation, chemical oxidation, ozonation,
ion exchange, ultrafiltration, adsorption, and solvent extraction [3,7,23], which often may
require membranes, large amounts of energy, and specialized labor. Among these, adsorption
stands out for its low cost and high efficiency in removing dyes without generating harmful
substances or residues [1]. However, the cost of adsorbents limits their large-scale application.
Therefore, it is crucial to identify adsorbents with high adsorption capacity, low production
cost, and simple, eco-friendly preparation methods [1,7,24]. Biomass-based adsorbents are
promising due to their effectiveness in water treatment and their potential to reduce agro-
industrial waste [25-32]. Such biomass can come from various sources, including wood,
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agricultural and forestry residues, and crustacean shells [2,33-36]. For instance, activated
carbons derived from cocoa shells have been used as adsorbents for contaminants [1,37-39].

Few studies have investigated the production of activated carbon from baru and monguba
residues, though promising results have been shown in the adsorption of mercury, nickel,
and cadmium [40,41] or in improving post-harvest food storage conditions [42]. Other agro-
industrial residues have been transformed into activated carbon to remove MB, BCG, and MR,
highlighting the importance of treating wastewater containing these dyes [7,11,43-45]. Cocoa
(Theobroma cacao L.), baru (Dipteryx alata Vog.), and monguba (Pachira aquatica Aubl.) are valuable
tropical trees known for their fruits, but they also generate waste. Cocoa seeds, essential for choco-
late production, have shells that are often discarded [46,47]. Baru and monguba fruits are highly
nutritious; however, the residues generated during seed extraction are considerable [26,48,49].
Utilizing these residues to produce activated carbon could help mitigate environmental pollution
while contributing to food security and local economies [50-52].

In this context, the novelty presented in this work is two-fold: the utilization of cacao, baru,
and monguba shells, which reduces the amount of waste in the environment and promotes
their circularity, thereby adding value to these materials; moreover, the demonstration of the
potential of activated carbons derived from these residues as adsorbents for the removal of
dyes from wastewater and drinking water. Furthermore, the valorization of these residues into
activated carbons supports a circular economy by ensuring they are reused instead of discarded,
reducing environmental impact and promoting sustainability. The cacao, baru, and monguba
residues are low-cost and widely available in Brazil and other countries where these plants are
cultivated, making them accessible to both urban and rural communities. The low production
costs of these adsorbents could also lead to cost-effective solutions for wastewater and drinking
water treatment, contributing to efficient water resource management in various regions.
The selection of MB, BCG, and MR as model dyes for this study reflects their environmental
relevance, chemical diversity, industrial significance, and toxicity. MB represents cationic
dyes, BCG illustrates anionic triphenylmethane dyes, and MR exemplifies monoazo dyes,
providing a comprehensive understanding of the adsorption potential of activated carbons
derived from cacao, baru, and monguba shells. Furthermore, the use of these dyes allows for
visual monitoring of the adsorption process, as they can be visualized at low concentrations,
making them ideal for evaluating adsorption effectiveness. Although studies on the activation
of cacao and baru carbons with HzPOj, already exist, the experimental conditions used in this
work, such as temperature and activation time, differ, allowing for the exploration of new
characteristics and adsorption capacities and providing a physicochemical interpretation of the
adsorption mechanisms of these alternative materials.

This research contributes to the circular economy by upcycling cacao, baru, and monguba
residues into valuable activated carbon, addressing the growing need for sustainable wastewater
treatment. By utilizing agro-industrial waste, this study not only offers an eco-friendly solution to
environmental pollution but also promotes responsible consumption and production. Moreover,
it directly contributes to several Sustainable Development Goals (SDGs), including SDGs 3
(Good Health and Well-being), 6 (Clean Water and Sanitation), 12 (Responsible Consumption
and Production), 13 (Climate Action), 14 (Life Below Water), and 15 (Life on Land). The results
of this study further complement previous research on activated carbon from cacao and baru,
while introducing new activation conditions and providing valuable insights into the adsorption
potential of these materials.

2. Materials and Methods
2.1. Chemicals

Orthophosphoric acid (H3PO4) 85% PA (CAS 7664-38-2), Hydrochloric acid (HCI)
37% PA ACS (CAS 7647-01-0), and Sodium hydroxide microbeads (NaOH) PA (CAS
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1310-73-2) from Neon Comercial Reagentes Analiticos LTDA, Suzano, SP, Brazil; Granu-
lated activated carbon (CAS 7440-44-0) and Sodium chloride (NaCl) PA (CAS 7647-14-5)
from Dindmica Quimica Contemporanea LTDA, Indaiatuba, SP, Brazil.; Methylene blue
(C16H18CIN3S-3H,0) PA (CAS 122965-43-9), Bromocresol green (Cp1Hi4BryOsS) PA ACS
(CAS 76-60-8) and Methyl red (C15H15N30,) PA ACS (CAS 493-52-7), from Qhemis Hexis
Cientifica, Jundiai, SP, Brazil. In Table 1, the properties of the dyes that serve as adsorbates
in the study can be observed.

Table 1. Characteristics of dyes [12,17,22]. The light blue, red, dark blue, yellow, light green, dark
green, and white balls represent carbon, oxygen, nitrogen, sulfur, chlorine, bromine, and hydrogen
atoms, respectively.

Properties Methylene Blue Bromocresol Green Methyl Red
2,6-dibromo-4-[3-(3,5-dibromo-4-
TUPAC Name [7-(dimethylamine)phenothiazin-3- hydroxy-2-methylphenyl)-1,1-dioxo- 2-[[4-(dimethylamine)phenyl]
ylidene]-dimethylazanium;chloride 2,1A%-benzoxathiol-3-y1]-3- diazinyl]benzoic acid
methylphenol
| Xi&j
Chemical Structure Model by /
ChemSketch (Freeware), version 2023.2.4: N a
ACD/Labs, Toronto, ON, Canada. / >
4 February 2024 [53] | »
D
° év’
Molecular formula C16H18C1N3S C21H14BI‘405S C15H15N302
Molecular dimension 1.6-2.0 nm 1.8-2.2 nm 1.3-1.5nm
Molecular Weight 319.9 g-mol ! 698.0 g-mol ! 269.30 g-mol !
Dissociation Constant pKa (25 °C) 3.80 4.51 4.82
3
Chemical Safety
Health  Environmental
Corrosive  Irritant Irritant Hazard  Hazard

Spheres represent the following elements: Carbon (C) in cyan, Hydrogen (H) in white, Oxygen (O) in red,
Nitrogen (N) in blue, Chlorine (Cl) in light green, Sulfur (S) in yellow, and Bromine (Br) in green.

