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Abstract 

Techniques such as adsorption have been widely adopted to remove residual 
microplastics (MPs) because they are efficient at removing contaminants from aqueous 
environments. In this study, we report a novel, low-cost, biodegradable, and scalable 
biocomposite (LCMAG NaOH) derived from Luffa cylindrica fruit (LC) and micrometric 
natural magnetite (MAG), prepared without organic solvents, for the removal of MPs. The 
performance of LCMAG NaOH was evaluated for the removal of polystyrene (PS) and 
polyethylene terephthalate (PET) MPs, with particle sizes ranging from 75 to 600 µm in 
three distinct aqueous media: drinking water, simulated seawater, and water collected 
from the eutrophic lake of Dourados, MS, Brazil. The material was also evaluated for 
capture capacity and for reutilization in drinking water over three cycles, using a 
neodymium magnet. The biocomposite exhibited maximum removal capacities of 163 mg 
g−1 and 158 mg g−1 for PS and PET, respectively, in drinking water. Additionally, it 
demonstrated high magnetic recovery efficiency (>90% of the initial mass) and good 
reusability after immersion (10 and 20 min) and a dry step during the first cycle. 
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1. Introduction 
Water pollution by microplastics (MPs) is a global problem that threatens not only 

humans [1] but also the entire planet (available at https://www.unep.org/plastic-pollution, 
accessed on 3 May 2026). About 9.2 billion tons of plastic were produced between 1950 
and 2017, and approximately 7 billion tons were discarded as plastic waste [2,3]. The 
removal of microplastics (MPs) from drinking water and wastewater remains a significant 
environmental and technological challenge. Most plastics are slow to degrade and persist 
for over hundreds of years in the environment [3,4]. MPs are defined as plastic particles 
ranging from 0.0001 to 5 mm in size that originate from the fragmentation of larger plastics 
and from everyday products such as cosmetics and textile fibers [5]. 

The capacity to retain and quantify MPs varies globally due to unequal access to 
water treatment technologies across different regions. Developed countries, such as those 
in Europe, have higher efficiency in removing microplastics at wastewater treatment 
plants (WWTPs), with removal rates of 72% to 99% [6,7]. In contrast, developing countries 
face methodological, financial, and infrastructure challenges, resulting in removal 
efficiencies ranging from 15% to 79% [8–10]. In underdeveloped countries in Asia, Latin 
America, and Africa, plastic pollution is more noticeable due to inadequate collection 
services and limited landfill capacity [1,11]. 

Brazil is one of the world’s largest producers and consumers of plastic, generating 
around 12 to 14 million tons of plastic waste per year, with most of the plastic consumed 
used for single-use packaging. Only about 21% of plastic waste generated in the country 
is recycled. More than 60% of plastic packaging produced lacks a monitored final 
destination, being discarded in landfills, dumps, or improperly disposed of in the 
environment (https://www.abiplast.org.br/publicacoes/indices-de-reciclagem-mecanica-
de-plasticos-pos-consumo-no-brasil-2025/, accessed on 3 May 2026). Concomitantly, there 
is no legislation limiting microplastic concentrations in drinking water, and the Brazilian 
sanitation companies do not carry out any analysis to detect MPs in drinking water 
intended for human consumption [12]. 

The removal efficiency of MPs in conventional water treatment processes typically 
ranges from 42 to 82% [13]. For complete removal, a new separation step is necessary. 
Among the available techniques, adsorption has been widely employed for the removal 
of residual MPs, as it is an effective and cost-efficient method capable of achieving removal 
efficiencies of up to 99.9% [14]. The main adsorbents reported in the literature include 
silica, zeolites, activated carbon, metal–organic frameworks (MOFs), and magnetic 
materials, such as magnetic biochars [14–18]. Biochar magnetic materials have stood out 
in numerous studies across different groups of adsorbents used for MPs removal, owing 
to their use of renewable resources and accessibility [14,19]. Biochar can be obtained from 
natural materials and residues, such as bamboo [20] and coconut fiber, Luffa cylindrica 
[20,21], sugarcane bagasse [22], and magnetite. Magnetic biochar is produced by 
incorporating iron oxide phases, such as magnetite or natural magnetite, into a biochar 
composite [23]. Natural magnetite at the micrometric scale offers the advantages of high 
stability and the use of a residue from other mineral exploration [24]. The incorporation 
of magnetic properties into biochar increases its capacity to adsorb MPs and facilitates 
their separation from the aqueous environment. The adsorbed MPs on the magnetic 
biochar can be easily separated from the aqueous environment using magnets or an 
external magnetic field [25,26]. 

Although the use of magnetic biochar is a promising technique for removing MPs 
from water, it still faces economic, environmental, and technical limitations that hinder its 
large-scale application. The synthesis of these materials generally involves chemical 
substitution and pyrolysis, which require high energy inputs, thereby significantly 
increasing operational and production costs [14,19,26]. Furthermore, pyrolysis can 
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generate toxic byproducts and requires emission control systems, which increases 
operational complexity. Regeneration of magnetic adsorbents often requires intensive 
thermal treatments, such as high-temperature pyrolysis (500–600 °C), to restore 
adsorption capacity and degrade retained microplastics. The recovery of the adsorbent 
under laboratory conditions has been efficient, but it faces limitations in scaling up for 
industrial use [27,28]. As an alternative to the thermal process, the use of naturally derived 
materials has been investigated [3]. The use of Luffa sponge (unspecified species) as a 
bioadsorbent is reported in the literature. A sponge coated with beeswax and palm wax 
exhibited excellent adsorptive properties for 5 µm MPs and oil. The use of vegetable 
sponge offers several advantages, including biodegradability and a three-dimensional 
structure with good mechanical resistance, elasticity, and robustness, thereby reducing 
production costs and facilitating regeneration when used as an adsorbent [29]. The 
adsorption capacity ranged from 381 to 569 mg of PS MPs per g of bioadsorbent after 30 
min of agitation. The positive aspect of this article is the development of a bioadsorbent 
using biodegradable, low-impact (with minimal environmental impact) plant-based raw 
materials (composition: luffa, beeswax, and carnauba wax) and scalable materials. 
However, there is still a limitation: the solvent used (xylene), which is extremely toxic for 
wax coating and ethanol cleaning for reuse in MPs, and the long contact time, which 
would be impractical in large water treatment plants [3]. 

