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Abstract: The aim of this research was to separate the over-the-counter nonsteroidal anti-inflammatory
drug (NSAID), ibuprofen, from an aqueous solution using the adsorption method, as this NSAID
is one of the most globally consumed. An adsorbent was crafted from the Agave angustifolia
bagasse, a byproduct of the bacanora industry (a representative alcoholic beverage of the state
of Sonora, in northwestern Mexico). Three bioadsorbents (BCT1, BCT2, and BCT3) were pro-
duced via pyrolysis at a temperature of 550 °C, with slight variations in each process for every
bioadsorbent. The bioadsorbents achieved material yields of 25.65%, 31.20%, and 38.28% on dry
basis respectively. Characterization of the bagasse and adsorbents involved scanning electron
microscopy (SEM), Fourier-transform infrared spectroscopy (FT-IR), thermogravimetric analysis
(TGA), and differential scanning calorimetry (DSC). The biomass morphology exhibited a cracked
surface with holes induced via the bacanora production process, while the surface of the bioad-
sorbents before ibuprofen adsorption was highly porous, with a substantial surface area. After
adsorption, the surface of the bioadsorbents was transformed into a smoother grayish layer. The
macromolecules of cellulose, hemicellulose, and lignin were present in the biomass. According
to functional groups, cellulose and hemicellulose degraded to form the resulting bioadsorbents,
although traces of lignin persisted after the pyrolysis process was applied to the biomass. In
an adsorption study, BCT1 and BCT2 bioadsorbents successfully removed 100% of ibuprofen
from aqueous solutions with an initial concentration of 62.6 mg/L. In conclusion, the biocarbon
derived from Agave angustifolia bagasse exhibited significant potential for removing ibuprofen
via adsorption from aqueous solutions.
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1. Introduction

Emerging contaminants, defined as substances that were not previously identified
or recognized as pollutants, have become a significant interest in science due to growing
concern about the potential consequences of their occurrence, although their presence in
the natural environment is not a recent phenomenon [1]. These substances have been
sporadically detected in the environment, including in water sources, groundwater, and
even drinking water [2]. Pharmaceuticals, such as anti-inflammatories, antibiotics, an-
tivirals, and analgesics, represent examples of these emerging contaminants [3,4]. The
European Union, the United States, and China have regulatory frameworks for moni-
toring such contaminants. However, in many countries, they are not regulated by any
law or authority [5,6].

In recent decades, ibuprofen has become one of the most widely consumed over-the-
counter nonsteroidal anti-inflammatory drugs (NSAIDs) [7]. Its physicochemical properties
contribute to high mobility in aquatic environments, making it a significant contaminant
in aquatic ecosystems [8]. Studies have indicated that its environmental presence poses a
risk of long-term exposure and chronic toxic effects on organisms [9-11]. Ibuprofen can
enter aquatic environments through various pathways originating from anthropogenic
activities. Improper disposal, including flushing unused medications down the drain,
contributes significantly. Manufacturing plants and wastewater treatment plants (WWTPs)
are also sources, as ibuprofen is excreted by humans and animals in its unmetabolized form,
along with its more toxic metabolites. Also, ibuprofen wastewater effluents from various
sources such as veterinary facilities, domestic premises, hospitals, and drug-production
factories; these pose environmental concerns due to their potential impact on aquatic
ecosystems. Once in the environment, ibuprofen can travel through rivers, lakes, and
oceans, contaminating aquatic ecosystems. It can also seep into soil and groundwater,
further spreading its presence. Aquatic plants and organisms inadvertently consume
ibuprofen, incorporating it into the food web [12,13].

Various methods exist for removing ibuprofen from aqueous solutions, including ozona-
tion and electro-Fenton oxidation [14-16]. Even though these methods have proven effective,
their application involves high costs. Consequently, environmentally friendly and econom-
ically viable techniques, such as adsorption, have gained interest [17-19]. The use of
natural sorbents, like biochar, facilitates efficient and economically viable adsorption pro-
cesses due to the nature of the adsorptive materials employed [20]. Biochar, a carbon-
rich, porous, aromatic, and stable material produced from biomass carbonization under
high-temperature and oxygen-limited conditions, possesses excellent physicochemical
properties. Its adjustable surface area, controllable porous structures, and abundant oxygen
functional groups make it applicable in different fields, including energy, environment,
and agriculture [21]. Biochar, generated primarily from biomass wastes through pyroly-
sis at temperatures ranging from 500 to 800 °C and durations of 1 to 2 h under an inert
atmosphere, serves as a versatile tool for circular waste utilization and sustainability. Its
applications extend to environmental remediation, including the removal of water pollu-
tants, amelioration of soil quality, and reduction in solid waste [22]. A highly promising
application of biochar lies in its ability to effectively capture and retain various pollutants
from water sources and can be used as organic fertilizer as well as soil amendment thanks to
its porous structure [23]. For the removal of contaminants, the choice of precursor (biomass)
is crucial for economic feasibility and efficiency. The precursor should be readily available,
low-cost, nonhazardous, with a high carbon and oxygen content, a resistance to abrasion,
high thermal stability, and have small pore diameters [24,25].

