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e Adsorbent from murici seed removes
97 % diethylphthalate, 76 % amoxicillin

and 56 % phenol.
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o Sustainable agro-waste use helps reduce
environmental impact.

e Mesoporous murici adsorbent shows
high efficiency in emerging contaminant
removal.
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Sustainable activated carbon from High removal efficiency for
Byrsonima crassifolia L. Kunth seeds effective contaminant removal
ARTICLE INFO ABSTRACT
Keywords: The growth of anthropogenic activities, particularly the intensive use of pharmaceuticals and industrial chem-

Byrsonima crassifolia: agricultural residues
Sustainable practices
Adsorbent material

icals, has led to the emergence of toxic "emerging pollutants," posing risks to ecosystems and public health. This
study introduces a novel approach by converting murici seed, an underutilized agro-industrial waste, into an
effective adsorbent for removing amoxicillin, phenol, and diethyl phthalate from water. Murici seeds were
activated with phosphoric acid and carbonized. The activated carbon was characterized using electron micro-
scopy, zero-point charge, infrared spectroscopy, thermal and textural analysis, revealing a surface area of
556.97 m2.g~! pore volume of 0.447 cm®g~', and a mesoporous structure with an average pore diameter of
2.47 nm. A zero-point charge of 6.3 favors selective adsorption based on pH. The adsorbent achieved removal
efficiencies of 76 % for amoxicillin, 56 % for phenol, and 97 % for diethyl phthalate, with maximum adsorption
capacities (qmax) of 28.3 mg.g~! for amoxicillin, 74.9 mg.g ™! for phenol, and 43.5 mg.g~! for diethyl phthalate.
Most removal occurred within the first 60 minutes, attributed to the porous structure and oxygenated functional
groups facilitating hydrogen bonding and n-m interactions. Compared to other agricultural waste-derived
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adsorbents, murici-activated carbon shows superior efficiency, particularly for diethyl phthalate, highlighting its
potential for scalable environmental remediation. This study offers a sustainable alternative for water purifi-
cation and contributes to the circular economy by valorizing agro-industrial waste. The implications extend to
cost-effective water treatment solutions in industrial and rural settings. Future research should explore adsorbent
regeneration, reuse, and application in real-world wastewater systems to optimize performance and environ-

mental benefits.

1. Introduction

The presence of emerging contaminants (CECs) in aquatic ecosys-
tems has increased in recent years due to the release of pharmaceutical
compounds and industrial chemicals. These contaminants, including
pharmaceuticals, personal care products, biocides, illicit drugs, heavy
metals, industrial and food additives pose significant risk to human
health and biodiversity due to the persistence and bioaccumulative
properties [1-4].

Health effects such as hormonal disruptions, antibiotic resistance,
and cancer have been identified [5]. Substances like perfluoroalkyl and
polyfluoroalkyl (PFAs) are associated with thyroid, kidney, and fetal
development issues [6]. Microplastics, originating from various sources,
impact marine life and animal health, entering the human food chain [7,
8]. Another type of contaminant is organic micropollutants found in
pharmaceuticals, cosmetics, and biocides, which affect reproductive
health and the nervous system [9].

In this study, three contaminants were selected for their distinct
chemical properties and environmental persistence: amoxicillin (AMX),
phenol (PHE), and diethyl phthalate (DEP). Amoxicillin, a widely used
antibiotic, resists degradation, persisting in the environment and dis-
rupting aquatic microbiota, thereby promoting antimicrobial resistance
[10]. Phenol, an industrial chemical, is toxic at relatively low concen-
trations to both humans and aquatic organisms, impacting the nervous,
respiratory, and hepatic systems due to its high solubility and persis-
tence [11]. Diethyl phthalate, a common plasticizer, acts as an endo-
crine disruptor that bioaccumulates and mimics natural hormones,
potentially causing infertility, developmental disruptions, and malfor-
mations in humans and wildlife [12]. The persistence and bioactivity of
these contaminants pose challenges for water treatment systems, as their
chemical properties complicate effective removal and increase the risk
of continuous exposure.

Addressing the increasing issue of CECs involves a range of ap-
proaches, including membrane filtration [13], biological treatments [6],
advanced oxidation processes [14], adsorption [15-19], and the use of
wetlands [3]. Among these, adsorption is recognized as a particularly
effective method for removing trace contaminants, providing opportu-
nities for the recovery, reutilization, and reprocessing of adsorbent
materials. Commercial activated carbons are effective against various
CECs such as pesticides and pharmaceuticals in water streams [20],
demonstrating efficiency in removing ciprofloxacin [9], or combinations
of activated carbon with ultrasound irradiation and filtering membranes
in removing diclofenac, carbamazepine, and amoxicillin [21]. However,
the widespread use of commercial activated carbons faces several
challenges, including high production costs, dependence on
non-renewable resources, secondary pollution, limited regeneration ef-
ficiency, and variable performance across different contaminants [22].
These limitations highlight the need for alternative adsorbent materials
derived from sustainable sources.

Recently, agricultural residues have increasingly been utilized in
adsorption techniques to eliminate heavy metals, antibiotics, and other
CECs [13,23]. The generation and management of these residues cause
various environmental damages, including disease spread, unpleasant
odors [24], insect and rodent proliferation [25], landscape degradation
[26], and soil and water contamination [17,27]. Thus, it is crucial to
develop innovative methods to convert these residues into carbon-based
adsorbents, given their rich composition in lignin, cellulose, and

hemicellulose [24-26]. For example, fruit peels such as orange [17,28],
coconut [29], nuts [30,31], grape seeds [32], baru and monguba shells
[27], as well as wood [33,34], have been explored for the removal of
heavy metals an others contaminants [23,27,33]. Additionally, murici
seeds have shown efficacy in removing heavy metals [23,35], organic
dyes [36,371, metformin [15], antibiotics [16], among others [13,38].

Previous work by Martins et al. [39] explored the potential of murici
and jabuticaba seed residues activated with phosphoric acid for
adsorption of various CECs, focusing on surface characteristics and
adsorption efficacy at different pH levels. These findings indicated the
seeds promising potential for water treatment applications, with a spe-
cific emphasis on the role of surface acidity and porosity in contaminant
removal. However, there remains a need to further explore how these
surface characteristics interact with individual contaminants under
varying conditions. This study thus seeks to advance this line of inquiry
by concentrating on murici seeds, analyzing their physicochemical
properties, adsorption capacity, and kinetic behavior, with particular
emphasis on their rapid and efficient contaminant removal response.

The fruit of Byrsonima crassifolia L. Kunth [36], known as murici,
yellow nanche, changunga, nance or peralejasu, is a fleshy, globular
drupe measuring 1.5-2 cm in diameter [40]. Its color shifts from bright
yellow to orange upon ripening, with a distinctive aroma resembling
aged cheese. It features a dense, sweet-tart flesh surrounding a large,
hard seed [40]. The fruit is rich in fiber, carbohydrates, unsaturated
fatty acids, antioxidants, iron, and vitamin C, though low in protein [40,
41]. It is traditionally used in a wide range of products like sweets, jams,
beverages, and ice cream. Despite its broad applications, the seeds are
often discarded as waste, representing 25-34 % of the fruit’s weight.
These seeds hold great potential for valorization as agro-industrial
by-products [42,43].

This study aims to convert murici seeds into sustainable adsorbent
material, analyzing their physicochemical properties, adsorption ca-
pacity, and kinetic behavior in water treatment.