2.2. Samples

As precursor materials for the activated carbons produced in this work, cocoa, baru,
and monguba shells were used, which come from different regions of Brazil: Ilhéus munici-
pality, Bahia state (cocoa), Varzea da Palma municipality, Minas Gerais state (baru) and
Camacari municipality, Bahia state (monguba). Samples were washed to remove surface
dirt and dried at 110 °C for 24 h in an oven (TECNAL, TE-394/3, Piracicaba, SP, Brazil),
crushed in a shredder (LIPPEL, TL 1200, Agrolandia, SC, Brazil), and screened at Mesh 2
and stored in a desiccator until use.

2.3. Preparation of Activated Carbons

To obtain activated carbons (CAC: cocoa activated carbon; BAC: baru activated carbon;
MAC: monguba activated carbon), we followed the methodologies of Boundzanga et al. [54]
and Pereira et al. [55], with modifications, for carbonization and chemical activation.
The dried and crushed cocoa, baru, and monguba shells were impregnated with 85% Hz PO,
activation agent, in a 1:2 ratio (sample:activation agent) and kept at 80 °C under stirring
for 60 min at 100 rpm. The samples were filtered with fine mesh (1 mm) for a few seconds
and immediately placed in an oven at 110 °C for 24 h. After this time, the samples were
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carbonized in a quartz reactor, inside a tubular furnace (SANCHIS, FT 1200, Porto Alegre,
RS, Brazil) under the following conditions: 500 °C, with a heating rate of 10 °C min !,
under N flow (160 mL-min~'), for 1 h. After carbonization, the samples were allowed to
cool to 25 £+ 1 °C and were treated with a wash with 37% HCl to remove ash formed and
other impurities generated during the heat treatment. Then, the samples were washed with
ultrapure H,O and 0.01M NaOH until reaching neutral pH. Afterward, the samples were
placed in an oven at 110 °C for 24 h to ensure complete evaporation of the water. Finally,
the dried activated carbons were stored in a desiccator at 25 + 1 °C for further studies.

2.4. Characterization of Activated Carbons
2.4.1. Thermogravimetric Analysis (TGA/DTA)

The thermogravimetric analysis was carried out using the Thermogravimetric Analyzer
(SHIMADZU, DTG-60H, Kyoto, Japan), which records a weight loss of 1 g of coal as a function
of temperature under specific and controlled conditions: 0 to 800 °C, with a heating rate of
10 °C min~?, under the influence of N atmosphere (50 mL-min~1) [56].

2.4.2. Yield of Produced Activated Carbons
The percentage yield (Y) of the samples was estimated according to Equation (1) [10],

Y(%) = % % 100 (1)

0
where X, is the weight of the precursor material (g) and x; is the weight of the activated
carbon (g).

2.4.3. Scanning Electron Microscopy (SEM)

SEM analyses were carried out using a Scanning Electron Microscope (JEOL,
JSM—7100F, Peabody, MA, USA) with the aim of determining the topography of the
activated carbon samples. This equipment uses a source from which a beam of electrons
comes out with a current of 30 keV and a detector of electrons reflected by the sample [56].

2.4.4. X-Ray Diffraction (XRD)

For qualitative information on the composition of the mineral phase of the carbon, we
sample formats subjected to X-ray diffraction (XRD). This instrumental technique generates
diffractograms through a diffractometer (BRUKER, D8 Discover, Billerica, MA, USA) by means
of monochromatic radiation from a tube with a copper anode coupled to a Johansson monochro-
mator for Kal equipped with a radiation source (40 kV, 40 mA), Bragg-Brentano configuration
620, one-dimensional detector (LYNXEYE®, Billerica, MA, USA), and 26 range from 5° to 100°,
step of 0.01°, keeping the samples in motion at 15 rpm during the measurement [56].

2.4.5. Fourier Transform Infrared Spectroscopy (FI-IR)

For the analysis of the chemical structure of the carbon and identification of func-
tional groups, Fourier transform infrared spectroscopy (FI-IR) was performed using a
spectrophotometer (BRUKER, Vertex 70, Billerica, MA, USA). The transmission was car-
ried out on a KBr tablet, with an acquisition range of 4000-400 cm !, with an average of
32 measurements, with a resolution of 4 cm~! [56].

2.4.6. Point of Zero Charge (pHpzc)

The pHpzc was determined using the 11-point method [57], in duplicate. Therefore,
0.05 g of activated carbon was placed in 10 mL of NaCl solution (0.1 mol-L~!), varying the
initial pH (pHi) values from 2 to 12, adjusted with 0.1 mol-L~! HCl and 0.1 mol-L~! NaOH
solutions (£0.1 pH units). The suspensions were sealed and kept at 25 °C in a refrigerated
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shaker incubator SL-223 at a constant speed of 160 rpm, for 24 h. The solutions were filtered
through qualitative filter paper, and the final pH (pHf) was measured with a pH meter
(TECNOPON, MPA-210, Piracicaba, SP, Brazil) [33,58].

2.4.7. Analyze Superficial Area and Porosity (ASAP)

The evaluation of the specific surface area and porosity was performed through Nj
adsorption—desorption isotherms (—195.85 °C) in a relative pressure range from 3 x 10~°
to 0.99 obtained by using a high-resolution surface area and porosity analyzer (MICROMERIT-
ICS, ASAP 2020 PLUS, Sao Paulo, SP, Brazil). Prior to measurements, all samples underwent
pre-treatment: degassed at 250 °C for 24 h under a residual vacuum of at least 2 pmHg to remove
volatiles. The specific BET surface area was determined using the Rouquerol BET transform
model [59]. The pore size and pore distribution were determined using the methodology of
Jagiello [60] from the porosity analyzer (2D-NLDFT Heterogeneous Surface, 255, carbon-N2-77,
Sao Paulo, SP, Brazil) model integrated into the Solution of Adsorption Integral Equation Using
Splines (SAIEUS version 3) program. This model was also used for the determination of the
surface area and volume of the micropores and mesopores of the material, as well as the average
pore width.