The current research focused on elucidating the absorption mechanisms of biocarbons,
applying them to various emerging pharmaceuticals, and enhancing their surface proper-
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ties. In this regard, different absorption mechanisms were elucidated, such as the biocarbon
surface exhibiting flaky structures with numerous small pores, enhancing permeability
and porosity and providing ample vacant sites for adsorption. Additionally, identified
oxygen-containing molecules on the biocarbon surface facilitating the adsorption of emerg-
ing pharmaceuticals through significant hydrogen bonding interactions. Furthermore, the
sulfonyl group present in many emerging pharmaceuticals enables 7-7 electron interac-
tions with the benzene ring, which is particularly evident around neutral pH levels, while
electrostatic and coordination interactions further contribute to the adsorption of these
pharmaceuticals onto the biocarbon surface [26]. Hence, the ongoing research is centered
on the production and application of a novel biocarbon derived from the food industry
with high adsorption capacity and with the potential to remove ibuprofen.

The traditional bacanora industry in the state of Sonora, Mexico, benefits the re-
gion socially, economically, and culturally. Bacanora, a distilled alcoholic beverage, has
been produced in the state for over 300 years, involving the processing and distillation
of Agave angustifolia [27,28]. Annually, around 1.5 million tons of agave are used for alco-
holic beverage production, generating approximately 14.41 tons of bagasse per harvested
hectare [29,30]. This waste is considered an environmental problem due to its natural
degradation by altering soil pH, causing landscape deterioration, generating odors, at-
tracting rodents, and when burnt, releasing greenhouse gases [31]. Given its components
and characteristics, the Agave angustifolia bagasse resulting from the bacanora production
process is considered a lignocellulosic material. Authors argue that such materials have
great potential for the production of biopolymers via cellulolytic bacteria and for obtaining
phenolic compounds, due to their low cost and abundance [32]. The use of this waste could
contribute to the region’s economic growth and mitigate environmental impact by avoiding
excessive use of natural resources [33]. In this regard, Agave angustifolia has been used for
the production of biochar and activated carbon [34,35], however, it has not been tested
for the removal of emerging pharmaceuticals such as ibuprofen. Thus, utilizing Agave
angustifolia bagasse biomass from the bacanora industry in Sonora, Mexico, as biochar
material may result in a biochar product with favorable properties for effective adsorption
of ibuprofen, thus offering a promising approach for water remediation applications.

Therefore, this project aimed to prevent, eliminate, and/or reduce environmental
contamination caused by ibuprofen by removing it from a synthetic aqueous solution.
Additionally, it sought to add value to the Agave angustifolia bagasse by producing a bioad-
sorbent. Both the bagasse and the resulting biochar treatments were characterized using
scanning electron microscopy (SEM), infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), and differential scanning calorimetry (DSC). The potential application of
these materials in ibuprofen removal was also explored.

2. Materials and Methods
2.1. Reagents

Distilled water, infant-type suspended ibuprofen, and hydrochloric acid (HCI) were
employed in adsorption tests.

2.2. Biomass Acquisition and Conditioning

The Agave angustifolia bagasse was donated by the Agave and Bacanora Producers
Association in Hermosillo, Sonora, Mexico, to the University of Sonora. The agave residue
underwent a drying and grinding process using the methodology described by Robles-
Garcia et al. [36] with some adaptations. The bagasse was shredded using a forage shredder.
Subsequently, the resulting product was dried in a tunnel at 80 °C for 2 h to reduce particle
size. The dried bagasse fibers were further processed with a Pulvex 200 device after sieving
them with a 100-mesh screen. The obtained powder underwent a second sieving process to
ensure uniform particle size. Particles that did not pass through the 100-mesh screen were
subjected to additional crushing until achieving a consistent particle size (Figure 1).
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(A) (B)

Figure 1. Raw material used for bioadsorbent preparation: (A) Agave angustifolin bagasse,
(B) conditioned Agave angustifolia bagasse.