2. Experimental
2.1. Materials and samples

Phosphoric acid (purity > 85,0 %) was purchased from Neon
(Suzano, SP, Brazil). The Amoxicillin (purity > 87,1 %) was acquired
from Neo Quimica (Anapolis, GO, Brazil). The Phenol (Sol. 90 %) was
purchased from Dinamica (Indaiatuba, SP, Brazil). The Diethyl phtha-
late (purity > 99,0 %) was acquired from Sigma Aldrich (Barueri, SP,
Brazil). Table 1 presents the chemical properties of the con-
taminants—amoxicillin, phenol, and diethyl phthalate—obtained from
the PubChem database (National Center for Biotechnology Information)
[44-46], which will serve as adsorbates in the study, as well as their
structural properties modeled using ChemSketch (Freeware) 2023.2.4
[47].

The samples of murici (Byrsonima crassifolia) were donated by the
company “Frutos do Brasil” (Abadia de Goiania, GO, Brazil). These
samples were processed to remove husk residues and impurities, leaving
only the seeds. The seeds were then dried in an oven at 100°C for
24 hours. After drying, a mill was used to crush the seeds (Alfa Mare, AM
700), then sieved to separate the particles using 1.41 mm mesh screens
(Granutest).
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2.2. Activated carbon preparation process

For the production of activated carbon from murici seeds, the
methodologies from [39,48,49] were combined. The process involved
chemical activation with phosphoric acid (H3PO4), followed by
carbonization. To begin, approximately 20 g of crushed seeds were
immersed in 200 mL of 85 % H3PO4 and stirred continuously for
24 hours [50]. Then, 6 g of dry material were placed in a muffle furnace
(JUNG, LF0610) and gradually heated at a rate of 30 °C per minute up to
600 °C, where it was maintained for 40 minutes, under a nitrogen gas
flow of 2L.min~!. The carbonization process in a muffle furnace
involved heating the material in a closed chamber, where oxygen access
was completely eliminated. After heating, the material was cooled in a
desiccator for 24 hours. Subsequently, the material was washed with a
0.1 mol.L. ! sodium hydroxide (NaOH) solution until the pH reached 6.5
to remove any residual activating agent. The final step involved drying
the material at 110 °C inside an oven for 24 hours. The percentage yield
(Y) of the samples was estimated according to Eq. 1 [37], where xo is the
weight of the precursor material (g) and x1 weight of the activated
carbon (g).

X1
Percentage yield Y(%) = %o 100 m

2.3. Characterization of activated carbon

The surface and structural characterization of murici activated car-
bon follows the methods established in previous studies [39]. The
thermal properties were evaluated using a thermogravimetric analyzer
(SHIMADZU, DTG 60/60H). Thermogravimetric (TGA) and differential

Table 1

Representation of the connectivity and molecular formulas of the pollutants studied.
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thermal analysis (DTA) curves were obtained in the temperature range
between 25 and 1000 °C, with a 10 °C per minute heating rate, under
nitrogen gas flow, and using alumina crucibles.

Subsequently, the morphological characteristics were examined
employing a Scanning Electron Microscope (JEOL, JSM — 6610), fitted
with EDS and Thermo Scientific NSS Spectral Imaging capabilities.

To analyze the point of zero charge (pHpzc), the methodology pro-
posed by Park and Regalbuto [51] was followed. Initially, 20 mL of NaCl
solution (0.1 mol.L’l) was prepared for each of the 11 different pH
conditions (1-11). The pH of these solutions was adjusted using
0.1 mol.L ™! solutions of HCl or NaOH. Subsequently, 50 mg of the
adsorbent material was added to each solution. The mixtures were then
stirred for 24 hours at 25 °C and 125 rpm. The final pH of each solution
was determined with the help of a laboratory pH analyzer (PHS-3E-B1,
Atra).

The surface functional groups of the activated carbon were analyzed
using Fourier-transform infrared spectroscopy (FT-IR) with a spectro-
photometer (PERKINELMER, Spectrum 400). The range for the infrared
analysis was set between 4000 and 400 cm™!, with a resolution of
4 cm™!. The samples were first dried at 110 °C for 24 hours. They were
then blended with KBr and formed into pellets for the spectroscopic
examination.

Finally, the textural properties were determined through nitrogen
adsorption/desorption measurements (ASAP 2020, Micromeritics). The
samples were pre-treated in-situ with a rate of temperature increase set
to 10 °C per minute, under a N5 flow at 30 °C for 10 minutes to eliminate
surface contaminants and moisture. A 0.20 g of this pre-treated sample
was then subjected to measurements at —196.15 °C to evaluate N
adsorption/desorption. The specific surface was determined from the
Brunauer, Emmett, and Teller method, and the pore size distribution was

dicarboxylate

PROPERTIES Diethyl Phthalate (DEP) Phenol (PHE) Amoxicillin (AMX)
(2S.5R.6R)-6-[[(2R)-2-amino-2-(4-
hydroxyphenyl)acetyl]Jamino]-3.3-

diethyl benzene-1.2- d .yp ey . ]
IUPAC name benzenol dimethyl-7-oxo0-4-thia-1-

azabicyclo[3.2.0]heptane-2-carboxylic
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calculated using the Barrett, Joyner, and Halenda method [52].
2.4. Adsorption assays for Amoxicillin, Phenol, and Diethyl Phthalate

The adsorption experiments were conducted following a previously
established methodology for evaluating adsorption capacity, adapted in
this study to focus on kinetic analysis [39]. To analyze the concentration
of amoxicillin (AMX), phenol (PHE), and diethyl phthalate (DEP), a
UV-Vis spectrophotometer (SHIMADZU, UV-1800) was used. To deter-
mine the maximum absorption wavelengths for each contaminant, a
spectral scan was conducted, resulting in A = 229 nm for AMX, 265 nm
for PHE, and 228 nm for DEP. Following this, various concentrations of
AMX, PHE and DEP, were prepared by diluting aqueous solutions of the
pollutants, which were then used to create calibration curves.

To evaluate the adsorption capacity of the activated carbon,
adsorption experiments were conducted at 25 °C and pH 7 using 200 mL
flasks. Each flask contained 50 mL of solutions of AMX, PHE, and DEP,
with an initial concentration of 0.2 g.L”! . To these solutions, 0.2 g of
activated carbon from murici was added, following the methodology
described in [14]. The experiments were carried out for 240 minutes
(4 hours) in three replicates. The adsorption capacity (qe) and removal
rate (R) were determined using Eqs. 2 and 3, respectively:

Co — C,
Removal rateR (%) = M * 100 2
0
V(Co — C
Adsorption capacityq, (mg.g™') = (on) (3)

The removal rate is expressed in percentage, while Cq represents the
initial concentration of the adsorbate, and Cf represents the final con-
centration in response to adsorption process (both concentrations in g.
LY. In the case of adsorption capacity (ge), represented in mg of
adsorbate per g of adsorbent, V is the volume of the solution (L), and m is
the mass of the adsorbent (g).