2.5. Dye Adsorption Studies

The adsorption capacity of the activated carbons against three dyes, namely, MB, BCG,
and MR, was studied. For this purpose, solutions of 100 mg-L~! of each dye were prepared
for the assays, and dilutions of 2, 5, 10, 15, 20, 25, and 30 mg~L’l were made to generate
calibration curves (See Figures S1-53 in Supplementary Materials). The concentration of
100 mg-L~! was selected because it is representative of the dye concentrations found in
industrial effluents from the textile sector and has been used in other studies [10,11,19,20,43],
which facilitates the comparison of results. Additionally, this concentration allows for the
evaluation of the adsorbent’s efficiency under conditions close to real ones, establishing an
appropriate adsorbent-adsorbate ratio for a better visualization of the adsorption kinetics.

The concentrations of the solutions were analyzed using a UV-visible spectrophotome-
ter (HACH, DR 6000, Jundiai, SP, Brazil) at the wavelength of maximum absorption for
each dye, 665 nm for MB, 515 nm for BCG, and 443 nm for MR. The equilibrium adsorption
capacities of the dyes (qe, mg-g~!) were calculated for these adsorbents according to the
following mass balance in Equation (2).

(Co — Ce) "

= xv @

where Co and Ce are the initial and equilibrium dye concentrations of the adsorption
experiment (mg~L’1), m is the adsorbent amount (g), and V is the dye solution volume (L).

These assays were carried out in batch mode, using a refrigerated shaker incubator
(SOLAB, SL-223, Piracicaba, SP, Brazil), and maintained at a constant speed of 160 rpm
and temperature of 25 £+ 1 °C. Each experiment used 50 mL of dye solution at an initial
concentration of 100 mg-L~?, to which 0.1 g of activated carbon was added. The solutions
used in the assays were prepared with ultrapure water and reagents with analytical grade
P.A. At predetermined time intervals of 1, 2, 3, 4, 5, and 6 h, samples were collected and
filtered through qualitative filter paper to analyze the remaining concentration of the dyes.

2.5.1. Adsorption Kinetics

To obtain the kinetic parameters, the dye adsorption data as a function of time were fitted
to the pseudo-first-order (Equation (3)) and pseudo-second-order (Equation (4)) models [61].

qt = ge[1 — exp(kqt)] 3)
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g = kzqgt

= _<le’ 4
1+k2qet ( )

where g is the amount of solute adsorbed per unit mass of adsorbent (mg-g~1); q; is
the amount of solute adsorbed per unit mass of adsorbent (mg'g_l) at time t (minutes);
k; is the kinetic constant of pseudo-first order (min~1); k, is the kinetic constant of the
pseudo-second-order (g-mg~!-min~1) [62].

A multifactorial analysis of variance (ANOVA) was performed using Statgraphics
Centurion to evaluate the influence of two main factors: the type of dye (MB, BCG, and MR)
and the type of adsorbent material (BAC, CAC, and MAC) on the maximum adsorption
capacity (qmax)- The analysis was conducted using Type III sums of squares, F-tests,
and p-values, with a 95% confidence level.

2.5.2. Adsorption Thermodynamics

In the final stage of this study, we examined the effect of temperature on the efficiency of
organic dye removal. The experiments were conducted at three different temperatures: 298.15,
308.15, and 318.15 K. Adsorption experiments involving aqueous solutions of organic dyes
on CAC, BAC, and MAC were carried out for a duration of 6 h. The samples were agitated
at a shaking speed of 160 rpm, using 0.1 g of activated carbon and a dye concentration of
50 mg- L~ for MB, BCG, and MR. The values of ge at 60, 180, and 360 min were determined
using Equation (2). The thermodynamic parameters, including AG (standard Gibbs free energy),
AH (enthalpy change), and AS (entropy change), were calculated based on Equations (5)-(8):

_q¢
Kd = o )
AG = —RTInKd (6)
AG = AH — TAS 7)
AS AH
InKd = ® R 8)

where AG is the Gibbs free energy (KJ-mol~1), R represents the gas constant (8.314 J-mol 1K),
T is the temperature (K), Kd refers to the thermodynamic equilibrium constant and represents
the ratio of the concentration of adsorbate in the solid phase (adsorbent) to its concentration
in the liquid phase (adsorbate), at equilibrium, and is used to evaluate the tendency of the
adsorbent to retain or release the contaminant, while AH (J-mol 1) is the enthalpy change,
and AS (J-mol 1K) is the entropy change [20,35]. To calculate AH and AS, we plotted InKd
against T~!, resulting in a graph known as the Van 't Hoff plot [63,64].

3. Results and Discussion

3.1. Characterization of Activated Carbons
3.1.1. Thermogravimetric Analysis (TGA/DTA)

The thermogravimetric analysis (TGA) of the precursor materials provided crucial
information for selecting the optimal carbonization temperature. This step was essential
to ensure favorable carbonization conditions and sufficient material recovery for sub-
sequent experiments. The TGA/DTA profiles, showing the thermal behavior of cocoa,
baru, and monguba residues prior to the carbonization process, were plotted as mass loss
as a function of temperature and are presented in Figure 1.
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Figure 1. Thermogravimetric analysis of (a) cocoa, (b) baru, and (c) monguba before carbonization.
The blue line (TGA) represents the percentage of mass loss of the untreated materials as a function of
increasing temperature; the red line (DTG) represents the derivative of TGA.

The thermogravimetric analyses of cocoa, baru, and monguba residues revealed mass
loss events prior to carbonization: water evaporation (~80-120 °C), hemicellulose degradation
(~200-350 °C), cellulose (~270-410 °C), and lignin (~200-500 °C), similar to other agro-industrial
residues [65-69]. No significant mass loss was observed beyond 500 °C, indicating that complete
decomposition occurred at this temperature. Therefore, carbonization at 500 °C was selected,
with an expected material recovery of approximately 30%.

After the carbonization and activation process, the TGA /DTA results were verified.
As shown in Figure 2, the obtained materials demonstrated thermal resistance at 500 °C,
evidenced by low mass loss values, with a maximum of 26.37% for baru and a minimum of
10.74% for monguba (Table 2). These results exhibited a trend similar to those observed for
other plant residues [70-72].