2.3. Proximal Analysis of Biomass

Mexican standards NOM-116-SSA1-1994, and NMX-F-607-NORMEX-2020, as well
as the ASTM E872 Standard, were employed for calculating the percentage of moisture,
ash and, volatile matter respectively [37-39]. Additionally, fixed carbon was obtained via
percentage difference using the following formula:

Fixed carbon (%) = 100 — % Moisture — % Ash — % Volatile matter 1)

2.4. Bioadsorbent Preparation

Bioadsorbents BCT1, BCT2, and BCT3 were prepared (Figure 2). Before subjecting
the biomass samples to each treatment, they were dried and weighed. The carbonization
processes were carried out using an 18.6 L INDBERG-BLUE M muffle furnace. For bioad-
sorbent BCT1, four crucibles were placed in the muffle at an initial temperature of 24 °C,
each containing 5 g of biomass. Once the temperature reached 550 °C, the equipment
was turned off and after a 20 s wait, the samples were left inside for 5 min before being
removed and placed in a desiccator. The process was repeated for bioadsorbent BCT2,
with the only variation being that the initial muffle temperature was 550 °C, and the
bioadsorbent was removed immediately after the 20 s and placed in a desiccator. Finally,
for bioadsorbent BCT3, the same procedure as for BCT2 was followed, except that the
bioadsorbent was removed after 20 s in the muffle and was reintroduced into the equip-
ment and exposed to 550 °C for an additional 20 s before being removed again and placed
in a desiccator.
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Figure 2. Preparation processes of bioadsorbents BCT1, BCT2, and BCT3.

2.5. Characterization of Agave angustifolia Bagasse and Bioadsorbents
2.5.1. Bioadsorbent Yield
The calculation of the bioadsorbent yield on dry basis was carried out using the
following formula:
Weight of obtained bioadsorbent y
Weight of dry biomass

Yield (%) = 100. @)

2.5.2. Scanning Electron Microscopy (SEM)

Both the biomass and the bioadsorbents underwent morphological characterization
using scanning electron microscopy (SEM) with a scanning electron microscope (JEOL
JSM-5410LV, Tokyo, Japan). This system operated at an acceleration voltage of 20 kV and a
magnification of 10,000 x.

2.5.3. Fourier-Transform Infrared Spectroscopy (FTIR)

The identification of different functional groups in biomass and the three bioadsorbents
was carried out via Fourier-transform infrared spectroscopy (FTIR) using a PerkinElmer
Frontier spectrometer with an attenuated total reflection (ATR) accessory and a transmit-
tance scale ranging from 4000 cm ! to 500 cm 1.
2.6. Thermal Analysis

2.6.1. Thermogravimetric Analysis (TGA)

Thermogravimetric analyses (TGA) and first derivative analyses (DTG) of the starting
compounds and resulting bioadsorbents were conducted to study the degradation behavior
concerning temperature, ranging from 0 °C to 700 °C. The PerkinElmer TGA-8000 equipment
(PerkinElmer, Shelton, CT, USA) was utilized for this purpose.
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2.6.2. Differential Scanning Calorimetry (DSC)

The temperature at which specific phase transitions occurred in the bioadsorbents was
determined via differential scanning calorimetry (DSC) using a conventional Perkin Elmer
DSC model 8500 over a temperature range from 20 °C to 220 °C.

2.7. Preliminary Adsorption Tests
2.7.1. Preparation of Mother Solution

A quantity of 100 mL of mother solution was prepared with a concentration of lignin.
The ibuprofen used originated from an infant suspension (Motrin) and was chosen to facili-
tate dilution in the solution and avoid the use of substances with significant environmental
risks. After preparing the solution, pH was measured using a pocket pH/temperature
meter, pHep®4, with a resolution of 0.1. The pH was adjusted to 2 by adding drops of
hydrochloric acid (HCI). Finally, the adsorption experiments were conducted.

2.7.2. Adsorption Experiments

For the experiment setup, 10 mL of the mother solution was dispensed into a
precipitate beaker containing each bioadsorbent. Subsequently, 0.041 g of bioadsorbent
was added to each beaker, excluding the control beaker. These containers were covered
with Parafilm and placed on plates with a constant stirring speed of 150 rpm for 48 h.
At the end of this period, samples were extracted from the beakers and subjected to
centrifugation at 6000 gravities at 4 °C for 30 min. Later, the resulting supernatant
from each bioadsorbent was analyzed using a UV-visible spectrophotometer, Thermo
Scientific Series US 6,414,753 B1 (Thermo Scientific, Waltham, MA, USA) at a maximum
adsorption wavelength of 253 nm, which is the wavelength of ibuprofen.