Kinetic analysis was performed using the pseudo-first order model
represented by (Eq. 4); pseudo-second order (Eq. 5), and intraparticle
diffusion of Webber-Morris (Eq. 6).

dq

Pseudo — first orderd—tt =ki(q.—q,) “
dq, - 2

Pseudo — second orderE =k2(q. — q,) (5)

Webber — Morrisq, = kgt% +c ©)

§

FRESH
SEED
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Where qe is the amount of solute adsorbed per unit mass of adsorbent
(mg g~ 1); qt is the amount of solute adsorbed per unit mass of adsorbent
(mg g’l) at time t (min); k1 is the pseudo-first order kinetic constant
(min’l); k2 is the pseudo-second order kinetic constant (g mg.min’l);
k3 is the intraparticle diffusion kinetic constant (mg g~* min~'/2), and ¢
is the constant related to the thickness of the internal or external
diffusion layer (mg g’l).

3. Results and Discussion
3.1. Byrsonima crassifolia L. Kunth processing

A batch of ripe murici fruit (Byrsonima crassifolia L. Kunth), kindly
provided by the pulp and ice cream processing company "Frutos do
Brasil," underwent manual separation, resulting in pulp and seeds. The
pulp was stored in polyethylene bags and frozen at —18 °C for future
analysis of its components with potential nutraceutical applications. The
seeds, after being dried, crushed, and subjected to a carbonization
process, yielded 42 % (Fig. 1). Therefore, 8.4 g were recovered from the
initial 20 g subjected to carbonization. This yield indicates a successful
conversion of seed material into activated carbon, which may have
significant applications in environmental remediation and adsorption
processes due to its high surface area and porosity. During the activation
processes, whether chemically or physically, lignocellulosic materials
disintegrate through two stages: degradation of cellulose and hemicel-
lulose, which leads to the formation of pores on the carbon surface and
promotes the dispersal of the oxidizing agent, followed by the interac-
tion of lignin with the oxidizing agent to produce AC. It can be
concluded that the removal of volatile materials and the reaction that
occurred between sample and activator are the main reasons for the
reduction of AC yield [37].

3.2. Characterization of activated carbon

To assess how the behavior of adsorbent materials varies with tem-
perature changes, thermogravimetric (TGA) and differential thermal
analysis (DTA) were conducted on murici activated carbon. From the
graphs in Fig. 2, it can be observed that the dynamic behavior con-
cerning the increase in temperature was only reflected in the variation of
mass loss.

Thermogravimetric analysis showed a mass loss exceeding 55 % for
the murici activated carbon from 25 °C to 1000 °C. This analysis iden-
tified three decomposition phases similar to those reported by Sanchez
et al. [43]. The first phase, from 25 °C to 150 °C, involves a 10 % mass

FO
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EXTRACTS

FURTHER STUDY

DRY ACTIVATED CARBON
SEED 42°% YIELD

Fig. 1. Scheme of murici (Byrsonima crassifolia L. Kunth) sample processing and yield. The pulp was used to obtain plant extracts, while the fresh seeds were dried

and subsequently activated to produce activated carbon.
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Fig. 2. Thermogravimetric analysis (TGA) and Differential Thermal Analysis
(DTA) of activated carbon from murici. The TGA profile shows mass loss as a
function of temperature, indicating the stages of thermal decomposition, while
the DTA highlights the associated thermal transitions.

loss due to moisture and low molecular weight volatiles [53]. The sec-
ond phase, from 150 °C to 450 °C, shows stability with hemicellulose
decomposing between 180 and 270 °C and cellulose between 270 and
400 °C, releasing light organic compounds and gases [43,54,55]. The
final phase, from 450 °C to 900 °C, results in about 30 % mass loss due to
carbonate decomposition and significant structural changes [56,57].

Fig. 3 illustrates the structural profiles and morphology of activated
carbon from murici. The SEM images reveal a highly porous surface with
a honeycomb-like structure [32,39,58]. The scale bar of 50 ym high-
lights that the pores are smaller than this dimension, underscoring the
material’s micro-scale porosity. This interconnected pore network likely
enhances the available surface area for adsorption, allowing for
multi-directional diffusion pathways for adsorbates. The surface’s rough
texture and varying pore sizes may further contribute to an increased
adsorption surface area by providing additional active sites. Despite the
high porosity, the carbon structure remains intact and robust, indicating
its suitability for adsorption applications.

An important parameter for characterizing the surface of activated

SEI  10kV  x350
LabMic-UFG

S50um

Fig. 3. Scanning Electron Microscopy (SEM) image of the porous structure of

murici activated carbon before the adsorption process. The analysis conditions
were 10 kV and 350x magnification.
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carbons is the point of zero charge (PZC), through which it is possible to
determine, as a function of pH, the tendency of a surface to become
positively or negatively charged, favoring the adsorption of anions or
cations. The type and quantity of functional groups present on the
adsorbent cause this value to vary [34]. Fig. 4 shows pHpyc graphs for
murici activated carbon, which is 6.3. At pH levels below this, the car-
bon surface carries a positive charge and attracts anions, whereas at
higher pH levels, it becomes negatively charged and consequently at-
tracts cations [59]. This means that the carbon could adsorb anions
when the pH is low and cations when the pH is high, although its ion
exchange capacity may be low compared to other materials specifically
designed for this purpose.

These findings align with the FT-IR results, indicating that the syn-
thesized activated carbon predominantly possesses acidic properties.
Fig. 5 presents the FT-IR spectra for murici activated carbon. By refer-
encing existing studies and transmittance tables, the key vibrations
corresponding to various functional groups in the material were iden-
tified. The FT-IR spectrum displays bands between 2800 and 3000 cm ™},
associated with C-H stretching in methyl (-CHs) and methylene (-CH>-)
groups, indicating aliphatic groups on the activated carbon surface [15,
34]. The band near 1743 cm ™! corresponds to C=0 stretching, sug-
gesting the presence of carbonyl groups such as carboxylic acids, ke-
tones, and esters [15]. Bands in the 1500-1600 cm ™! range are linked to
C—C stretching in aromatic rings and N-H bending in amines, indicating
aromatic structures and possible amines on the surface [16,58]. Vibra-
tions between 950 and 1200 cm™! are attributed to G-O stretching in
hydroxyl groups of alcohols, esters, and ethers [15,60]. Finally, bands
between 900 and 700 cm™! are typically linked to out-of-plane C-H
bending in aromatic rings, further confirming the presence of aromatic
structures in murici activated carbon [16,34]. These groups tend to
make the carbon more hydrophilic, as they allow for the formation of
hydrogen bonds with water molecules. The presence of aliphatic and
aromatic groups can impart certain hydrophobic characteristics, but the
high proportion of oxygen suggests that murici carbon is relatively
hydrophilic.

The FT-IR analysis provides valuable insight into the interactions
between amoxicillin, phenol, and diethyl phthalate molecules and the
surface of murici-based activated carbon by revealing the chemical
functions present in each molecule and their relationship with the
functional groups identified on the carbon. Amoxicillin, an antibiotic,
contains functional groups such as amines, which can form hydrogen
bonds with carboxylic groups (C—=O) on the carbon surface.

Initial pH
»

0 2 4 6 8 10 12
Final pH
Fig. 4. Determination of the point of zero charge (pHpzc) of murici activated

carbon using the pH drift method. The intersection curve indicates the pH at
which the materials surface has no net charge.
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Fig. 5. Fourier-transform (FT-IR) spectral curve of infrared absorption by
transmittance for activated carbon from murici, identifying the functional
groups present on the material’s surface.