100 Loo 100 100 N
- o] 0.5 R w0l 0.0 - w0l :o.o
= z = 103 2 2
8 20 < ® < 8 10 <
5 40 25'5 g 404 715’5 é 40 5
20 3.0 204 20 204
0 100 200 300 400 500 600 700 800 900 ° 0 100 200 300 400 500 600 700 800 90072 ) ° 0 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C) Temperature (°C)
(a) (b) (©
Figure 2. Thermogravimetric analysis of: (a) CAC; (b) BAC; (c) MAC. The blue lines represent the
percentage of mass loss (TGA) of the activated carbons as a function of increasing temperature,
and the red lines represent the derivative of TGA (DTA).
Table 2. Evaluation of the % total mass loss of carbonized materials.
Material Initial Weight (mg) Initial Mass (%)  Final Weight (mg)  Final Mass (%)  Mass Loss (%)
CAC 10.13 100 7.64 75.40 24.60
BAC 12.976 100 9.55 73.63 26.37
MAC 13.17 100 11.75 89.26 10.74

3.1.2. Yield of Produced Activated Carbons

After the carbonization and activation processes, materials were recovered that main-
tained their granular integrity, with a yield ranging from 30.00% to 36.70% (Table 3). This sim-
ilarity is attributed to the comparable chemical composition of the species, which are rich
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in cellulose, hemicellulose, and lignin. These compounds thermally decompose during car-
bonization, forming a carbonaceous matrix. Lignin, the most resistant compound, contributes
to the charcoal yield, demonstrating that these materials are excellent precursors for activated
carbon production [10,73].

Table 3. Yield of carbonized materials.

Precursor Material Yield (%)
Cocoa 36.65
Baru 36.70
Monguba 30.00

3.1.3. Scanning Electron Microscopy (SEM)

In Figure 3, SEM micrographs of the activated carbons are shown at 500 x magnifica-
tion with a scale bar of 10 pm. In general, irregular surfaces and pore formation can be
observed in the micrographs. For CAC, a well-developed porous structure with relatively
uniform pore sizes is noted, similar to the results of previous studies [74].

10pm CRTI
WD 9. 5mm

Figure 3. SEM Images with 500x magnification of the activated carbons from (a) CAC; (b) BAC;
(c) MAC.

Activation with H3POy appears to have created a homogeneous pore network, ideal for
applications requiring a high specific surface area. Chemical impregnation, by promoting
cross-linking formation, leads to the development of a rigid porous matrix. Furthermore,
biomass chemically activated with acid or base prior to pyrolysis oxidizes the porous
carbon surface, enhancing its acidity and removing mineral elements, which also improves
the hydrophilicity of the adsorbent surface [8].

BAC exhibits a less uniform structure compared to cocoa, with visible fractures and
cracks, indicating that the chemical activation process affected the morphology of baru
differently. In MAC, the porous structure is well-defined, similar to cocoa, although with
more variable pore sizes, which may be beneficial for certain types of adsorption that
require a range of pore sizes [62,73,75].

3.1.4. X-Ray Diffraction (XRD)

X-ray diffraction analysis complemented the structural analysis of the activated carbons
(Figure 4). It is observed that the materials have a high carbon content, indicative of adsorbent
materials. Additionally, broad peaks are visible in the 20 range between 10° and 30°, indicating
a predominant amorphous structure. This characteristic is typical of chemically activated
carbons, where activation with H3PO,; promotes the formation of a porous network by
reducing the crystallinity of the original material [7,42,76].
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Figure 4. X-ray diffractograms (XRD) of CAC (black line); BAC (red line); MAC (blue line).

3.1.5. Fourier Transform Infrared Spectroscopy (FI-IR)

The FT-IR spectra of the carbons show characteristic bands for functional groups
(Figure 5). There is a broad band between 3700-3000 cm !, indicating hydroxyl groups
(O-H); a peak between 1700-1600 cm ™!, suggesting carbonyl groups (C=0); and smaller
bands between 1400-1000 cm !, associated with phosphate groups (P=0, P-OH, P-O-C) in-
troduced by H3PO,. These bands indicate a high presence of oxygenated functional groups,
which improve the interaction between the adsorbent and the adsorbates. The treatment
with H3POy introduces phosphate groups and modifies the chemical structure, increasing
the number of acidic groups such as -OH and -COOH, and depolymerizing components
like lignin and cellulose [8].

1.07

0.97

0.87

0.7 7

0.67

Transmittance (%)
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O3 —— MAC
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Wavenumber (cm™)

Figure 5. FT-IR spectrum of CAC (black line); BAC (red line); MAC (blue line).

In previous studies, it has been reported that the surface of acid-treated oxidized carbon
develops more negatively charged species compared to conventional activated carbon, due
to the dissociation of acidic functional groups on its surface, which enhances the electrostatic
interaction between the adsorbent and the adsorbate. An example of this is the study by
Patel et al. [8], in which activated carbon prepared from wood biomass, impregnated with
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different agents such as H3PO,, ZnCl,, KOH, and CaO for dye removal, showed that the
highest adsorption capacity for dyes like Rhodamine B and Methylene Blue is achieved with
activation using H3POy. Table 4 compares the functional groups found after the treatment with
H3PO; in the carbons obtained in this study with those from another research.

Table 4. Functional groups introduced in carbons activated with H3POj.

H3PO4-Activated Carbon Functionals Groups References

Cocoa shells OH, C=0, P=0, P-OH, P-O-C This work

Baru shells OH, C=0, P=0, P-OH, P-O-C This work

Monguba shells OH, C=0, P=0, P-OH, P-O-C This work
Fruits shells OH, CH, C=0, P=0, C-0O, P-O-C, P=OOH, P-O-P, P-H, C-P [77]
Jackfruit peel OH, CH, C=0, C=C, P=0O, C-0O, P-O-C, P=O0OH, P-O-P [65]
Pineapple leaf OH, CH, C=0, C=C, P=0, C-O, P-O-C, P=OOH, P-OH, P-C, PO,, PO; [78]
Jujube seeds OH, CH, C=0, C=C, P-O-P [63]
Lemon shells OH, CH, C-O, COO, C=C, C=0 [43]
Olive stone OH, CH, P-O, P-O-C, C-O [9]

The functional groups observed in the carbons in Table 4 are typical of lignocellulosic
materials subjected to an acid pre-treatment at high temperatures, where phosphorus
oxides act as Lewis acids and can create -P-O-C bonds. These studies confirm the effective-
ness of H3POy, in introducing phosphate groups and other oxygenated functional groups,
which improves the adsorption properties of the activated carbons [8,9,43,63].