2.7.3. Demonstration of Bioadsorbent Functionality

To exhibit the functionality of the bioadsorbents developed from Agave angustifolia
bagasse, the samples (bioadsorbent + ibuprofen) were analyzed using scanning elec-
tron microscopy (SEM) with the aim of observing crystalline structures and reliefs
derived from adsorption in the micrographs. Additionally, the samples were ana-
lyzed via Fourier-transform infrared spectroscopy (FTIR) to describe the physical
interactions between the bioadsorbent and ibuprofen, thus elucidating a potential
adsorption mechanism.

2.8. Statistical Analysis

Proximal analyses were conducted in quadruplicate to determine average values and
standard deviations.

3. Results
3.1. Bioadsorbent Preparation

The bioadsorbents from each treatment displayed similar color and texture
(Figure 3). The bioadsorbent yield of 25.65% (BTC1), 31.20% (BTC2), and 38.28% (BTC3)
were relatively high compared to previous research using lignocellulosic biomass under
similar conditions, were yields ranged from 1.27% to 18.48% [40]. Similar findings were
reported (25% to 32%) for biomass exposed to 400 °C to 550 °C [41]. These findings
align with expectations, as efficient biomass calcination typically yield 30% to 40% [42].
However, as corroborated by various studies, the yield of pyrolyzed sorbents is highly
dependent on the raw material [43].
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Figure 3. Bioadsorbents before and after ash removal; (A) BCT1, (A1) BCT1 without ash (B) BCT2,
(B1) BCT2 without ash and (C) BCT3, (C1) BCT3 without ash.

3.2. Proximate Analysis of Biomass

The proximate analysis of biomass (Table 1), revealed moisture (1.94%), ash (9%),
volatile matter (84.82%), and fixed carbon (4.24%). The low moisture content likely stems
from the predrying process during biomass conditioning. Unlike some studies using
nondried biomass, this approach may influence results [44]. The ash, volatile matter, and
fixed carbon content fell within the average range documented for lignocellulosic materials
like sugarcane bagasse, laurel sawdust, cinnamon, and eucalyptus [45]. Importantly,
the high volatile matter content as noted by Velazquez’s et al. [46] is advantageous for
bioadsorbent production [47].

Table 1. Proximate analysis results of Agave angustifolia bagasse.

Proximate Analysis Mass Percentage

Moisture 1.94 4 0.154%
Ash 9.00 =+ 0.100%
Volatile matter 84.82 + 1.297%
Fixed carbon 4.24 £ 0.982%
Protein 4.02 £ 0.107%

Ethereal extract

0.70 £ 0.097%
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3.3. Morphological Characterization (SEM) of Biomass and Bioadsorbents

SEM images (Figure 4) revealed that the bagasse exhibited fibers with perforations and
a rough surface, suggesting the presence of macromolecules like cellulose, hemicellulose,
and lignin [48]. Physical activation significantly altered the surface morphology of the
bioadsorbents. The bagasse’s holes and rough surface transformed into abundant irregular
pores, indicating a highly porous structure. These porosity characteristics are crucial for
contaminant removal materials as they provide a larger surface area, facilitating superior
adsorption capacity [49].

l0pm UNISON  6/27/2023 |
SEM WD 2.7mm 18:32:31

6um ' 10,000X 15KV SEI

(A)

K3

— 10pm UNISON  6/27/2023
20.0kV LED SEM WD 11.2mm 18:05:36

(C) (D)

¥ @
100pm UNISON  6/27/2023
20.0kV LED sEn WD 11.2mm 16:07:56)

Figure 4. Scanning electron microscopy (SEM) of biomass and bioadsorbents. (A) Agave angustifolia
bagasse, (B) BCT1, (C) BCT2, and (D) BCT3.