In this study, L. cylindrica sponges were impregnated with micrometric natural 
magnetite to obtain a magnetic adsorbent biocomposite, following the principles of green 
chemistry and sustainability, using a simple, low-step process with low operating cost at 
temperatures below 80 °C. The biocomposite was evaluated for the adsorption of PS and 
PET MPs ranging from 600 to 75 µm in three simulated aquatic environments: drinking 
water (AGF), seawater (AGS), and water collected in an aquatic environment (AGP) in 
Dourados, Mato Grosso do Sul. 

2. Materials and Methods 
Dichloromethane (Synth) and Sodium Hydroxide PA (Synth, São Paulo, Brazil) were 

used without further purification. Sea salt was purchased from Ocean Tech Reef Active. 
Phenol (VETEC, Rio de Janeiro, Brazil) was distilled using simple distillation before use. 
Natural Magnetite was obtained from Sirius Minerals (São Paulo, Brazil). 

Simulated seawater (AGS) was prepared as described by Zeron et al. [30], In a 
Erlenmeyer flask were dissolved 35 g of NaCl (Ocean Tech brand, Reef Active, São Paulo, 
Brazil; characteristics: pH 8.3, KH 8~9, Na+ 9300~9700 mg L−1, Mg2+ 1400–1450 mg L−1, K2+ 
260–410 mg L−1, Ca2+ 430–450 mg L−1, Sr2+ 9.0~10.5 mg L−1, Rb2+ 0.11~0.13 mg L−1, Fe 0.06~0.2 
mg L−1 e Li2+ 0.14~0.16 mg L−1) in 1000 mL of the distilled water. 

Lake water samples (AGP) were collected between 7:00 and 9:00 a.m. Sampling was 
conducted following a minimum 72 h dry period after the last rainfall. The water was kept 
refrigerated at 20 °C until use, with daily collections performed for the experiments. 

2.1. Collection and Preparation of Luffa cylindrica (LC) Samples 

The fruits of Luffa cylindrica, popularly known as loofah, were obtained from a rural 
property in the Dourados/MS region, Brazil. The fruits were peeled and the seeds 
removed. The research was cataloged in the SISGEN (number: AE1B402). Then, the fruits 
were washed with tap water and distilled water and dried at room temperature. Part of 
the sample of clean, dried fruits was ground in a Willey-type knife mill, model S-31, and 
sieved through a steel sieve with a diameter of 8 cm and a pore size of 4750 mm. Part of 
the sample was used without grinding. 
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2.2. Preparation of LC HCl and LC NaOH Bioadsorbents 

Fiber samples of approximately 4 mm (1.0 g) were immersed in 25.0 mL of 0.1 mol 
L−1 hydrochloric acid (HCl, sample designated LC HCl) or 0.1 mol L−1 sodium hydroxide 
(NaOH, sample designated LC NaOH) solutions for 30 min. The samples were then 
removed from the solutions and dried in an oven at 70 °C for 30 min. The procedure was 
performed in triplicate for both LC NaOH and LC HCl. 

2.3. Preparation of LCMAG IN, LCMAG HCl, and LCMAG NaOH Magnetic Biocomposites 

Three biocomposites were prepared using Luffa cylindrica (LC) and magnetite (MAG): 
(1) LC and MAG biocomposite without prior treatment (LCMAG IN), (2) LC HCl and 
MAG biocomposite (LCMAG HCl), and (3) LC NaOH and MAG biocomposite (LCMAG 
NaOH). In 250 mL Erlenmeyer flasks, 5.0 g of LC IN, 5.0 g of MAG (Fe3O4), and 100 mL of 
deionized water were added. The samples were heated on a hot plate at 80 °C with 
mechanical stirring until the solvent had completely evaporated. After cooling, the 
samples were washed with distilled water to remove unincorporated magnetite, using a 
Büchner funnel and qualitative filter paper in a vacuum filtration system. Subsequently, 
the cleaned samples were dried in Petri dishes at 80 °C for 50 min. Then, the samples were 
placed in a desiccator containing silica under vacuum. The LCMAG NaOH and LCMAG 
HCl biocomposites were prepared using the same procedure described above, with LC 
IN substituted for LC NaOH or LC HCl. The procedure was performed in triplicate for 
each sample (LCMAG IN, LCMAG NaOH, and LCMAG HCl). 

2.4. Preparation of PS and PET MPs 

The polystyrene (PS) and polyethylene terephthalate (PET) plastic packaging was 
collected at Antenor Martins Park in the municipality of Dourados–MS, on 7 May 2023, at 
4:04 p.m., with a recorded temperature of 20 °C, during the winter season. A second 
collection was carried out on 4 September 2025, at 1:35 p.m., also in winter; the 
characteristic Köppen climate classification is Cwa (humid mesothermal climate, hot 
summers and dry winters) [31]. The map (Figure S1) shows the collection points. Plastics 
in different states of degradation were identified using industry-standard symbols and 
transferred to a properly sanitized and identified glass container. Plastics in an advanced 
state of degradation, without industrial identification or with no visual identification, 
were discarded. 