3.1.6. Point of Zero Charge (pHpzc)

The pHpzc was determined from the ApH (=pHf — pHi) versus pHi graph (Figure 6).
When the pH is below the pHpyc, the surface of the adsorbent is positively charged,
favoring the adsorption of anions. On the other hand, if the pH is above the pHpyzc,
the surface acquires a negative charge, facilitating the adsorption of cations [36,56,58].

ApH
w
1

—a— CAC
-6~ —e— BAC

-7 T T T T T T —h— MAC
0 2 4 6 8 10 12 14

Initial pH

Figure 6. Point of zero charge (pHpzc) analysis from CAC, BAC, and MAC.

The intersection of the curve with the horizontal axis (where ApH is zero) indicates the
point of zero charge (pHpzc). For CAC, the pHpyc is around an initial pH of 3.8, meaning that
at a pH below this value, the charcoal surface is positively charged, while at a pH above this
value, it acquires a negative charge. In the case of BAC, the intersection with the horizontal
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axis occurs at an initial pH of approximately 4.6, indicating that its pHpzc is around this value.
At a lower pH, the surface will be positively charged, and at a higher pH, it will be negatively
charged. Since the pH of the solution influences the charge on the adsorbent surface and the
ionization state of the dyes, it plays a crucial role in the adsorption process. A systematic
evaluation of the effect of pH could provide further insights into the interactions between the
adsorbent and adsorbates, which is an area for potential future research. For MAC, the pHpzc
is observed at an initial pH close to 4.2, which implies that, at lower pH values, the surface is
positively charged, while at a pH above this value, it is negatively charged.

The activation with H3PO4 generates an acidic carbon surface [71], which can influence
its adsorption behavior depending on the pH of the solution and the chemical behavior of
each dye. The adsorption of MB, which is cationic in nature, was favored by the negatively
charged surface of all three carbons (CAC, BAC, and MAC), resulting in a high adsorption
capacity, especially for MAC. On the other hand, the BCG and MR dyes, both anionic
in nature, showed more limited adsorption due to electrostatic repulsion between the
negatively charged surfaces of the carbons and the anions of the dyes, with this limitation
being more pronounced for BAC. Although MAC also shows repulsion, it displayed a
slight superiority in adsorbing the anionic dyes, possibly due to textural or chemical
characteristics that favor slightly higher adsorption [3,58,79].

The results obtained from SEM, FI-IR, and pHpzc techniques show that activation with
H3POy introduces functional groups on the carbon surface, significantly improving their
adsorption properties, especially for cationic dyes such as MB. This process not only alters the
surface charge of the carbons but also promotes the creation of active sites essential for the
selective adsorption of contaminants based on their charge and chemical nature. The acidic
surface resulting from the activation with H3POy contributes to the observed adsorption
behavior, especially in the differences between cationic and anionic dyes [63].

However, despite the positive results in terms of improving surface properties, it is
important to consider some limitations and challenges associated with the use of phosphoric
acid in the activation process. In particular, activation with H3PO, may have an environmental
impact, primarily due to greenhouse gas emissions and the potential release of pollutants
during carbonization. Although this activating agent is less toxic compared to others [63,80],
research continues to search for more sustainable alternatives that offer porous materials
with similar characteristics but with a lower environmental impact [8,19,55]. This challenge
highlights the need to continue exploring more eco-friendly approaches in the future without
compromising the quality of the active surface required for efficient adsorption.

Considering this, the following section presents the results of the ASAP analysis,
which provides additional information on the textural characteristics of the activated
carbons and their relationship with adsorption capacity.

3.1.7. Analyze Superficial Area and Porosity (ASAP)

The textural analysis of the activated carbons shows that MAC has the highest specific
surface area (SBET) of 1604 m?-g~! and the largest total pore volume (1.57 cm3-g~1). It also
has the highest number of mesopores (474 m?-g~1) and the largest mesopore volume
(1.19 cm3-g~1), with an average pore size of 1.28 nm. This suggests a high adsorption
capacity, making it suitable for adsorbing molecules between 2 and 50 nm.

CAC stands out for having the largest microporous surface area (846 m?-g~1), with an
average pore size of 1.14 nm, making it ideal for adsorbing molecules up to 2 nm. BAC has
the highest submicroporous surface area (588 m?-g~!) and an average pore size of 1.19 nm;
however, its total pore volume is the lowest (0.70 cm®.g~!). Table 5 provides detailed
information on the textural properties of CAC, BAC, and MAC treated with H3POj,.
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Table 5. Textural analysis of CAC; BAC; MAC.

Material CAC BAC MAC
Sper (m2-g~ 1) 1367 1326 1604
St (m?.g~ 1) 1134 1007 1163
Smic (m2-g~1) 846 823 688
Smeso (m?-g 1) 289 184 474
Ssupmic (m*-g~1) 503 588 516
Sumic (m?-g~1) 343 235 172
Vr (em3-g~1) 1.17 0.70 1.57
Vinic (em3-g=1) 0.40 0.42 0.38
Vieso (cm3-g~1) 0.77 0.29 1.19
Vsupmic (em®-g™1) 0.30 0.35 0.33
Viumic (crn3 -gfl) 0.09 0.07 0.05
Lo (dV) (nm) 1.14 1.19 1.28

According to the IUPAC classification [81-84], the isothermal profile obtained for
the baru charcoal corresponds to type I (Figure 7b), while the cacao and monguba char-
coals present a profile more consistent with type II (Figure 7a,c). According to IUPAC
classification, type I isotherms approach a limiting value and are generally used to de-
scribe adsorption in microporous adsorbents. Types II and III describe adsorption in
mesoporous adsorbents with strong and weak adsorbate-adsorbent interactions, respec-
tively. Types IV and V represent mono and multilayer adsorption, while type VIillustrates
isotherms that may have one or more steps. For liquid-phase applications, such as dye
adsorption, organic acids, and other macromolecules, the development of mesoporous
materials is more desirable [43,85]. This fact is corroborated by the results of this study,
where CAC and MAC show higher efficiency in adsorption compared to BAC.
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Figure 7. Nitrogen adsorption—desorption isotherm curves of (a) CAC; (b) BAC; (¢) MAC; and pore
size distribution curves of (d) CAC; (e) BAC; (f) MAC.
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In summary, MAC is the most suitable for applications requiring high adsorption
capacity due to its large surface area and pore volume, CAC can adsorb smaller molecules
up to 2 nm. In the case of BAC, further tests under different carbonization conditions are
needed to obtain a material with greater surface area and pore volume.