3.4. Biomass and Bioadsorbents Structural Characterization (FTIR)

Figure 5 presents the results of Fourier-transform infrared spectroscopy (FTIR) of
biomass and bioadsorbents, highlighting key wavenumbers and their corresponding func-
tional groups. The biomass spectrum displayed characteristic functional groups of hemi-
cellulose (beta-glucosidic linkage of cellulose at 769 cm~!) and lignin (aromatic rings at
1635 cm~!). There was a strong intensity absorption peak at 3272 cm~!, being attributed
to the stretching of O-H bonds due to the presence of a hydroxyl group, while peaks
at 2918 cm~! indicated the presence of a C-H group, at 1616 cm~! of absorbed O-H or
carbonyl bands, at 1431 cm ™! of a —CH, group, at 1242 cm~! of C-O bending of cellulose
and hemicellulose, at 1027 cm~! of a C-O bond, C-H bending bond and C-C stretching
bond, at 773 cm~! indicated the presence of B-glycosidic bond in cellulose or out-of-plane
C-H bonds in lignin, and 595 cem ™! of carbon—carbon (C-C) bonds in the aromatic struc-
tures of lignin. In contrast, the bioabsorbents showed a decrease in intensity of higher
wavenumbers, suggesting moisture loss due to high-temperature treatment. Further-
more, the absence of hemicellulose and cellulose bands implied their degradation at these
temperatures [50]. Notably, the characteristic aromatic groups of lignin persisted in the
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strong waves at 1410-1414 cm ! and 1608 cm~! (BCT1-3, respectively) [51]. This finding
indicates that the carbonization process selectively degrades cellulose and hemicellulose,

while preserving some lignin. This is advantageous because abundant lignin can contribute
to high adsorption yield [52].
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Figure 5. Fourier-transform infrared spectroscopy (FTIR) graphs of biomass and bioadsorbents.
(A) Agave angustifolia bagasse, (B) BCT1, (C) BCT2, and (D) BCT3.

Lignin, a key component found in plant biomass such as wood and agricultural
residues, plays a crucial role in the formation of the porous structure of biochar during
the pyrolysis process (thermal decomposition in the absence of oxygen). Lignin is a
complex polymer containing various functional groups, including hydroxyls and aromatic
groups, which can interact with organic and inorganic contaminants in the environment.
Due to this chemical structure, lignin exhibits high adsorption capacity, meaning it can
bind to and retain contaminants on its surface. When lignin-rich biomass is used to
produce biochar, the resulting product has a higher lignin content in its composition. This
increased lignin content directly contributes to a higher adsorption capacity of the biochar.
Therefore, in a biochar, a greater presence of lignin implies a greater potential to adsorb
and retain contaminants from soil, water, or air, making it advantageous for environmental
remediation and water purification purposes [52-54].
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3.5. Thermal Analysis
3.5.1. Thermogravimetric Analysis (TGA) of Biomass and Bioadsorbents

TGA thermograms showed a nearly 10% mass loss between 100 °C and 200 °C, corre-
sponding to moisture evaporation (Figure 6). A second mass decrease around 390-400 °C
indicated cellulose and hemicellulose degradation [55]. Further mass loss (below 10% re-
maining) between 400 °C and 700 °C was attributed to lignin decomposition [56,57]. While
bioadsorbents were not entirely degraded at 700 °C, BCT2 and BCT3 exhibited a weight
reduction from 350 °C to 700 °C. Notably, BCT1 displayed only a 25% mass decrease, sug-
gesting the least material degradation among the bioadsorbents. This observation aligns
with the DTG curves, where BCT1 showed a single degradation peak, while BCT2 and
BCT3 exhibited three and four peaks, respectively.

100 4 Biomasa s BOTA
e BCT1
BCT2 N BCT2
90 e BCT3 ——BCT3
80 -
- (0]
3 70 =
X T
= 2
£ 60 @
20 0
(]
= 50
40 -
30 -
T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)
(A) (B)

Figure 6. Thermograms of TGA, (A) Agave angustifolia Bagasse, BCT1, BCT2, and BCT3; and
(B) derivative BCT1, BCT2, and BCT3.

The presence of a large peak in the derivative before 100 °C in a thermogravimet-
ric analysis (TGA) of the bioadsorbent (BTC1 biochar) typically indicates the release of
adsorbed or free water present in the sample. This phenomenon can be attributed to
several factors. Firstly, the bioadsorbent’s porous nature allows it to adsorb water from
the surrounding environment, which is rapidly evaporated upon heating, manifesting as
a weight loss peak in the TGA derivative. Additionally, free water trapped within the
pores or structure of the bioadsorbent contributes to this initial weight loss. Furthermore,
residual volatile compounds from the production process or precursor materials may
also evaporate at relatively low temperatures, further adding to the observed peak in the
TGA derivative [58].