The collected packaging was washed with drinking water to remove soil and any 
adhered plant material. Then, the packaging was washed again with distilled water until 
all residues were removed, and it was dried at room temperature for 96 h. The properly 
classified, dry, and clean packaging was cut with scissors into sizes of 10 to 15 cm. Then, 
the PET and PS packaging was shredded in an industrial forage shredder. The polymers 
were sieved using a set of stainless-steel vibrating sieves with an 8 cm diameter and square 
mesh sizes ranging from 75 to 600 µm. The size distribution of PS fractions resulting were 
600 µm (11.8%), 355 µm (55.9%), 150 µm (9.5%) and 75 µm (22.8%) and size distributions 
of the PET fractions were 600 µm (39.5%), 500 µm (12.3%), 355 µm (34%), 150 µm (11.6%) 
and 75 µm (2.6%). 

2.5. Characterization of Biocomposites and Bioadsorvents 

The X-ray Fluorescence (XRF) technique (Epsilon 3X X-ray spectrometer, Waltham, 
MA, USA) was used to determine the mineral oxide composition of the samples. Infrared 
spectroscopy (FTIR) was performed using a Shimadzu (IR Prestige-21, Kyoto, Japan) 
spectrophotometer equipped with an ATR accessory. FTIR spectra were obtained at room 
temperature, between 4000 and 300 cm−1, 52 scans with a resolution of 2 cm−1. 
Morphological characteristics of the samples were obtained using scanning electron 
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microscopy (SEM) with a Vega3-TESCAN microscope (20 kV, 15 mm, Warrendale, PA, 
USA) equipped with an integrated X-ray Dispersive Energy Spectrometer. 
Thermogravimetric analyses were performed using the DTG-60H equipment (Shimadzu, 
Kyoto, Japan). Approximately 5 mg of each sample was transferred to an alumina crucible 
and heated from 25 °C to 900 °C in a compressed-air atmosphere (flow rate 50 mL min−1) 
at a heating rate of 10 °C min−1. Zeta potential analyses (ζ) were recorded in triplicate at 
25.0 °C for freshly prepared in AGF (Zetasizer Nano ZS equipment, Waltham, MA, USA). 

Nitrogen adsorption/desorption analyses were performed using an Autosorb iQ 
(Quantachrome Instruments, Boynton Beach, FL, USA) at −196 °C, over the relative 
pressure range of 0.005–1.0, with samples previously degassed at 150 °C for 12 h under 
vacuum. The amount of material used was about 300 mg, and the analysis time was 8 h. 
The surface area of each material was estimated by the BET method (Brunauer–Emmett–
Teller), and the pore size distribution was estimated by the BJH method (Barrett–Joyner–
Halenda). Experimental data were acquired and processed using ASiQwin version 5.21 
software. 

The crystalline phases of these samples were determined by X-ray diffraction (XRD) 
analysis (Rigaku Geigerflex D/Max, C Series; Cu Kα radiation; 2θ angle range 20–70°; step 
0.02 s−1), with reference to standards compiled by the International Center for Diffraction 
Data. The experimental XRD data were compared with diffraction patterns from 
crystallographic structure databases. For this purpose, QualX 2 [32] was employed to 
identify the qualitative phase, using data from the Crystallography Open Database (COD) 
[33]. The software Nimloth v. 1.76 [34], a free and flexible program for X-ray diffraction 
calculations, was used to perform theoretical modeling for quantitative phase analysis of 
well-crystallized phases and peak-area analysis of the semicrystalline contributions 
associated with the partially ordered domains of the natural fiber. For the MAG sample, 
a conventional Rietveld refinement was performed to determine the weight fractions of 
the crystalline phases, as is typically required for natural multiphase materials. The 
background was modeled using a ninth-order Chebyshev polynomial. The peak profiles 
were described using a pseudo-Voigt function, with the peak width parameterized as a 
function of diffraction angle, following the formalism proposed by Caglioti et al. [35], to 
account for instrumental broadening. Standard intensity corrections appropriate for 
Bragg–Brentano geometry without a monochromator were applied. For the LC–NaOH 
and LCMAG–NaOH samples, the well-crystallized magnetite phase was refined using the 
same procedure described for the MAG sample. The broad reflections associated with the 
semicrystalline phase of the natural fiber were modeled using general peak functions. In 
this case, the peak profiles were described by pseudo-Voigt functions in which the full 
width at half maximum (FWHM) and the mixing parameter (η) were refined 
independently, aiming to obtain accurate peak positions and integrated areas for the 
semicrystalline contributions. 

The crystallinity index (Ic) of the LC NaOH was calculated from the intensity of the 
peaks from the relation between crystalline and amorphous regions of the XRD curve 
(Equation (1)) [36]: 𝐶𝐼ሺ%ሻ =  𝐼଴଴ଶ − 𝐼௔௠𝐼଴଴ଶ × 100 (1)

In Equation (1), CI represents the relative degree of crystallinity, I002 is the area of the 
maximum intensity (a.u.) of the (002) lattice diffraction between 21 and 24°, and the Iam is 
the amorphous diffraction area (a.u.) at 2θ = 18°. 

Biochemical Oxygen Demand was determined using the methodology described in 
the literature (https://www.standardmethods.org/doi/epdf/10.2105/SMWW.2882.102; 
https://www.sidneyseckler.com/manuais; accessed on 2 March 2026). 
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2.6. Determination of the Capture Capacity of the Biocomposites Using a Neodymium Magnet 

The biocomposites formed by LC and MAG: LCMAG IN, LCMAG HCl, and LCMAG 
NaOH were evaluated for their ability to be captured in drinking water, using the 
magnetic force between the biocomposites containing magnetite and a neodymium 
magnet at 25 °C. The procedure was adapted from the literature [37]. In 500 mL glass test 
tubes, 400 mL of drinking water (pH 7.86) and 250 mg of LCMAG NaOH were added. The 
LCMAG NaOH sample was kept in contact with water for 5 min inside the test tube. At 
the designated time, the biocomposite was captured with a 35 mm diameter neodymium 
magnet attached to a string. The magnet was introduced into the test tube at a constant, 
uniform speed until it reached the bottom [37]. The biocomposites adhered to the magnet 
were collected and dried in an oven at 45 ± 1 °C for 24 h. The mass of the biocomposite 
was measured before immersion and after drying in the oven. The procedure was 
repeated for each biocomposite in triplicate. 