3.2. Dye Adsorption Studies
3.2.1. Adsorption Kinetics

The kinetic study of adsorption is important for predicting the optimal conditions
in batch adsorption, providing valuable information about the adsorption mechanisms
and the potential steps that control the rate [21]. Physisorption is characterized by weak
physical interactions (Van der Waals forces) and is typically described by the pseudo-first-
order kinetic model. This model assumes that the rate of occupation of adsorption sites is
proportional to the number of unoccupied sites [36,86]. On the other hand, chemisorption
involves stronger chemical bonds between the adsorbate and the adsorbent. It is described
by the pseudo-second-order kinetic model, which assumes that the adsorption rate is
proportional to the square of the number of unoccupied sites, indicating more specific and
energetically intense interactions. When activation is carried out with H3POy, functional
groups are introduced on the surface of the charcoal, which may favor chemisorption due
to specific chemical interactions between the adsorbates and the active sites on the activated
carbon surface [87,88]. Figure 8 shows the results of the adsorption kinetics of the activated
carbons in relation to the MB, BCG, and MR dyes.
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Figure 8. Adsorption kinetics of (a) MB; (b) BCG; (c) MR. In all three cases: CAC (dash black line),
BAC (dash red line), and MAC (dash blue line).

The three activated carbons showed differences in their adsorption capacity. Monguba
charcoal stood out for its high capacity (50.00 mg-g~!), reaching equilibrium for most of
the dyes before 60 min.

The CAC, although effective for MB and MR (49.52 and 50.00 mg-g !, respectively),
was slightly less effective than the MAC, especially for BCG (15.31 mg-g~!), possibly due
to the characteristics of the dye. The BAC showed the lowest adsorption capacity for all
the dyes, which could be related to its porous structure or surface nature. Factors such as
functional groups and pore size influence the adsorption process [19,66].

A preliminary comparison with commercial activated carbon for the adsorption of the
three dyes is provided in the Supplementary Materials (Figure S5). The results indicate that
while the commercial carbon exhibits better adsorption capacity for MB, the adsorption
capacities are similar to those of the BAC, and the CAC and MAC demonstrate higher
capacities, highlighting their potential as competitive materials.

In MB adsorption, equilibrium was reached at 60 min, indicating the high affinity of
the three carbons for this dye, possibly due to its molecular size. It is necessary to perform
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readings at times shorter than 60 min to evaluate more precisely when the adsorption
process begins. In Figure 54 (Supplementary Materials), the color reduction resulting from
the adsorption process performed using the MAC for MB can be observed, evidencing
solution clarification as proof of the adsorption process. In the case of BCG, the adsorption
gradually stabilized, suggesting a less favorable interaction compared to MB [13,89,90].
MR adsorption was rapid but stabilized more slowly [19,91,92]. Differences between the
dyes may be related to molecular size, polarity, or structure, with MB and MR being
adsorbed more easily; however, BCG, due to its more complex structure, has limited
adsorption [20,90,92]. The adsorption kinetics initially followed a fast pattern, slowing
down over time as the more accessible sites were exhausted [8,19,90].

The pseudo-first-order model is based on the fact that the adsorption rate is propor-
tional to the number of available adsorption sites on the adsorbent surface [36]. The pseudo-
second-order model assumes that the adsorption follows a chemical exchange mecha-
nism, where the adsorption rate is proportional to the square of the number of available
sites [20,88]. The results of fitting the pseudo-first-order and pseudo-second-order kinetic
models suggest that the adsorption process is controlled by chemical interactions between
the adsorbents and the dyes, especially for MB and MR, which is consistent with the be-
havior observed in the studied systems, particularly those with fast initial adsorption and
higher final adsorption capacity (CAC and MAC). This result is similar to that obtained by
Chen et al. [93], where the experimental data showed a better fit to the pseudo-second-order
model, indicating the existence of partial chemical adsorption through electron exchange
between the dyes and the adsorbents.

Based on the data presented in Table 6, a detailed comparison of the kinetic parameters
obtained for different dyes and activated carbons can be made. In general, the correlation
coefficients (R?) for the pseudo-first-order model are lower than those for the pseudo-second-
order model, suggesting that the first model is not suitable for describing the adsorption
kinetic data [9,93,94]. For the MB dye, CAC shows a good fit with an R? of 0.983, although
the kinetic constant k; is negative, indicating possible inconsistencies. BAC and MAC show
wealker fits, especially MAC with an R? of 0.429. In the case of the BCG dye, the fit is limited,
with an R? of 0.570 for CAC and better results for MAC (R2 of 0.99), although the k; constants
remain negative, suggesting that the model is not appropriate. For the MR dye, MAC shows
an excellent fit with an R? of 1, while CAC also shows a good fit (R? of 0.993); however,
BAC has a moderate correlation (R? of 0.957). This indicates that the pseudo-first-order model
is not the most suitable for most cases due to the low correlation values.

Table 6. Adsorption kinetics parameters of MB, BCG, and MR for CAC, BAC, and MAC (Dyes =
100 mg-Lfl; Activated carbons = 0.1 g; pH = 7; Volume = 50 mL; Time = 360 min; Temp. = 25 °C).

Pseudo-First-Order Pseudo-Second-Order q
. max
Dye Material kq R2 e ko R2 e (mg-g—1)
(min—1) (mg-g~l) (gmgl-min1) (mg-g—1)

CAC —0.018 0.983 48.299 0.001 0.999 53.763 49,518
MB BAC —0.0257 0.767 92.444 0.206 0.494 —0.016 33.615

MAC 0.006 0.429 0.169 0.036 1.000 50.000 50.000

CAC —0.014 0.570 34.522 0.000 0.996 20.877 15.315
BCG BAC —0.025 0.868 6.336 0.008 0.990 3.788 3.407

MAC —0.013 0.990 17.846 0.001 0.999 22.936 20.315

CAC —0.045 0.993 43.908 0.009 1.000 50.505 50.000
MR BAC —0.015 0.957 32.082 0.001 0.999 49.751 47.115

MAC —0.086 1.000 49.999 0.085 1.000 50.000 50.000
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The multifactorial analysis of variance conducted to evaluate the effects of the dyes
(MB, BCG, and MR) and materials (BAC, CAC, and MAC) on the maximum adsorption
capacity (qmax) showed statistically significant results. The main factors, dye and material,
explained a substantial portion of the variability in qmax, with F-values of 59.95 and 6.60,
respectively. The dye factor exhibited a p-value of 0.0010, indicating a highly significant
influence on gmax. On the other hand, the material factor obtained a p-value of 0.0541, close
to the significance threshold (0.05), suggesting a less pronounced but still relevant effect.