3.5.2. Differential Scanning Calorimetry (DSC)

Figure 7 shows a differential scanning calorimetry (DSC) thermogram of Agave angus-
tifolia bagasse biomass and bioadsorbents after the pyrolysis of lignocellulosic material;
peaks observed at 40 °C, 160 °C, and 200 °C likely correspond to distinct thermal degra-
dation phases. The peak at 40 °C (initial water desorption temperature) likely signifies
the desorption of moisture or water present within the material’s pores in biomass and
bioadsorbents [59]. At 160 °C (decomposition temperature of organic matter) in biomass,
BCT2, and BCT3, the peak suggests the onset of decomposition for organic components
such as cellulose and hemicellulose, releasing volatile compounds and altering the system’s
specific heat capacity, similarly to the findings of De Dios Naranjo et al. [60], where fibers
from Agave salmiana showed endotherms at 110 °C and 139 °C. A common observation
across the bioadsorbents BCT2 and BCT3 was cellulose degradation at around 200 °C,
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aligning with findings on sugarcane bagasse by Bernardino et al. [61]. Interestingly, BCT1
did not exhibit any additional phase transitions as seen in Figure 7.

Biomass
1 |—s8cm
BCT2
10 o |—scr3

Heat flow (W/g)

—— ——
20 40 60 80 100 120 140 160 180 200 220
Temperature (°C)

Figure 7. DSC thermograms of biomass, BCT1, BCT2, and BCT3.

3.6. Preliminary Adsorption Tests

BCT1 and BCT2 achieved complete ibuprofen removal (100%) at pH 2 after 48 h with
an agitation speed of 150 rpm, suggesting surface properties compatible with ibuprofen
adsorption. These bioadsorbents likely possess a combination of functional groups, such as
hydroxyl, carboxyl, ether, and amide, among others, as well as surface radicals and surface
charge that are compatible with ibuprofen molecules that facilitate adsorption of molecules
with similar structures [62]. Figure 8 visually depicts the changes in the microstructure
of these bioadsorbents before and after adsorption. While SEM and FTIR analyses of
BCTS3 after adsorption supported potential adsorption, further testing is necessary due to
inconsistencies in specific adsorption test readings.

Ibuprofen molecules BCT2 BCT?2 after ibuprofen adsorption

Figure 8. Adsorption process of ibuprofen on bioadsorbents BCT1 and BCT2.

4. Discussion
4.1. Bioadsorbent Structure

The characterization results revealed that the bioadsorbents derived from Agave an-
gqustifolia bagasse exhibited a porous structure with a high surface area, which is desirable
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for adsorption applications. The presence of functional groups on the biochar surface,
as identified via FTIR analysis, suggests its potential for interacting with target contam-
inants like ibuprofen. Other similar studies have been carried out to remove pollutants
in an aquatic environment, such as the research presented by Liu et al. [63]. The bioad-
sorbents prepared by Chladophora (CB) were used to adsorb the ibuprofen and ofloxacin
in sewage. SEM showed that CB preserved the natural tubular structure and increased
its specific surface area. According to the BET results, the specific surface area of CB was
296.831 m? g~!. The adsorption of ibuprofen and ofloxacin on biochar conformed to the
pseudo second-order kinetic model, indicating that their adsorption rate was controlled
via the chemical adsorption mechanism. The bioadsorbents obtained from Agave angustifo-
lia bagasse presented better ibuprofen removal results than the bioadsorbent result from
Chladophora, due to the characteristics of the material and functional groups present on the
surface. Nama et al. [64] produced bioadsorbent from a commercially significant microalga,
such as Dunaliella biomass, through pyrolysis. FT-IR was employed to examine both the
morphological and functional aspects of the biochar, as well as its thermal degradation
behavior. Pyrolytic behavior was further explored using thermogravimetric analysis under
an oxidizing environment. SEM analysis revealed diverse and rough-textured structures of
the biochar, supporting enhanced adsorption capabilities. The biochar was used to remove
naphthalene in aquatic environments, obtaining a removal of 63% of 100 mg L~! of the
pollutant. The structure of the bioadsorbents obtained by Nama et al. [64] was similar to
that obtained in the present study for Agave angustifolia bioadsorbents.

4.2. Demonstration of the Functionality of Bioadsorbents

SEM images (Figure 9) revealed significant changes in the morphology of the postad-
sorption bioadsorbents (BCCT1, BCCT2, BCCT3) compared to their initial structure. All
three displayed a grayish layer obstructing pores, with BCCT1 and BCCT3 exhibiting a re-
duction in the number of pores. Interestingly, BCCT2 showed a reduced surface roughness,
indicating ibuprofen incorporation on its surface. These observations align with previous
studies reporting similar postadsorption characteristics, supporting the efficiency of the
adsorption process [65,66]. The adsorption performance of bioadsorbents depended on the
reaction conditions, including the raw materials used, kinetic parameters, pH value, and
specific surface area.