2.7. Determination of the Sedimentation Rate of the Biocomposite and Bioadsorbents 

The procedure for determining the sedimentation rate was adapted from the 
literature [38,39]. In 500 mL graduated cylinders, 400 mL of drinking water and 300 mg of 
LCMAG NaOH were added in triplicate. Then, the samples were observed at 1, 3, 5, 10, 
15, 30, and 60 min by visually assessing the amount of sedimented biocomposite and the 
height of the supernatant in the graduated cylinder. The procedure was repeated for the 
bioadsorbents, LC NaOH (LC treated with 0.1 mol L−1 of NaOH) and LC IN (LC in natura), 
with modification of the separation process from the aqueous medium, where the LC 
NaOH and LC IN samples were separated from the water by filtration through voile 
fabric. The procedure was repeated for each biocomposite in triplicate. 

2.8. Removal of PS and PET Microplastics from Water Using Magnetic Biocomposites 

Short contact times (5, 10, and 15 min) were selected to evaluate the feasibility of 
rapid microplastic removal, aiming at potential applications in water treatment processes 
where short hydraulic retention times are desirable. 

The procedure for determining the removal content of MPs was adapted from the 
literature [37]. In 500 mL glass test tubes, 400 mL of drinking water (pH 7.86), 50 mg of 
microplastics [mixture of PS or PET in the sizes of 75–600 µm], and 250 mg of LCMAG 
NaOH were added. The biocomposite and the MPs (PS or PET) were kept in contact in 
the test tube for 5, 10, or 15 min. After the established time, the biocomposite and the MPs 
adhering to it were captured using a 35 mm diameter neodymium magnet attached to a 
string [37]. The magnet was introduced into the test tube at a constant, uniform speed 
until it reached the bottom. The biocomposite + MPs adhered to the magnet (Figures S8 
and S9) were collected and dried in an oven at 45 ± 1 °C for 24 h. Residual MPs present in 
the drinking water were filtered through voile fabric and dried in an oven at 45 °C for 24 
h. The masses of the biocomposite and MPs before immersion, the biocomposite + MPs 
after oven drying, and the filtered and dried residue were weighed. The procedure was 
repeated for each biocomposite, time point, or MPs in triplicate. The same procedure was 
realized by AGS and AGP, with 10 min of contact between the MPs and LCMAG NaOH. 
The dried solid samples were used for gravimetric analysis, whereas the supernatant 
obtained after removal of the solid samples was analyzed by ultraviolet-visible (UV–Vis) 
spectrophotometry. The procedure was repeated for each biocomposite in triplicate. 

The capacity of adsorption of the MPs by the biocomposite was indirectly determined 
by calculating the % MPs of the PS or PET in aqueous media using the equation: % 𝑀𝑃𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑆 𝑜𝑟 𝑃𝐸𝑇 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 =  ௠ெ ×100% (2)
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where m = the mass of MPs measured in aqueous media by gravimetry or UV/Vis, and M 
= the total mass measured (~50 mg per sample). A higher residue content in aqueous 
media indicates a low adsorption capacity. 

2.9. Determination of the Removal Capacity of the PS or PET MPs on LC IN in Drinking Water 

Washed and dried LC IN samples (without magnetite) were cut into approximately 
23 mm lengths, weighed 250 mg, and fixed to a cotton thread. The procedure was 
performed in triplicate, as described by LCMAG NaOH experiments, except that the 
magnet was replaced with a cotton thread and a glass rod to ensure that the bioadsorbent 
moved up and down inside the test tube. 

2.10. Determination of Water Absorption and Recovery Rate by the Neodymium Magnet of 
LCMAG NaOH 

The water absorption behavior and magnetic recovery efficiency of the LCMAG 
NaOH biocomposite were evaluated to assess its physical stability and operational 
performance under aqueous conditions. Since the material is intended for use as a 
magnetic adsorbent, these properties are essential to determine its ability to withstand 
prolonged contact with water, maintain its structural integrity, and be efficiently 
recovered by an external magnetic field for subsequent reuse. 

Briefly, 300 mg of LCMAG NaOH was dispersed in 400 mL of drinking water 
contained in 500 mL graduated cylinders. The suspensions were maintained under static 
conditions for 10, 20, 30, 40, and 50 min, and each experiment was performed in triplicate. 

At the end of each immersion period, the biocomposite was recovered using a 
neodymium magnet by applying a single downward movement along the outer wall of 
the graduated cylinder. Immediately after magnetic separation, the wet mass of the 
recovered material was recorded to evaluate water uptake. The samples were 
subsequently dried in an oven at 45 °C for 24 h, and the dry mass was determined. The 
immersion–magnetic recovery–drying procedure was repeated for three consecutive 
cycles to investigate the effect of repeated use on both water absorption and magnetic 
recovery performance. 

The magnetic recovery efficiency was calculated according to Equation (3): 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑜𝑓 𝑡ℎ𝑒 𝐿𝐶𝑀𝐴𝐺 𝑁𝑎𝑂𝐻 =  ௪ௐ ×100% (3)

where w is the dry mass of LCMAG NaOH recovered after immersion and oven drying, 
and W is the initial dry mass of the biocomposite before immersion. 

Water absorption was determined from the difference between the wet and dry 
masses of the recovered material. 

2.11. Determination of PS and PET MPs Content by Ultraviolet and Visible (UV/Vis) 
Spectroscopy 

The non-adsorbed PS and PET MPs residues in aqueous medium (AGP, AGS, and 
AGF) were filtered through voile fabric, dried in an oven at 45 °C, and stored in glass vials 
previously cleaned with dichloromethane (PS residue samples) or a solution of 
dichloromethane and phenol (PET residue samples). 