Additionally, it features a p-lactam group and an aromatic system,
typical of penicillin-family antibiotics, which may interact with the ar-
omatic structure in murici-based activated carbon, facilitating adsorp-
tion through van der Waals (r-n) interactions [10,18,61]. Phenol, with
its hydroxyl group (-OH), imparts acidic and polar characteristics,
enabling hydrogen bond formation with the activated carbon surface,
thus enhancing adsorption [11,26,31]. Diethyl phthalate, an ester,
contains carbonyl groups that can interact with the carbonyl groups on
the activated carbon through hydrogen bonding, while its aromatic
system can engage in n-n interactions with the aromatic structures of the
carbon, facilitating retention [12,62-64]. The diverse functional groups
on the activated carbon surface provide a range of binding capabilities,
increasing its effectiveness in adsorbing organic compounds and high-
lighting murici-based activated carbon as a low-cost material with
promising potential for water purification and wastewater treatment
applications.

The interaction between the pollutants and the functional groups on
the surface of murici activated carbon is influenced by the chemical
properties and the polar or nonpolar nature of the molecules. In the case
of amoxicillin (AMX), this molecule contains several functional groups
with different charges at different pH levels, which affects its behavior
towards the groups on the surface of the carbon. At pH 7, amoxicillin
adopts a zwitterionic form, which allows its amino group (-NHgs*) to
form dipolar interactions with the phenolic (-OH) groups of activated
carbon [16,65], while its carboxylate group (-COO~) may experience
repulsion from the carbonyl groups (C—=0) on the surface of the carbon,
reducing amoxicillin’s affinity for the adsorbent material compared to
other pollutants. Regarding phenol (PHE), due to its aromatic structure
and the presence of a hydroxyl group (-OH), hydrogen bonding between
the phenol -OH group and the carbonyl (C=0) groups of activated
carbon is favored [31]. Additionally, the aromatic structure of both
phenol and activated carbon can induce n-n interactions between the
benzene rings, facilitating phenol adsorption on the material’s surface
[26]. On the other hand, diethyl phthalate (DEP), a non-ionizable
molecule with a more complex steric structure, exhibits a more pro-
nounced interaction with the carboxyl (-COOH) and carbonyl (C=0)
groups of activated carbon through hydrogen bonding between the DEP
-OH group and these functional groups [63,64]. Non-covalent in-
teractions, such as hydrogen bonds and n-n interactions, significantly
contribute to the high adsorption capacity of these pollutants, especially
in conditions where the carbon surface is moderately negatively
charged, favoring the adsorption of neutral or slightly positively charged
compounds [16,31,66-68]. These interaction mechanisms highlight the
versatility of murici activated carbon in adsorbing a variety of organic
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pollutants, from ionizable compounds like amoxicillin to non-ionizable
molecules like phenol and phthalate, making this material an efficient
and eco-friendly option for pollutant removal in aquatic systems.

The BET method revealed a specific surface area of 566.970 m2.g ™},
while the total pore volume measured by the BJH method was
0.351 cm®.g!, with micropores accounting for 0.033 cm®.g~! and
mesopores for 0.318 cm®.g~!, as detailed in Table 2. The analysis of
textural properties showed that the average pore diameter for murici
activated carbon was 2.47 nm, which is adequate for adsorbing mole-
cules of AMX, PHE, and DEP with diameters of 0.82, 1.52, and 0.57 nm,
respectively. This porous distribution is crucial for the adsorption of
contaminants of varying sizes. In the case of murici-derived activated
carbon, the higher proportion of mesopores enhances the diffusion and
accessibility of larger molecules, such as phenol (PHE, 1.52 nm) and
amoxicillin (AMX, 0.82nm), to internal active sites, resulting in
increased adsorption capacity. Conversely, micropores play a significant
role in the adsorption of smaller molecules, such as diethyl phthalate
(DEP, 0.57 nm), by providing a highly active internal surface. Moreover,
the synthesized carbon displayed a greater proportion of mesopores
compared to micropores, enhancing the movement of molecules to in-
ternal adsorption sites. The balanced combination of mesopores and
micropores in our material not only broadens the range of contaminants
that can be efficiently adsorbed but also optimizes the adsorption ki-
netics by reducing diffusion resistance. These results underscore the
material’s excellent adsorptive capabilities.

Physisorption with inert gas (N3) is one of the most common and
effective ways to determine the specific surface area of porous materials.
Fig. 6 displays the isotherms for nitrogen adsorption and desorption of
murici activated carbon sample. The occupation of larger pores and the
external surface is evidenced by the substantial increase in the adsorbed
volume as the relative pressure increases [69]. Such a pattern suggests
that the material mainly exhibits a mesoporous structure, aligning with
the BJH method’s pore size distribution results. In applications
involving the liquid phase, such as the adsorption of several macro-
molecules, the presence of mesoporosity is often more advantageous
than microporosity [16,70].

The activation of carbon with acidic substances creates a rigid,
porous matrix with cross-linking and oxidizes the surface, thereby
increasing its acidity and the number of negatively charged functional
groups. This enhances the electrostatic attraction between the sorbent
and various sorbates. High-temperature pyrolysis following acid acti-
vation forms meso- and macropores, improves surface oxidation, and
reduces the risk of pore collapse, thus optimizing porosity [66], features
observed in murici carbon activated with H3POy,.

To contextualize the performance of murici-activated carbon, a
comparison with other activated carbons derived from agricultural
wastes is presented in Table 3. The transformation of agricultural waste
materials into activated carbons highlights the influence of both the raw
material and the activating agent on the final textural properties. For
instance, murici seeds activated with H3PO4 yielded a surface area of
556.97 m2.g~! and a pore size of 2.47 nm, which is comparable to lemon
peel activated with COz (1018.52 mz.g’l, 2.78 nm) [17] and macad-
amia nutshells activated with K,CO3 (1225.00 mz.g’l, 0.406 nm) [58].
These results suggest that the choice of activating agent plays a critical
role in determining the pore structure and surface area. Acidic agents
like H3PO4 tend to produce carbons with a balanced distribution of
mesopores and micropores, as seen in murici and Miscanthus x giganteus
[71] (1368.00 mz.g_l, 4.01 nm), while alkaline agents like KOH and
K2COs3 can lead to highly microporous structures, as observed in mac-
adamia nutshells (0.406 nm) [58] and Brazil nutshells (3.69 nm) [31].

The pore size distribution is particularly important for adsorption
applications. Murici-activated carbon, with its average pore size of
2.47 nm, is well-suited for adsorbing molecules like AMX, PHE, and
DEP, which have diameters below 2 nm. In contrast, materials with
larger pore sizes, such as grape marc (10.29 nm) [32], may be more
suitable for adsorbing larger molecules or macromolecules. However,
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Table 2
Textural properties in activated carbon from murici.
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Fig. 6. Nitrogen adsorption/desorption isotherm at —196.15 °C for murici
activated carbon obtained through specific surface area analysis (ASAP). The
curve indicates a mesoporous structure, and the surface area was calculated
using the BET model.

the lower surface area and pore volume of grape marc (44.23 m2.g~ %,
0.305 cm®.g 1) [32] limit its overall adsorption capacity compared to
murici-activated carbon.

The influence of the activating agent is further evidenced by the
results of Sanchez et al. [15], who used NaOH to activate murici seeds
and obtained a much lower surface area (43.30 m2.g’1) compared to our
work (556.97 m>. g’l). This stark difference underscores the importance
of selecting an appropriate activating agent to optimize the textural
properties of the carbon. Similarly, the use of CO3 as an activating agent
for lemon peel resulted in a high surface area (1018.52 m?. g’l) [17] and
a pore size of 2.78 nm, demonstrating the versatility of CO; in creating
mesoporous structures.