Figure 10 shows the infrared spectrum of ibuprofen (Figure 10A) and the infrared
spectra of the bioadsorbents after removal of ibuprofen (Figure 10B-D). The analysis
of infrared spectra (FTIR) provides valuable information about molecular structure and
interactions present in the chemical compounds under study. Starting with the spectra of
ibuprofen and the bioadsorbents derived from Agave angustifolia bagasse, characteristic
bands were identified that reveal specific bond vibrations. In the ibuprofen spectrum, the
bands at 2362 cm~! and 2302 cm ™! are attributed to the stretching vibrations of the carboxyl
(C=0) and C=C functional groups, respectively. The band at 1618 cm~! corresponds to the
bending vibration of the aromatic ring. The values of 1710-1708 cm ™! correspond to the
vibration of the ester functional group (-COO-), specifically the carbonyl bond (-C=0),
which is present in the structure of ibuprofen. The bands at 1314 cm~! and 1160 cm ™!
are associated with the stretching vibrations of C-O and C-C bonds, respectively, and are
indicative of the presence of ester and alkyl groups in the ibuprofen molecule. The bands at
1034 cm~!, 778 cm~!, and 514 cm~! are related to characteristic vibrations of the aromatic
structure and C-H bond in the ibuprofen spectrum.

In the spectra of bioadsorbents (BCCT1, BCCT2, and BCCT3), bands suggesting the
presence of different functional groups were observed. Intense bands in the 3700-2900 cm !
region are typical of the stretching vibrations of -OH and -CH groups present in organic
compounds. The bands at 2154 ecm~1, 2006 cm™!, and 1948 cm™! may be related to
vibrations of C=C bonds. In the three bioadsorbents, the spectra showed the band at
1710-1708 cm~! (inverted) and 1610-1598 cm~! corresponding to the carbonyl carbon
(-C=0) of the carboxyl group of ibuprofen. Also, the band at 1598 cm~! indicates the
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10pm

1

presence of double C=C bonds in carbonaceous structures. The band at 1434-1402 cm™
may be related to the bending vibration of the -C—H bond in alkenes and aromatic rings
of the bioadsorbent and ibuprofen. The bands at 1324 cm~! and 1168 cm ! correspond to
the stretching vibrations of C-O and C-C, respectively, similar to those observed in the
ibuprofen spectrum.

5000X  20kV ~ SEI f 10pm ! 5000X  20kV SEI

() | N (B)

10pm ! 5000X 20kV  SEI

(©

Figure 9. Scanning electron microscopy (SEM) of bioadsorbents after adsorption test. (A) BCCT1,
(B) BCCT2, and (C) BCCTS3.

The overlap of ibuprofen bands in the spectra of the bioadsorbents suggests an interac-
tion between the drug and the adsorbent material. Adsorption mechanisms likely involve
a combination of hydrophobic interactions, hydrogen bonding, and -7 interactions be-
tween the benzene ring of ibuprofen and the carbonaceous structures of the bioadsorbents.
The presence of functional groups on the surface of the bioadsorbents, such as -OH and
—-COOH, facilitates hydrogen bonding interactions with the functional groups of ibuprofen,
while -7 interactions benefit from the aromatic structure of both components. These ob-
servations indicate effective adsorption of ibuprofen molecules on the bioadsorbent surface
through interactions with functional groups, as evidenced by the presence of characteristic
ibuprofen bands [67].

The difference in adsorption capacity among the three bioadsorbents can be attributed
to variations in chemical composition and surface morphology. For example, the presence
of specific functional groups such as hydroxyl (-OH) or carboxyl (-COOH) groups may
increase the bioadsorbents affinity for ibuprofen through hydrogen bonding interactions.
Additionally, differences in pore structure and specific surface area of each bioadsorbent
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may influence the amount of available adsorption sites. Overall, the bioadsorbent exhibiting
a higher quantity of functional groups and a greater surface area is expected to have a
higher adsorption capacity for ibuprofen, such as BCCT1 and BBCT2 bioadsorbents.
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Figure 10. Fourier-transform infrared spectroscopy (FTIR) graphs of ibuprofen and bioadsorbents
after adsorption test. (A) Ibuprofen, (B) BCCT1, (C) BCCT2, and (D) BCCT3.