The PS MPs residues were dissolved in 20 mL of dichloromethane and then analyzed 
by UV/Vis in 3.0 mL quartz cuvettes. UV/Vis measurements were performed on a 
Shimadzu scanning spectrophotometer (UV-2600), in the range of 190 to 600 nm. The 
quantification of PS MPs residue was performed at 260 nm using standard PS curves 
constructed over concentrations ranging from 0.50 to 1.5 mg mL−1, corresponding to the 
PS samples used in the adsorption experiments. The least squares method was used, and 
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a correlation coefficient (R) above 0.99 was considered acceptable (y = 0.153(±0.09645) + 
1.954 (±0.0995), R2 = 0.992). 

The PET MPs residues were heated with 1.0 g of previously distilled phenol until 
complete solubilization (at a temperature below 100 °C), then diluted with 20 mL of 
dichloromethane and analyzed by UV/Vis in 3.0 mL quartz cuvettes. UV/Vis 
measurements were performed on a Shimadzu scanning spectrophotometer (UV-2600) 
over the range 190–500 nm. The quantification of PET MPs was performed at 310 nm using 
standard PET curves constructed over concentrations ranging from 0.68 to 4.48 mg mL−1 
of the PET samples used in the adsorption experiments. The least squares method was 
used, and a correlation coefficient (R) above 0.99 was considered acceptable (y = 
0.1952(±0.04) + 0.87389 (±0.014), R2 = 0.999). 

3. Results and Discussions 
The samples LC IN, LCMAG HCl, LCMAG NaOH, and MAG (Figure 1) were 

evaluated by FTIR to determine their characteristic functional groups and magnetite 
phase, and compared with those reported in the literature. The broadband at 567 cm−1 
confirms the presence of the Fe-O bond overpositions of the magnetite and hematite 
phases in MAG [24,40,41]. The same band is observed in the LCMAG HCl and LCMAG 
NaOH samples, indicating the stability of the magnetite phase in the biocomposites, 
which can be attributed to its micrometric size and natural origin, thereby increasing 
stability [23–25]. The bands at 1440 and 874 cm−1 are typical of the asymmetric stretching 
and out-of-plane bending, respectively, of carbonate ions in calcite and dolomite [42,43]. 
The weak band attributed to quartz is visible at 465 cm–1. The presence of albite is indicated 
by bands in the 1300–400 cm−1 range. The two bands at 480 cm−1 are due to the bending 
vibration of Si–O–Si and the coupling between the O–Si–O deformation [44,45]. The band 
at 805 cm−1 is attributed to Si–O–Si bending vibrations, and the band at 1090 cm−1 is 
characteristic of the Si–O–M symmetric bond stretching bands, characteristic of the 
presence of Na, K, Mg, Al, and Mg [46–51]. 

The FTIR spectra of the samples LC IN, LCMAG NaOH, and LCMAG HCl showed 
cellulose and pectin characteristic bands, with only small differences in their positions and 
intensities after the respective treatments, consistent with the literature. The 1200 and 950 
cm−1 regions are the fingerprint regions of carbohydrates of each polysaccharide [52,53]. 
The bands at 662 and 895 cm−1 correspond to the OH out-of-plane bending and the β-
glycosidic linkages, respectively. The band at 1025 cm−1 is attributed to ring vibrations and 
C–OH bending. The band at 1150 cm−1 is attributable to the C–O and C–O–C stretching. 
The C–H bending vibration is observed in the bands at 1237 and 1372 cm−1. The band at 
1320 cm−1 is due to OH in-plane bending or CH bending. The band at 1421 cm−1 is due to 
CH2 bending. The characteristic band at 1646 cm−1 is the –O– tensile vibration band 
adjacent to the H group. The absorption band at 1732 cm−1 is attributed to the C=O 
stretching of the methyl ester (COOCH3) and the undissociated carboxylic acid (COOH) 
groups in pectin. The band at 2917 cm−1 is indicative of the C–H asymmetric and 
symmetric tensile vibration [54–58]. The FTIR of the LCMAG IN, PET, and PS samples is 
presented in the supplementary material. The FTIR spectra of these samples are consistent 
with those reported in the literature. 
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Figure 1. FTIR spectra of the samples: LC IN, LCMAG HCl, LCMAG NaOH, and MAG. (a) show 
the full spectra, while (b) present the magnified region (2000–400 cm−1) of the same samples. 

3.1. Determination of the Sedimentation Rate of the LCMAG NaOH Biocomposite and 
Bioadsorbents 

Obtaining a low-density adsorbent system that remains suspended on the aqueous 
surface without complex, energy-intensive equipment can reduce the cost of adsorbing 
MPs. Therefore, the sedimentation times of LCMAG NaOH, LC NaOH, and LC IN were 
evaluated. The bioadsorbents LC IN and LC NaOH, and the LCMAG NaOH 
biocomposite, showed stability on the surface throughout the experiment, with small 
variations in initial sedimentation rates, followed by a return to the surface and floating 
over time. The low sedimentation rate (buoyancy of the samples) can be explained by the 
low density of the sponge LC, as reported in the literature, ranging from 385.46 to 468.70 
kg m−3. The incorporation of MAG (>5 kg m−3) does not significantly affect the density of 
the biocomposite [59]. 

3.1.1. Determination of the Capture Capacity of Magnetic Biocomposites Using a Magnet 
and Characterization of the LCMAG NaOH 

The pH of the measured drinking water (AGF) was 7.86, with a conductivity of 88.85 
µS cm−1 at 25 °C, whereas the simulated seawater had a pH of 8.3 and a conductivity of 
41.63 mS cm−1. The lake water from the park (AGP), due to its natural origin, was further 
characterized by dissolved oxygen (2.31 ± 0.15 mg L−1), conductivity (149.5 µS cm−1), and 
BOD5 (156 ± 31 mg O2 L−1), with a measured pH of 7.66. 