While materials like Miscanthus x giganteus [71] and waste wood
[33] showcase exceptional textural properties (1368.00 m%.g~! and
2230.00 m2.g~!, respectively), their practical application may be
limited by factors such as raw material availability, processing
complexity, and environmental impact. In contrast, murici seeds offer a
sustainable and low-cost alternative, particularly in regions where this
agricultural waste is abundant. Although macadamia nutshells
(1225.00 mz.g’l, 0.801 cm3.g’1) [58] also present strong adsorption
potential, their use may be constrained by regional availability and

higher costs. On the other hand, materials like grape marc [32] and
Brazil nutshells [31] exhibit limited adsorption capacity due to their low
surface area and pore volume, though they could still find niche appli-
cations. For example, Brazil nutshells activated with KOH (332.23 m2.
g1, 0.020 cm®.g™1) [31] show potential for applications requiring
microporous materials, despite their lower surface area.

Overall, murici-activated carbon emerges as a promising material,
striking a balance between performance, cost-effectiveness, and sus-
tainability. Its moderate surface area, combined with a mesoporous
structure and a pore size suitable for adsorbing a wide range of pollut-
ants, positions it as a versatile adsorbent for environmental remediation.
Furthermore, the use of H3PO4 as an activating agent not only enhances
the material’s textural properties but also introduces oxygenated func-
tional groups that improve its affinity for polar pollutants. To further
enhance its competitiveness, future studies should focus on optimizing
the activation processes to improve its textural properties while main-
taining its low-cost and sustainable advantages.

In summary, murici-based activated carbon presents favorable
characteristics for environmental remediation applications, particularly
in the adsorption of emerging contaminants. Its moderately hydrophilic
nature, as indicated by FT-IR results showing oxygenated functional
groups (e.g., carbonyl and hydroxyl groups), enhances its ability to form
hydrogen bonds, allowing efficient interaction with water and dissolved
pollutants. While the presence of aliphatic and aromatic groups in-
troduces some hydrophobic characteristics, the high proportion of
oxygen-rich groups suggests an overall hydrophilic tendency, beneficial
for aqueous-phase applications. Additionally, its pH-dependent charge
properties, with a point of zero charge (pHpyc) of 6.3, allow for selective
ion adsorption. Below this pH, the carbon surface becomes positively
charged, promoting anion attraction, while at higher pH levels, the
surface becomes negatively charged, favoring cation adsorption.
Although its ion exchange capacity may be more limited than that of
highly functionalized materials, murici activated carbon still demon-
strates versatile adsorption capabilities due to its surface chemistry and
pore structure, positioning it as a cost-effective and promising option for
water purification and pollutant removal.

3.3. Assessment of adsorption and kinetic model fitting

In this study, the activated carbon exhibited notable efficiency in
removing emerging contaminants, achieving high removal rates: 76 %
for AMX, 56 % for PHE, and an impressive 97 % for DEP. These results
underscore the material’s effectiveness in pollutant adsorption, with
maximum adsorption capacities reaching 28.3mgg! for AMX,
74.9 mg-g~! for PHE, and 43.5 mg-g~! for DEP (Fig. 7).

This study focuses on the use of murici seeds (Byrsonima crassifolia L.
Kunth), an underutilized agricultural waste, for the production of

Table 3

Comparison of textural properties of activated carbons derived from agricultural wastes.
Activated carbon ASger (m%.g™1) Vrpores (cm®.g™1) Pore size (nm) Activating agent Reference
Murici seeds 556.97 0.351 2.47 H3PO4 This work
Miscanthus x giganteus 1368.00 0.920 4.01 H3PO4 Osman et al. [71]
Waste wood 2230.00 1.270 0.35 H3PO4 Strong et al. [33]
Macadamia nutshells 1225.00 0.801 0.406 K»CO3 Duque-Brito et al. [58]
Grape marc 44.23 0.305 10,29 N/A Saglam et al. [32]
Brazil nutshells 332.23 0.020 3.69 KOH Da Silva et al. [31]
Murici seeds 43.30 N/I N/IL NaOH Sanchez et al. [15]
Lemon peel 1018.52 0.5377 2.78 CO, Mohamad et al. [17]

N/I = Not Informed; N/A = Not Applicable
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Fig. 7. Adsorption kinetic assays of AMX, DEP, and PHE on murici activated
carbon. The graph shows the adsorbed amount (qt) as a function of time,
highlighting differences in the adsorption capacity among the three
contaminants.

activated carbon. While other studies have explored fruit seeds such as
mango, avocado, or jabuticaba, murici offers a unique chemical
composition and specific textural properties that favor the adsorption of
three environmentally relevant pollutants: an antibiotic (amoxicillin), a
phenolic compound, and a plasticizer (diethyl phthalate). Table 4 pro-
vides a comparative analysis of the adsorption performance of murici-
activated carbon against other agricultural waste-derived adsorbents,
considering not only the removal efficiency (%) but also the initial
concentration of pollutants and the adsorption capacity (qmax, mg.g~>).
The adsorption efficiency of murici-activated carbon for amoxicillin
was 76 %, which is notably higher than that of vegetal powdered carbon
(40 %) [611, Prosopis juliflora wood (46 %) [66], and jujube nuts (37 %)
[30]. However, when considering adsorption capacity, Prosopis juliflora
wood exhibits a significantly higher qmax (714.3 mg/g) at an initial
concentration of 500 mg/L, while the qu,qx for murici-activated carbon is
28.3mg.g"! at 200 mg.L L. These differences highlight the strong in-
fluence of initial pollutant concentration on qmax values. Since
adsorption efficiency tends to decrease at higher initial concentrations
due to saturation of active sites, the performance of murici-activated
carbon remains competitive, particularly when considering real-world
applications where initial pollutant concentrations may vary widely.
For phenol adsorption, murici-activated carbon achieved an effi-
ciency of 56 %, lower than that of rice husk (94 %) [11], and oak wood
(99 %) [34],] and oak wood (99 %) [42], but comparable to sugarcane
bagasse (66 %) [37]. Notably, the qmax of murici-activated carbon
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(74.9 mg.g~! at 200 mg.L~!) surpasses that of rice husk (20.9 mg.g™! at
300 mg.L 1), suggesting that, while efficiency values are lower, murici
carbon maintains a competitive adsorption capacity. The lower effi-
ciency may be attributed to differences in activation conditions and
surface chemistry, reinforcing the need for optimization strategies to
enhance performance for phenolic compound removal.

Regarding diethyl phthalate, murici-activated carbon exhibited
outstanding performance, with a 97 % removal efficiency and a quax of
43.5 mg.g~! at 200 mg.L L. This is higher than the efficiency of cotton
straw (78 %) [62] and comparable to that of the coal-chitosan composite
(91 %) [67] and jabuticaba seeds (90 %) [39]. However, cotton straw
demonstrated a remarkably high qmayx (657.0 mg.g~! at 50 mg.L™1),
emphasizing that adsorption capacity can be significantly affected by
initial concentration and material properties.