The interaction mechanisms between biochar and pollutants in water exhibit diversity,
encompassing physical adsorption, chemical adsorption, redox, and microbial activity.
With numerous micropores and mesopores, biochar effectively absorbs dissolved pollu-
tants. Moreover, its high specific surface area offers ample adsorption sites for a range
of compounds, including organic pollutants, heavy metals, and nitrogen oxides. Beyond
physical adsorption, biochar demonstrates chemical adsorption capabilities through surface
functional groups forming covalent or hydrogen bonds with contaminants. Additionally,
biochar engages in redox reactions, facilitating the conversion of pollutants into harmless
substances through chemical reduction or oxidation. The efficacy of biochar in adsorb-
ing and removing pollutants like ibuprofen varies depending on the material and its
adsorption mechanism [68].

Specifically, the absorption of ibuprofen into biochar varies depending on the material
used. Various studies have elucidated the mechanisms underlying ibuprofen by adsorption
onto biochar. The mechanisms of absorption and removal of ibuprofen via biochar en-
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compass a variety of processes. These include multimolecular adsorption, -7t interaction,
pore filling, hydrogen bonding, and interactions between 7-acceptors and electrostatics.
Additionally, the application of pseudo-second-order kinetics and Langmuir-Freundlich
isotherm models in adsorption was observed. Mechanisms such as pore filling-diffusion,
hydrophobic interaction, and 7-7t electron donor-acceptor interaction also contribute to
ibuprofen removal. Improved adsorption and separation were achieved through the prepa-
ration of magnetic biochar, while stability across multiple adsorption cycles was evidenced
in successful biochar reuse. These findings underscore the efficacy and versatility of bio-
carbon derived from biomass waste in environmentally friendly and economically viable
ibuprofen removal in aqueous environments [68-70].

To examine the adsorption capacity of a material, researchers primarily use batch
experiments. In batch experiments, the design typically encompasses several stages. First,
the material undergoes preparation, which may involve raw biomass, chemically modified
biomass, or thermal treatment to produce biochars, among other methods. Next, various
experimental parameters such as initial and final pH of the solution, contact time, initial
concentration of the pollutant, ionic strength, particle size of the adsorbent, and dose of
adsorbent are studied and optimized. Subsequently, the adsorption mechanism is inves-
tigated, followed by desorption experiments to assess the release of adsorbed pollutants.
Finally, the potential for regeneration and reusability of the material is evaluated [71], these
last two points being a limitation of the present study.

4.3. Contribution of the Study to Sustainability

The presence of pharmaceutical residues in the environment, including ibuprofen,
poses a significant threat to ecosystems. According to the FAO and UNEP [72], over
4000 widely used pharmaceutical and chemical products, including drugs, contribute to
environmental pollution and the emergence of drug-resistant diseases. Furthermore, soil
pollution is intrinsically linked to the degradation and loss of aquatic and terrestrial re-
sources, impacting Sustainable Development Goals (SDGs) 14 (life below water) and 15 (life
on land) [72-74]. In this sense, developing effective methods for managing pharmaceutical
residues is critical to achieve a more sustainable future.

Also, the study exploration of utilizing bacanora industry bagasse for biochar pro-
duction represents a significant contribution to sustainability efforts. By repurposing this
byproduct, the research not only addresses waste management concerns but also offers a
viable solution for mitigating emerging pollution, such as pharmaceutical residues. Biochar
derived from bacanora bagasse has the potential to effectively remove these pharmaceutical
residues from various environmental matrices, thereby promoting cleaner ecosystems and
healthier communities. This innovative approach highlights the intersection of agricul-
tural industry byproducts and environmental stewardship, showcasing how sustainable
practices can emerge from unlikely sources.

5. Conclusions

Agave angustifolia bagasse exhibits great potential as a pyrolysis-derived adsorbent
(yield: 25.65-38.28%) for ibuprofen removal. Both biomass and bioadsorbents (BCT1, BCT2,
and BCT3) possessed functional groups associated with cellulose, hemicellulose, and lignin.
These macromolecules underwent degradation at around 350 °C (cellulose and hemicellu-
lose), while lignin remained partially undegraded at 550 °C. While biomass displayed a
fissured and porous morphology, bioadsorbents displayed a highly porous surface. After
the adsorption process, these surfaces showed surface coverage consistent with ibuprofen
adsorption. Treatments BCT1 and BCT2 successfully removed 100% of ibuprofen from an
aqueous solution with an initial concentration of 62.5 mg/L. Supplementary adsorption
tests are needed for BCT3, as SEM and FTIR results suggest successful adsorption despite
inconsistent readings in specific adsorption tests. Overall, bioadsorbents derived from
Agave angustifolia bagasse biomass demonstrate significant potential for the removal of
ibuprofen from aqueous solutions.
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