The biocomposites from LC and MAG: LCMAG IN, LCMAG HCl, and LCMAG 
NaOH were evaluated in relation to their capacity to be captured in drinking water using 
the magnetic force between the biocomposites and the neodymium magnet at 25 °C. The 
sample denominated LCMAG NaOH was captured from the aqueous medium with an 
efficiency exceeding 95%. The LCMAG IN and LCMAG HCl samples were captured with 
efficiencies of 10% and 50% (w/w), respectively. The LCMAG IN and LCMAG HCl 
biocomposites initially interacted with the magnet in water; however, when the magnet 
approached the surface, the samples did not maintain the magnetic attraction required for 
removal from the aqueous medium. 

The low magnetic force observed in the LCMAG HCl sample could be attributed to 
magnetite instability in acidic media [60]. However, as observed in the FTIR (Figure 1), 
magnetite was not oxidized in the LCMAG HCl sample; therefore, this does not explain 
the magnet’s low sample capture. The low magnetic interaction of the LCMAG IN and 
LCMAG HCl samples with the magnet may be associated with greater interactions 
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between magnetite and the sponge components, and between the sponge and water. The 
raw sponge (LC IN) is composed of cellulose (65.69%), hemicellulose (19%), and lignin 
(12.0%). Hemicellulose contains pentoses, hexoses, and uronic acids, which can interact 
strongly with magnetite and water through electrostatic interactions or hydrogen bonds. 
Treatment with sodium hydroxide solution reduces the concentration of hemicellulose (X-
ray and SEM) and, therefore, can reduce the electrostatic interactions between magnetite 
and sponge, and the hydrogen bonds between the sponge and water, resulting in a greater 
interaction between the magnetite of LCMAG NaOH and the magnet, and, consequently, 
greater capture of this biocomposite. In a study on the influence of LC sponge immersion 
time in aqueous sodium hydroxide solutions ranging from 0 to 16% for up to 8 weeks, it 
was observed that low concentrations of sodium hydroxide (0.5% w/w, ~0.1 mol L−1) 
increased strength and toughness and reduced fiber density. The authors attributed the 
improvements in characteristics to bond breaking and the decomposition of lignin and 
hemicellulose. The reduction in density may be associated with the release of inorganic 
salts from the fiber, which can reduce the electrostatic interactions between water and the 
sponge, and between magnetite and the sponge [61–63]. Cellulose is still classified as 
diamagnetic. Diamagnetic materials are characterized by having all their electrons paired 
and, in the presence of an external magnetic field, these electrons align in the opposite 
direction to the field, reducing the field’s magnitude [64]. 

3.1.2. Determination of the Water Absorption Capacity and Recovery Rate by the 
Neodymium Magnet of the LCMAG NaOH 

Another relevant factor for an efficient hydrophilic bioadsorbent is its water-
absorption capacity. The potential uses of LCMAG NaOH as a floating adsorbent 
biocomposite for capturing MPs are limited by the rate and capacity of water adsorption. 
The ideal system involves hydrophobic bioadsorbents that reduce the volume of water 
removed from the medium during the removal of adsorbents + adsorbed MPs [3]. 
However, obtaining this property requires energy-intensive thermal processes, such as 
biochar formation or the use of toxic organic solvents. Therefore, in this work, 
hydrophobicity was not considered a limiting factor. But to ensure the efficiency of the 
bioadsorbent, the water absorption capacity was evaluated to enable potentially large-
scale application, determine the final mass to be collected, and establish the conditions 
and methodologies for scalable application. The rate of drinking water absorption, 
measured over 50 min in three cycles (Figure 2a), reached up to 1050% of the initial mass 
of LCMAG NaOH. The high amount of absorbed water, however, did not alter the 
biocomposite’s fluctuation. The capacity of the floating can be explained by the sponge 
LC’s low density (discussion above). 
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(a) (b) 

Figure 2. (a) Determination of the water absorption capacity of LCMAG NaOH versus contact time. 
Measurements determined in triplicate, for three 50 min cycles, with drying at 45 °C for 24 h after 
each immersion in potable water; (b) determination of the recovery rates of the LCMAG NaOH 
versus immersion time. Measurements determined in triplicate, for three cycles of 50 min, with 
drying at 45 °C for 24 h after each immersion in drinking water. 

In the first cycle, it was observed (Figure 2a) that the 10 and 20 min times had an 
approximately constant average water absorption rate, with an increase in the average 
absorption rate in the first 30 min, followed by maintenance of this average rate at 40 and 
50 min, indicating a saturation of the biocomposite in relation to the water absorption 
capacity. The average absorption deviations observed in this first cycle were greater than 
those observed in cycles 2 and 3. This result can be explained by a lower recovery rate of 
LCMAG NaOH (Figure 2b) compared with the second and third cycles, and consequently, 
a greater experimental error, as evidenced by variation in water absorption capacity. In 
the second cycle, the average water adsorption rate remained approximately constant at 
10, 20, 30, and 40 min, with a small reduction at 50 min. However, the average water 
absorption rates were generally similar to or higher than those of the first cycle. In the 
third cycle, the average water absorption rate remained approximately constant, with 
intermediate values between the first and second cycles at 10, 20, 30, and 40 min. 

The recovery rate (Figure 2b) evaluated the neodymium magnet’s capacity to capture 
LCMAG NaOH as a function of biocomposite exposure time in aqueous media (AGF). 
The 10 min time showed a higher recovery rate across three cycles (immersion, dry, and 
gravimetric measurements). The higher recovery rate in cycle 2 can be attributed to the 
biocomposite, which exhibits greater homogeneity in magnetite distribution than in cycle 
1. The increase in the percent loss in cycle 3 is attributed to a reduction in magnetite 
adsorbed in the LC. 