The multiple range tests revealed significant differences among the qmax means of the
dyes evaluated, with methyl red (MR) showing the highest adsorption capacity, followed
by methylene blue (MB) and bromocresol green (BCG). Regarding the materials, although
no significant differences were observed between them, MAC recorded the highest average
dmax Value, followed by CAC and BAC. This analysis provides robust evidence to conclude
that the nature of the adsorbate, in this case, the dye, is the most decisive factor in adsorption
performance (Table 7).

Table 7. Analysis of variance for qmax—type III sums of squares.

Source Sum of Squares Df Mean Square F-Ratio p-Value
Dye 2303.38 2 1151.69 59.95 0.0010
Material 253.45 2 126.725 6.60 0.0541
Residual 76.85 4 19.21
Total (Corrected) 2633.68 8

On the other hand, the pseudo-second-order model provides a much better fit for the
adsorption data, with high R? values close to or equal to 1. This model suggests that the
adsorption follows a chemical exchange kinetic, dominated by the formation of bonds or
specific interactions between the adsorbate and the adsorbent. For MB, CAC shows an
excellent correlation (R? of 0.999) and a theoretical equilibrium adsorption capacity (qe) of
53.763 mg-g~!, close to the experimental values. MAC also shows a perfect fit (R of 1) with a
e of 50 mg-g~1. However, BAC shows a problematic fit, with an R? of 0.4936 and a negative
ge value. For BCG, the CAC fit is good (R? of 0.9962), although the adsorption capacity (qe)
is lower (20.877 mg-g~!). BAC has a good fit (R? of 0.990), while MAC reaches an R? of
0.9996, confirming that this model adequately describes the adsorption of BCG. For MR, all the
carbons show almost perfect fits to the pseudo-second-order model, with R? values close to 1
and theoretical adsorption capacities aligned with the experimental data, around 50 mg-g~!.

These results suggest that the pseudo-second-order model better describes the adsorp-
tion of dyes onto activated carbons, indicating that the kinetics are controlled by chemical
interactions, rather than just the availability of surface sites [94]. The high R? values for this
model support this conclusion, while the parameters of the pseudo-first-order model do not
adequately fit the experimental data in most cases. This is consistent with the observation
that the adsorption process involves more complex mechanisms, such as the formation of
bonds or specific chemical interactions between the adsorbate and the functional groups
present in the activated carbons [9,20,88,93-95].

3.2.2. Adsorption Thermodynamics

In this final section, the effects of temperature variations on the adsorption capacity
were analyzed, and the calculated thermodynamic parameters were presented. In general,
increasing the temperature tends to favor the adsorption capacity of dyes onto activated car-
bons, resulting in higher values of qmax and Kd [20]. This can be attributed to the increased
kinetic energy of the adsorbate molecules at higher temperatures, facilitating their diffusion
to the surface of the adsorbent and penetration into the pores. Furthermore, the decrease in
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the viscosity of the liquid favors the mobility of the dye molecules, contributing to a higher
adsorption rate [69].

However, the magnitude of this effect varies among different materials and dyes.
While CAC and MAC show an increase in adsorption with temperature, BAC presents
a more limited capacity. It was observed that the maximum adsorption capacity for the
three dyes, especially MB, was higher for MAC, reaching between 49.75 and 50 mg-g~!,
indicating good adsorption properties over a wide range of temperatures. On the other
hand, CAC, although reaching values close to 49.8 mg-g~! for all three dyes, showed only
15.32 mg-g~! for BCG at 25 °C (Figure 9).
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Figure 9. Influence of temperature on the adsorption capacity (qe) of MB, BCG, and MR, for CAC,
BAC, and MAC.

Temperature showed an influence on the adsorption of BAC, especially for the dyes
MB and BCG. The distribution coefficient (Kd), which indicates the affinity of the adsor-
bate for the adsorbent [21], presented higher values at higher temperatures, suggesting
an increasing affinity in these cases. MB exhibited the highest qmax values, highlighting a
greater affinity for the active sites of all three carbons. On the other hand, BCG showed
an increase in adsorption with rising temperature, but maintained low Kd values, indi-
cating relatively lower affinity compared to MB. The adsorption of MR showed a distinct
behavior, with qmax values decreasing at higher temperatures, which could be attributed to
its molecular structure.

In general, temperature directly influences the adsorption efficiency of dyes onto CAC,
BAC, and MAC. The thermodynamic parameters analyzed point in most cases to a sponta-
neous and endothermic process, with a predominant trend of higher adsorption capacity at
higher temperatures. These observations are crucial for optimizing contaminated water
treatment processes, contributing to the development of more sustainable solutions.

The spontaneity of the processes was determined by the variation of Gibbs free energy
(AG). Exergonic processes (AG < 0) are spontaneous, while endergonic processes (AG > 0)
require an input of energy [35,56,62,96]. The negative values of AG in most cases (Table 8) in-
dicate that adsorption in many coal-dye combinations was spontaneous, although some
combinations, such as BAC and MAC for certain dyes, presented positive AG values,
indicating non-spontaneous adsorption under those conditions. The magnitude of AG
generally decreases as temperature increases, reinforcing the idea that adsorption is fa-
vored at higher temperatures. For example, for MB on CAC charcoal, AG varied from
—31.29 kJ-mol~! to —35.12 kJ-mol~! as the temperature increased, reflecting an improve-
ment in the adsorption efficiency [97].
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Table 8. Adsorption thermodynamics parameters of MB, BCG, and MR for CAC, BAC, and MAC
(Dyes =100 mg'L_l; Activated carbons = 0.1 g; pH = 7; Volume = 50 mL).