These findings highlight the importance of considering both effi-
ciency and adsorption capacity when comparing different adsorbents.
While murici-activated carbon may not always achieve the highest qmax
values, its ability to maintain high removal efficiencies even at relatively
high initial concentrations supports its potential for practical applica-
tions. Furthermore, the unique textural and chemical properties of
murici-derived carbon contribute to its versatility in adsorbing different
classes of pollutants. This study not only demonstrates the feasibility of
using murici seeds for activated carbon production but also underscores
the need for standardized conditions when comparing adsorption per-
formance across different materials.

The adsorption capacity of carbon is influenced by several parame-
ters such as the structure, the texture, the nature of the surface, and the
diameter of particles, particularly in the case of activated carbon ob-
tained through chemical activation [34].

Recent studies have shown similar trends. For example, the research
conducted by Laksaci et al. [16] exhibited remarkable adsorption effi-
ciency, reaching 370 mg.g~! for AMX removal via adsorption on acti-
vated carbon derived from coffee waste activated with KOH.
Additionally, the study by Chandrasekaran et al. [66] focused on the use
of Prosopis juliflo ra wood-derived carbon activated with HgPOy, similar
to this work, for the adsorption of AMX. The activated carbon demon-
strated a remarkable adsorption capacity of 714.29 mg.g ™}, suggesting
that this behavior could possibly be influenced by the activating agent.

In their studies on AMX adsorption, El Azzouzi et al. [72] observed a
maximum adsorption capacity of 26 mg.g™! in less than 60 minutes,
using another type of adsorbent material, a kaolinite. Belaissa et al. [30]
found optimal AMX removal using activated carbon derived from jujube
nuts, activated with HySO4, achieving a maximum adsorption capacity
of 70 mg.g~! in approximately 70 minutes.

These results indicate that the use of different activating agents is
directly related to the porous structure and, consequently, the adsorp-
tion capacity of activated carbon.

Regarding the removal of PHE, it is observed that the activated
carbon from murici was more efficient when compared to the adsorption
results of AMX and DEP. In the chemical activation process, H3PO4

Table 4
Comparison of adsorption efficiency of activated carbon from agricultural waste.
Pollutant Initial concentration (mg.L*I) Activated carbon Qmax Efficiency (%) Reference
(mg.g™")
Amoxicillin 200 Murici seeds 28.3 76 This work
50 Vegetal powdered 87.0 40 Berges et al. [61]
500 Prosopis juliflora wood 714.3 46 Chandrasekaran et al. [66]
200 Jujube nuts 79.0 37 Belaissa et al. [30]
Phenol 200 Murici seeds 74.9 56 This work
300 Rice husk 20.9 94 Kennedy et al. [11]
100 Sugarcane bagasse 158.9 66 El-Bery et al. [37]
100 Oak wood 250.0 99 Dehmani et al. [34]
Diethyl phthalate 200 Murici seeds 43.5 97 This work
50 Cotton straw 657.0 78 Cheng et al. [62]
10 Chitosan composite 42.7 91 Shaida et al. [67]
200 Jabuticaba seeds 29.8 90 Martins et al. [39]
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stands out as an activating agent, demonstrating greater efficiency in
enhancing the adsorption properties of carbon compared to other acidic
and basic agents. Unlike strong bases, which tend to reduce the
adsorption capacity of treated carbon, H3PO4 not only facilitates an
optimal porous structure but also significantly increases contaminant
removal efficiency, such as phenol, achieving nearly 100 % elimination.
This effectiveness makes H3PO4 preferable in water treatment applica-
tions, as it produces carbons with superior adsorption capacities, even
surpassing those of commercial activated carbons [34].

The examination of the activated carbon’s zero point of charge value
of 6.3 reveals a greater presence of acidic functional groups on the
surface, such as carbonyl, phenolic, carboxylic, and lactonic groups,
indicating a predominantly acidic nature in activated carbons. Conse-
quently, this results in a surface with a negative inclination since the
PHpzc (CA surface) is greater than the pH (aqueous phase), i.e., 6.3 > 7.
Therefore, the CA surface is negatively charged, favoring the attraction
of anions [39].

Khraisheh et al. [68] investigated the adsorption of PHE with an
initial concentration of 500 ppm. Their results indicated that the highest
adsorption efficiency was 160.6 mg.g}, with a final concentration
reduced to zero in approximately 10 minutes. Similarly, El-Bery et al.
[37] utilized precursor materials such as sugarcane bagasse and
sawdust, and by comparing two activating agents, K;CO3 and KOH, they
determined that 158.9 mg.g 'was the high adsorption capacity for
phenol. In this regard, Xie et al. [73] found that the peak adsorption
capacity occurred at an optimal pH of 7, in approximately 60 minutes,
with a value of 169.9 mg.g~! when examining the process of phenol
adsorption by commercial activated carbon. Dehmani et al. [34],
analyzed the adsorption removal of PHE by activated carbon derived
from oak wood charcoal and observed a qmax of 250 mg.g ! in less than
30 minutes. The carbon was activated using HsPO4, which is advanta-
geous as this activating agent significantly enhances the porous surface,
improving adsorption capacity. The ability to achieve effective adsorp-
tion in a short time is crucial for efficient water treatment applications

As illustrated in Fig. 7, the activated carbon demonstrated effective
promotion of DEP removal, achieving optimal performance under these
conditions, superior to that of AMX and lower than that of PHE. The
researchers Shi et al. [64] analyzed the adsorption of DEP on biochars
derived from six widely produced biomass wastes in China and reported
a high adsorption capacity for coal-based activated carbon, with a gmax
of 261 mg.g~ . Similarly, Shaida et al. [67] investigated the removal of
DEP through adsorption onto mineral-enriched residual coal modified
with chitosan, finding that the adsorption efficiency reached 42.67 mg.
g h

Building upon the preliminary study by Martins et al. [39], this
research emphasizes the importance of the activating agent used in the
preparation of murici activated carbon and its significant impact on
adsorption capacity and contaminant removal times for AMX, PHE, and
DEP across various pH levels. These findings underscore the potential of
this carbon for effective environmental remediation and highlight the
need for further exploration in this area.

While this and other studies have focused on the adsorption of in-
dividual contaminants such as AMX, PHE, and DEP, it is important to
acknowledge that in real-world scenarios, pollutants rarely occur in
isolation. Instead, they are typically present as complex mixtures of
various substances, which can significantly influence adsorption
behavior. For example, Elsayed et al. [74] investigated the adsorption of
heavy metals (Cu?", Ni2*, and Co?") using hydrogel as an adsorbent,
both individually and in a mixed system. Their findings revealed a slight
decrease in adsorption capacity when metals were present in a mixture,
highlighting competitive interactions between contaminants. They also
emphasized that pH was the most influential factor in the adsorption
process.

These insights suggest that competitive adsorption dynamics play a
critical role in multi-contaminant systems. Therefore, we recommend
that future studies explore the adsorption performance of murici-based
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activated carbon in multi-component systems to better simulate real
environmental conditions and optimize treatment processes.

The evaluation of the kinetic models was conducted through the
analysis of the determination coefficients (Rz) and the comparison be-
tween the experimental data and those predicted by the models
(Table 5). The pseudo-second-order model showed the best fit for most
tests, these results are similar to previous works for AMX [61], PHE [26,
37,73] and DEP [63,64,67]. According to Hu et al. [35], this model
suggests that chemisorption may be the predominant reaction mecha-
nism between the adsorbent and the adsorbate, involving electron ex-
changes or valence forces. The results of these authors, who analyzed
phosphate adsorption onto activated carbon, also fit better with the
pseudo-second-order model. Thus, the results obtained from the kinetic
modeling indicate that chemisorption may occur due to the presence of
acidic functional groups, such as carboxylic, phenolic, carbonyl, and
ester groups on the surface of the synthesized carbons.