3.2. Characterization of LCMAG NaOH 

As the LCMAG NaOH sample exhibited the highest magnetic recovery efficiency 
among the synthesized biocomposites, it was selected for further characterization and 
adsorption studies. LCMAG NaOH and its precursors (LC NaOH and MAG) were 
characterized using XRF, SEM, SEM-EDX, TGA, and XRD (Figures 2 and 3). Subsequently, 
LCMAG NAOH was employed in the adsorption experiments with PS and PET 
microplastics (MPs). 

The elemental composition of the MAG, LCMAG NaOH, and LC NaOH, determined 
by XRF, is shown in the Supplementary Material (Table S1). The MAG sample is 
predominantly composed of iron, corresponding to 79 wt.% as iron oxide, with less than 
6 wt.% of oxides of other metals typically found in natural materials, such as calcium, 
sodium, and magnesium. In contrast, the metallic composition of the LC NaOH sample 
comprises sodium, potassium, and calcium oxides as the major components 
(approximately 20 wt.% each), with iron oxide accounting for 9 wt.%. The LCMAG NaOH 
sample, corresponding to the impregnated natural fiber, exhibits iron as the predominant 
element (80 wt.% as iron oxide) in the metallic components. A significant decrease in the 
content of other metallic elements, such as calcium, sodium, and potassium, is observed. 
Compounds containing these elements generally exhibit relative solubility in water and 
may have been partially leached during the impregnation process. 

The SEM and SEM-EDX images of the MAG, LC NaOH, and LCMAG NaOH are 
displayed in Figures 3, 4, and 5, respectively. The morphological features of the MAG 
(Figure 3) and LC NaOH (Figure 4) are characteristic of the samples. The irregular surface 
of the MAG is derived from grinding natural rocks. The particle size of the MAG sample 
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used in the impregnation was measured using the sieve and ranged from 30 to 150 µm. 
SEM-EDX elemental maps of the three samples confirm the elements identified in the XRF, 
with excellent distribution of all the biocomposite LCMAG NaOH (Figure 5) and absence 
of particles with a size larger than 150 µm. 

 
 

(a) (b) (c) (d) 

 
(e) (f) (g) (h) 

Figure 3. SEM (a,b) and EDX elemental mapping images (c–h) of MAG. 

  

(a) (b) (c) (d) 
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(i) (j) (k) (l) 

Figure 4. SEM (a–c) and EDX elemental mapping images (d–l) of LC NaOH. 

 

(a) (b) (c) (d) 

 
(e) (f) (g) (h) 

Figure 5. SEM (a,b) and EDX elemental mapping images (c–h) of LCMAG NaOH. 
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The TGA and DTG curves of MAG, LC NaOH, and LCMAG NaOH were used to 
evaluate their thermal stability and to determine the percentage of residual inorganic 
content (at 900 °C) in the samples. The thermogram of MAG (highlighted in Figure 6) 
shows an initial mass loss of 0.27% (w/w) between 25 °C and 150 °C, attributed to the 
release of adsorbed water and volatile components. This interpretation is consistent with 
the FTIR spectrum of MAG (Figure 4a,b), which does not exhibit noticeable absorption 
bands in the OH stretching region (~3400 cm−1), indicating that these species are present 
only in very small amounts. Between 200 and 500 °C, a small mass-loss event occurs, 
corresponding to 0.69% of the initial mass, which is associated with the dehydroxylation 
of surface OH groups of magnetite. In the range of 500–650 °C, a mass gain is observed, 
attributed to the oxidation of magnetite (Fe3O4) to hematite (Fe2O3) [9,23,25]. Above 650 
°C, additional mass-loss and mass-gain events are detected, which are attributed to the 
decarbonation of the dolomite and calcite phases present in the sample, as previously 
reported by Zhu et al. [65]. These findings are also consistent with the results obtained 
from XRF and XRD analyses (Supplementary Material and Figure 6c–e). 

The LC NaOH sample exhibits three main mass-loss events. The first event, occurring 
between 30 and 150 °C, corresponds to the removal of physically adsorbed water from the 
material’s surface. The second mass-loss event, between 155 and 360 °C, is associated with 
the thermal degradation of hemicellulose and the cleavage of glycosidic bonds in 
cellulose, with a maximum decomposition rate at 290 °C [66]. The third event, observed 
between 365 and 463 °C, with a maximum rate at 428 °C, is attributed to the thermal 
degradation of lignin fractions present in the biomass [67]. 

The LCMAG NaOH biocomposite exhibits a mass-loss profile similar to that of LC 
NaOH during biomass degradation. However, the biocomposite exhibits higher thermal 
stability, as evidenced by a shift in the maximum decomposition temperature toward 
higher values. This behavior indicates that incorporating magnetite improves the thermal 
stability of the biocomposite matrix. Additionally, a mass gain above 600 °C is observed, 
corresponding to the oxidation of magnetite to hematite. At the end of the thermal process 
under an air atmosphere, the residual mass obtained for LCMAG NaOH was 77% wt., 
indicating a high inorganic content in the composite material, which is corroborated by 
the results observed in the XRF (Supplementary Material, Figure S10). 
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Figure 6. TG (a) and DTG (b) of the LC NaOH, MAG, and LCMAG NaOH; experimental and 
theoretical diffractograms obtained from Rietveld refinement of (c) MAG, (d) LC NaOH, and (e) 
LCMAG NaOH samples. 

The specific surface area, pore diameter, and pore volume of the MAG, LC IN, 
LCMAG NaOH, and LC NaOH were determined by N2 adsorption–desorption at 77 K 
using the BET method (Figure 7, Table 1). Alkali treatment increased the specific surface 
area of LC NaOH to approximately three times that of LC IN. The specific surface area of 
LCMAG NaOH was intermediate between those of LC IN and LC NaOH, indicating that 
magnetite incorporation partially preserved the increase in surface area promoted by the 
alkaline treatment. The specific surface area, pore diameter, and pore volume obtained for 
LC IN and LC NaOH are consistent with values reported in the literature [68,69]. Despite 
the relatively low BET surface area observed after alkaline treatment, magnetite 
incorporation may improve the accessibility of adsorption sites. The specific surface area 
of LC IN is comparable to that reported in the literature [68], confirming the 
reproducibility of the alkali-treated lignocellulosic precursor. 
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Figure 7. Nitrogen adsorption–desorption isotherms at 77 K of LC IN, LC NaOH, MAG, and 
LCMAG NaOH. 