. T AG AS AH Jmax
Dye Material K) Kd (J-mol-)  (mol- LK) (J-mol)  (mggD
298.15 302918 3129 49.698
CAC 308.15 35.6376 ~32.75 190.63 25.69 49.746
318.15 58.3345 3512 49.843
298.15 0.6746 098 33.615
MB BAC 308.15 0.7651 0.69 18.04 632 33.634
318.15 07911 0.62 33.892
20815 333451998  —37.23 50.000
MAC 30815 33348474  —3258 11229 191 50.000
31815 333906659  —39.73 50.000
298.15 2973 841 15315
CAC 308.15 326 ~3.03 19619 —~65.81 49295
318.15 577 464 49.814
298.15 0.6745 098 3.407
BCG BAC 308.15 14244 2450 1405,09 416.50 48562
318.15 23631 ~26.64 49.071
298.15 000279 1458 20.630
MAC 308.15 0.530 1.63 635.88 202.07 49.202
318.15 0.443 215 49751
298.15 0.097 578 50.000
CAC 308.15 0.051 7.62 ~113.99 ~27.98 49.801
318.15 0.048 8.0 49.801
298.15 0.186 417 47.451
MR BAC 308.15 0016 1059 36228 —10295 45.827
318.15 0014 1129 46.340
298.15 1.00 0.00 50.000
MAC 308.15 0.021 9.90 54123 —150.94 49.801
318.15 0018 1063 49.801

The AH values were mostly positive, indicating endothermic adsorption. However,
some cases, such as BCG on CAC and MR on BAC and MAC, showed negative AH values,
suggesting an exothermic nature. This corresponds to the observed trend in adsorption
capacity, where adsorption increases with temperature for most cases but was more fa-
vorable at lower temperatures for others. For example, MR on CAC presented negative
AH (—27.98 kJ-mol~1) indicating that adsorption is more efficient at lower temperatures
still occurs under cooler conditions [21]. The AS values are generally negative or very low,
suggesting that adsorption reduces the disorder of the system, which can be interpreted
as the organization of adsorbate molecules on the adsorbent surface. However, certain
cases exhibit highly positive AS values, such as BAC and MAC for BCG and MR, indicating
an increase in system randomness. This could be attributed to desorption phenomena or
changes in the interaction mechanisms at higher temperatures [20,21].

In all cases analyzed (MB, BCG, and MR), the predominace of positive AH parameters
and negative AS values suggest that the adsorption is more related to chemisorption. How-
ever, the cases with negative AH or positive AS values indicate that different mechanisms,
including physisorption and structural rearrangements, may also play a role in the ad-
sorption process [69]. MAC stood out for its structural and surface characteristics, as well
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as its efficiency in removing all three dyes. Its adsorption capacity and thermodynamic
parameters were compared with other precursor materials (Table 9).

Table 9. Thermodynamics parameters and maximum adsorption capacity of selected adsorbents.

Activated AG AS AH Qmax Reference
Carbon (kJ-mol~1)  (J-mol~1.K)  (kJ-mol—1) (mg-g~1)

Monguba shell —37.23 112.29 —-1.91 50.00 This work
Corn stalks —4.59 40.11 9.53 41.00 [20]
Moringa seeds —2.044 0.064 17.03 189.55 [69]
Copperpod leaves —26.160 143.64 17.59 170.10 [97]
Sawdust —8.05 0.69 193.43 75.81 [64]
Durian shell —6.450 31.36 2.76 54.32 [36]
Macadamia nutshell 1038 —104.38 —30.40 578.93 [98]

The AG value for MAC was —37.23 kJ-mol~!, indicating a spontaneous and ther-
modynamically favorable process. Compared to other materials, such as corn stalks
(—4.59 kJ-mol~1) [20] and moringa seeds (—2.044 kJ-mol~1) [69], MAC showed higher
adsorption efficiency, suggesting that the process is much more favorable, providing more
favorable conditions for interaction with the dyes.

Finally, although the qmax of MAC (50 mg-g~!) is lower than that of other materials
such as moringa seeds (189.55 mg-g~1) [69] and copperpod leaves (170.10 mg-g~1) [97],
its balance between efficiency and sustainability makes it a viable option, especially due to
its greater accessibility and ecological advantages. This analysis emphasizes the importance
of considering both the adsorption capacity and thermodynamic efficiency when evaluating
materials for contaminant removal.

4. Conclusions

The chemical activation of cocoa, baru, and monguba shells with H3PO, resulted
in carbons possessing a pure carbon structure, enriched with functional groups that en-
hance adsorption performance. These materials exhibited a well-developed surface area,
with MAC standing out at 1604 m2-g~!, achieved under impregnation conditions for 1 h,
activation at 80 °C, and carbonization at 500 °C for 1 h. The performance of these carbons
was promising in the adsorption of three organic dyes: MB, BCG, and MR. The adsorption
kinetics of CAC, BAC, and MAC were better fitted to the pseudo-second-order model for all
the dyes evaluated. In terms of equilibrium adsorption, the best performance was observed
for MB, with a capacity of 50 mg-g~!, surpassing those of BCG and MR. Furthermore,
the thermodynamic analysis indicated that chemisorption was the predominant process.
It should be noted that all adsorption tests accounted for the progression of adsorption
over time and variations in temperature.

The valorization of agricultural waste, such as cocoa, baru, and monguba shells,
to produce adsorbents for the remediation of wastewater and water contaminated by dye
compounds that are difficult to remove, represents a sustainable solution. This approach
provides an alternative to conventional activated carbons, which are costly, and aligns with
the principles of the circular economy.

5. Recommendations

Future studies should evaluate the performance of these carbon-based adsorbents
at different initial concentrations of the dyes and in the presence of other components
commonly found in natural waters, including an analysis under real conditions for greater
representativeness. Conducting tests with shorter contact times for the target pollutant
would also help optimize the project design. Additionally, it would be important to conduct
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a complete lifecycle assessment (LCA), including production costs, performance, scalability,
and environmental impact, as well as identify the limitations and potentialities of the
proposed approach. Furthermore, fixed-bed adsorption tests could be analyzed in the
future to assess the efficiency of the proposed adsorbents in real practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su17052036/s1, Figure S1: Methylene blue (MB) calibration
curve. Figure S2: Bromocresol green (BCG) calibration curve. Figure S3: Methyl red (MR) calibration
curve. Figure S4: Example of calibration curve results for methylene blue. (A) Standard concentrations
of methylene blue used for the calibration curve; (B) Spectrophotometer and the wavelength used
(665 nm); (C) Adsorption process using monguba activated carbon showing color reduction in
samples after 0, 30, and 60 min, with corresponding concentrations (100 mg-L_l, 20 mg-L_l, 0.1
mg-L~1). Figure S5: Adsorption capacity Commercial carbon from company Dindmica Quimica
Contemporanea LTDA.
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