The results obtained show that murici activated carbon has a high
affinity for phenol (PHE) and diethyl phthalate (DEP) compared to
amoxicillin (AMX) at pH 7. This is explained in terms of the zero-charge
point (pHpzc) of the carbon (6.3) and the pKa values of the contami-
nants. At pH 7, the activated carbon has a slight negative charge on its
surface, which favors the adsorption of neutral or positively charged
compounds while potentially repelling anions. Since phenol is pre-
dominantly neutral (pKa ~9.95) [31], and DEP is non-ionizable, both
exhibit a high adsorption capacity under these conditions, reaching qmax
values of 74.9 mg.g~! for PHE and 43.5 mg.g~! for DEP, which are
significantly high.

In contrast, AMX, with pKa values of 2.4, 7.4, and 9.6, tends to
exhibit complex speciation at this pH, adopting a zwitterionic form
(-COO™ and -NH3) [16,65]. This state may reduce its affinity for the
carbon surface due to possible repulsion between the deprotonated
carboxylate group of AMX and the negatively charged carbon surface,
explaining the lower quax value of 28.3 mg.g™! for AMX compared to
PHE and DEP.

Finally, murici activated carbon, according to its physicochemical
characterization, presents a moderately hydrophilic surface with
oxygenated functional groups, such as carbonyls and hydroxyls, that
allow for the formation of hydrogen bonds. Although the ion exchange
capacity is relatively limited, these characteristics suggest that murici
activated carbon is a versatile and effective adsorbent for non-ionizable
and neutral compounds, making it a valuable material for applications
in the removal of contaminants from aquatic systems. Additionally, its
natural composition and its ability to efficiently adsorb contaminants
highlight its potential as a sustainable and eco-friendly alternative in
wastewater treatment.

3.4. Economic feasibility and environmental considerations of H3PO4
activation

Murici seeds, used as a precursor material for the production of
activated carbon, do not represent an additional cost, as they are a waste
donated by a local company. This approach not only reduces costs but
also promotes the valorization of agro-industrial waste and encourages
sustainable practices. In this study, laboratory-scale production had an

Table 5
R? values for kinetic models of AMX, PHE and DEP adsorption of activated
carbon from murici.

Pollutant Pseudo-first Pseudo-second Webber Morris
order (R;?) order (Ry?) (R3?)
Amoxicillin 0966 0981 0809
Phenol 0900 0979 0821
Diethyl 0846 0985 0795
phthalate
Standard 0.0601 0.0031 0.0130
Deviation
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estimated cost of 1107.56 USD/kg, with a weekly production of 90 g.
The cost is broken down into 36.74 USD for 85 % H3PO4, 5.40 USD for
energy (local energy rate), 0.04 USD for water (local water rate), 50.00
USD for labor (local labor rate), and 7.50 USD for maintenance, totaling
99.68 USD per week. The high cost is primarily due to H3PO4 (37 %) and
labor (50 %).

In the work of Strong et al. (2023), it was demonstrated that H3PO4
can be recycled, reducing costs and environmental impact. When using
25 % H3POy4, 87.5 + 0.6 % of the acid was recovered, compared to 63.9
=+ 1.6 % with 85 % H3PO,. This is because the more concentrated and
viscous acid does not efficiently penetrate the precursor material,
reducing its effectiveness. Based on these findings, production costs
could be adjusted. By using 25 % H3PO4 and maximizing the use of the
furnace (10 carbonizations per week), 500 g of seeds could be processed,
yielding 225 g of activated carbon. Although water (0.1 USD, local
water rate) and energy (13.50 USD, local energy rate) consumption in-
creases, the cost would be reduced to 344.89 USD/kg at the laboratory
scale. This reduction represents a significant advantage for industrial
scaling, where higher processing volumes would further decrease costs.

The scalability of murici seed-derived activated carbon production
presents both technical and economic challenges that must be addressed
to facilitate industrial implementation. Technically, ensuring uniform
carbon activation on a large scale requires precise control over param-
eters such as temperature, residence time, and acid concentration. The
recovery and recycling of H3POy, as suggested by Strong et al. (2023),
become critical to both cost reduction and environmental sustainability.
Additionally, energy efficiency is a key factor; transitioning from batch
processes to continuous-flow reactors could enhance throughput while
reducing energy costs. This cost reduction not only improves economic
feasibility but also minimizes resource consumption, contributing to a
more sustainable production process.

Economically, scaling up could benefit from economies of scale,
particularly in raw material processing, energy consumption, and labor
optimization. Integrating the production process with existing agro-
industrial operations that generate murici seed waste can further
reduce logistical costs and promote a circular economy model.

For industrial-scale implementation, we propose the following stra-
tegies: 1) Implementing closed-loop acid recovery systems to maximize
H3POy4 reuse, thus significantly lowering operational costs and mini-
mizing environmental impact. 2) Utilizing continuous-flow reactors for
carbonization and activation processes to improve energy efficiency and
production consistency. 3) Partnering with local agro-industrial com-
panies to secure a steady supply of murici seeds, reducing raw material
costs and promoting waste valorization. 4) Incorporating waste heat
recovery systems to utilize excess heat generated during the activation
process, further improving overall process efficiency. These strategies
not only address the scalability challenges but also align with sustain-
able production practices, enhancing the feasibility of murici seed-
derived activated carbon in industrial applications.

In addition to the economic and technical scalability, the environ-
mental sustainability of the activation process is equally critical. Eval-
uating the life cycle impacts of the materials and methods used provides
a comprehensive understanding of their long-term feasibility and envi-
ronmental footprint. Choudhry et al. [75], in their work on the chemical
activation of cotton fibers, evaluated the effect of four reagents (H3POj,
ZnCly, KOH, and K3C504) on the morphology of activated carbon and its
methylene blue adsorption capacity. Their life cycle assessment (LCA)
findings offer valuable insights applicable to the current study. Using
OpenLCA software and the TRACI method, they found that K3C204 and
KOH contribute significantly to global warming due to the higher
quantities needed for carbon production, whereas ZnCl, and H3PO4 had
lower environmental impacts. Specifically, H3PO4, demonstrated mini-
mal environmental contributions in categories such as acidity, carcino-
genicity, environmental toxicity, fossil fuel depletion, eutrophication,
non-carcinogenicity, ozone depletion, respiratory effects, and smog
formation.
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These results corroborate the selection of H3PO4 as an activating
agent in this study, highlighting its lower environmental footprint
compared to other chemical activators. Thus, the activated carbon
produced from murici seeds aligns with eco-friendly practices by mini-
mizing negative environmental impacts during production. Further-
more, the potential for reusing spent adsorbents in multiple cycles or
implementing inertization techniques could further reduce the envi-
ronmental burden associated with their disposal. These findings support
the relative sustainability of the activation process used in this work and
highlight the importance of considering the full life cycle in future
research.

While the use of H3PO4 presents environmental advantages, future
studies could explore alternative activation methods that further mini-
mize environmental impact. For instance, physical activation tech-
niques, such as steam or CO; activation, eliminate the need for chemical
reagents, reducing potential risks related to chemical handling and
waste disposal. Additionally, bio-based activating agents derived from
renewable resources, such as citric, tartaric, or fumaric acid, may offer
greener alternatives. These natural acids not only reduce chemical waste
but also lower the process’s carbon footprint, aligning with sustainable
development goals and reinforcing the environmental and economic
viability of murici seed-derived activated carbon.

3.5. Management of used adsorbent

In this study, the used adsorbents after the adsorption of amoxicillin,
phenol, and diethyl phthalate were discarded, as the base material
(murici seeds) is low-cost, obtained as a donation from fruit processing
companies, and the associated processing costs (water, energy, labor,
and reagents) have been accounted for in other sections of this article.
However, to enhance the sustainability of the process, future research
should explore potential management strategies for spent adsorbents to
minimize their environmental impact.

A viable option is the thermal regeneration of activated carbon,
allowing for its reuse in multiple adsorption cycles and reducing the
need for new material production. Nevertheless, this method presents
limitations, such as the gradual decrease in adsorption capacity and the
potential release of contaminants during the heating process. Alterna-
tively, the saturated adsorbent could be repurposed as an alternative
fuel, leveraging its energy content through controlled incineration. This
approach, however, demands careful handling to prevent the emission
of volatile pollutants. If disposal is unavoidable, inertization or deposi-
tion in specialized landfills is recommended to ensure that retained
contaminants are securely contained and do not leach into the envi-
ronment [15]. These strategies warrant further investigation to optimize
the lifecycle of the adsorbents and promote a more sustainable
approach.

To address the health and safety risks linked to H3PO4 usage during
chemical activation, several mitigation strategies were considered.
Implementing closed-system processes can significantly reduce operator
exposure and prevent accidental acid releases into the environment.
Moreover, post-activation neutralization—such as thoroughly washing
the activated carbon with alkaline solutions—ensures the removal of
residual acid, thereby minimizing environmental contamination risks.
Additionally, the recycling of phosphoric acid solutions after activation
can further reduce chemical waste and environmental impact. Exploring
the use of less concentrated H3PO4 solutions could also mitigate health
risks while maintaining activation efficiency. From an operational safety
perspective, strict adherence to handling protocols, the use of appro-
priate personal protective equipment (PPE), and compliance with
chemical safety regulations are critical for safeguarding personnel and
maintaining safe working conditions. While phosphoric acid is generally
less hazardous than other common activating agents, these precau-
tionary measures are essential to ensuring both the environmental and
occupational safety of the process.
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4. Conclusion

Murici seed-based activated carbon, derived from agro-industrial
residues and produced through an eco-friendly activation method
using H3PO4, demonstrates significant potential for the removal of
amoxicillin, phenol, and diethyl phthalate from aqueous media. This
activated carbon exhibits a mesoporous structure with a substantial
surface area of 556.97 m2.g™! and a total pore volume that enhances its
effectiveness as an adsorbent. The presence of acidic functional groups
on its surface, along with a measured point of zero charge (pHpzc) of 6.3,
indicates its capacity to effectively interact with various contaminants
based on their pKa values.

In adsorption experiments, murici activated carbon showed high
adsorption capacities, achieving qmax values of 74.9 mg.g_1 for phenol,
43.5mg.g”! for diethyl phthalate, and 28.3 mg.g~! for amoxicillin.
Notably, the kinetic analysis revealed that significant adsorption
occurred within the first 60 minutes for all three contaminants, under-
scoring the rapid action of this material. The pseudo-second-order model
provided the best fit for the adsorption data, suggesting that chemi-
sorption is likely the predominant mechanism involved, facilitated by
the acidic functional groups that enhance interactions between the
adsorbent and pollutants.

Overall, these findings position murici activated carbon as a versatile
and effective adsorbent for organic pollutant removal from aquatic
systems. Its sustainable nature, remarkable adsorption properties, and
quick adsorption kinetics highlight its potential applications in waste-
water treatment, making it a valuable option for environmental pro-
tection and resource recovery efforts.

For future studies, the exploration of other agricultural waste sources
as precursors for activated carbon production could expand the range of
sustainable adsorbents available. Additionally, optimizing the activa-
tion process to further enhance adsorption performance or integrating
murici-based activated carbon into composite adsorbents with syner-
gistic properties could provide new avenues for improving pollutant
removal efficiency. Evaluating its performance in real wastewater
matrices and assessing potential regeneration and reuse strategies would
also contribute to its practical application in large-scale water treatment
systems.

5. Recommendations for future studies

To further advance the sustainable use of murici-based activated
carbon, it is crucial to conduct a life cycle analysis (LCA) to assess the
environmental advantages and disadvantages of its production process.
This approach would provide a detailed view of the environmental im-
pacts, from seed collection to the final disposal of used adsorbents. The
LCA could be key to comparing murici-based activated carbon with
other available alternatives, helping solidify its position as an eco-
friendlier option for environmental remediation. Future studies could
apply life cycle assessment tools, such as OpenLCA, to specifically
evaluate the environmental footprint of murici seed-derived activated
carbon, ensuring comprehensive sustainability metrics.

Additionally, it is recommended to investigate regeneration tech-
niques for activated carbon, such as thermal or chemical regeneration,
to evaluate their technical and economic feasibility. Regeneration could
not only increase process efficiency by enabling the reuse of the adsor-
bent material but also help reduce operational costs in large-scale ap-
plications. Similarly, it would be valuable to explore more sustainable
disposal methods for exhausted activated carbon, such as inertization or
using the saturated material as an alternative fuel, provided that
pollutant emissions are minimized.

Regarding process improvement, future research could focus on
optimizing activation conditions, particularly by reducing the con-
sumption of reagents and energy. For instance, investigating alternative
activation methods, such as activation with CO5 or steam, could make
the process more sustainable and less dependent on chemicals like
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phosphoric acid.

The zeta potential analysis is a useful complementary technique to
deepen the understanding of the interactions between pollutants and
activated carbon. This technique would provide crucial information
about the electrostatic stability of the particles and their tendency to
form aggregates, offering a more detailed view of how specific func-
tional groups on the surface of the carbon interact with the molecular
structures of amoxicillin (AMX), phenol (PHE), and diethyl phthalate
(DEP). Therefore, we suggest that a zeta potential analysis could be a
valuable future approach to optimize adsorption conditions, improve
process efficiency, and expand knowledge of surface interactions in
aquatic systems.

To more comprehensively assess the viability of murici-based acti-
vated carbon in industrial applications, it would be valuable to conduct
pilot or industrial-scale wastewater treatment system tests. These tests
would not only evaluate its performance under more realistic conditions
but also provide fundamental data on its effectiveness and potential
limitations in a broader operational setting.

Since pH and temperature variations can significantly impact
adsorption performance by altering the adsorbent’s surface charge and
the solubility of contaminants, we recommend that future studies
include a more comprehensive analysis that combines different pH and
temperature conditions. This approach would better simulate a wider
range of real-world water treatment scenarios, offering deeper insights
into how these factors influence adsorption efficiency and the feasibility
of the process in practical applications.

Finally, it is suggested to perform a sensitivity analysis on carbon-
ization temperature in future studies. This analysis could involve testing
different temperatures and their impact on the physical and chemical
properties of the activated carbon, as well as its adsorption capacity.
This would allow for optimizing production conditions, further
improving its performance as an adsorbent in water contamination
remediation.
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