Table 1. BET specific surface area, average pore diameter, and total pore volume of LC IN, LC 
NaOH, MAG, and LCMAG NaOH. 

Sample SBET/m2 g−1 Dp a/cm3 nm−1 g−1 Vtp b/cm3 g−1 
LC NAOH 1.436 3.132 0.002 

MAG 1.317 3.082 0.002 
LC IN 0.468 4.262 0.008 

LCMAG NaOH 1.174 3.442 0.002 
Where a—obtained by the BJH method, b—total pore volume obtained at p/p0 = 0.95. 

The XRD patterns of sample MAG, LC NaOH, and LCMAG NaOH are presented in 
Figure 6c–e. The magnetite phase (Fe3O4) was identified in sample MAG. The most intense 
diffraction peaks were observed at 2θ angles of 18.14°, 30.11°, 35.47°, 37.10°, 43.10°, 53.48°, 
57.01°, 62.60°, and 73.86°, corresponding to the (111), (220), (311), (222), (400), (422), (551), 
(440), and (620) crystallographic planes, respectively, in good agreement with the 
reference XRD data for magnetite (COD 1011032). Other minor peaks are attributed to 
minor phases: albite (NaAlSi3O8–COD 2107372), calcite (CaCO3-2106394), dolomite 
(CaMg(CO3)2–COD 1200014), hematite (Fe2O3–COD 1546384), and quartz (SiO2–COD 
1535066). For the LC NaOH (Luffa cylindrica fiber) sample, the X-ray diffraction pattern 
exhibits characteristic reflections in the 2θ range of 22–23°, which are associated with the 
(002) plane of cellulose I and contributions from cellulose II, indicating the coexistence of 
crystalline cellulose domains. In addition, a minimum in intensity is observed at 2θ ≈ 
18.22°, which is attributed to the amorphous fraction of cellulose, in accordance with 
previous reports [70,71]. A minor peak at approximately 36°(2θ) was observed and 
tentatively attributed to magnetite (COD 1011032), which may have formed during the 
preparation of the bioadsorbents under alkaline conditions (NaOH). The X-ray diffraction 
pattern of the LCMAG NaOH sample reveals the coexistence of amorphous and 
crystalline features inherited from the LC NaOH sample, along with distinct diffraction 
peaks attributed to the magnetite phase present in the MAG sample (COD 1011032). This 
combination confirms the successful integration of the organic matrix with the magnetic 
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inorganic component. The LC NaOH sample exhibits three well-defined diffraction peaks 
associated with the semicrystalline phase at 2θ = 15.79°, 22.49°, and 34.84°. However, in 
the LCMAG NaOH sample, only the reflection at 2θ = 22.50° remains, while the other two 
peaks disappear. 

The crystallinity index of LC NaOH (56.93%) was higher than that of LCMAG NaOH 
(22.37%). However, this reduction should be interpreted with caution. The Segal method 
was originally developed for cellulose and assumes that the diffraction pattern arises 
exclusively from crystalline and amorphous cellulose domains. In the LCMAG NaOH 
composite, the incorporation of crystalline magnetite introduces additional diffraction 
peaks that modify the overall diffraction profile and influence the relative intensity of the 
cellulose reflections used in the calculation. Therefore, the lower crystallinity index 
obtained for LCMAG NaOH most likely reflects the combined effect of structural changes 
in the cellulose after processing and the contribution of the crystalline magnetite phase, 
rather than a direct increase in the amorphous cellulose content. Martínez-Pavetti et al. 
reported a decrease in the crystallinity of L. cylindrica fibers after alkaline treatment with 
sodium hydroxide, which was attributed to partial disruption of the ordered cellulose 
domains [72–74]. To gain deeper insight into the structural organization of the samples, 
Rietveld refinement was carried out using Nimloth software [34]. For all samples, the 
diffraction profiles were modeled using a pseudo-Voigt function. For the MAG sample 
(Figure 6c), the XRD pattern was refined with six crystalline phases to account for all 
reflections observed in the experimental diffractogram. (Fe3O4) was identified as the major 
phase, comprising 70(2) wt.%, followed by (NaAlSi3O8) with 12(1) wt.%. Minor phases 
included (CaCO3, COD 2106394) at 6(3) wt.%, (CaMg(CO3)2, COD 1200014) at 5(3) wt.%, 
(Fe2O3, COD 1546384) at 1.6(1) wt.%, and (SiO2, COD 1535066) at 3(2) wt.%. The diffraction 
peaks corresponding to each phase in this sample are shown in Figure 6c. For the LC–
NaOH sample (Figure 5d), three broad reflections were employed to model the 
semicrystalline phase of the natural fiber. In addition, the magnetite phase was included 
to account for the sharp and well-defined peak at 2θ = 35.53°, corresponding to the main 
(311) reflection of magnetite. For the LCMAG–NaOH sample (Figure 5e), the refinement 
was carried out using two broad reflections to represent the semicrystalline phase, 
together with the magnetite phase, which is the dominant phase in the MAG sample. The 
contributions of the remaining crystalline phases are negligible in this sample and are not 
distinguishable in the diffractogram. 

The zeta potential of the LCMAG NaOH, LC NaOH, LC IN, MAG, PS, and PET 
fractions is presented in Figure 8. The zeta potentials of the bioadsorbents, PS, and PET 
(Figure 8a) were negative, with the magnitude (negative) increasing from pH 2 to pH 10. 
The zeta potential of the bioadsorbents (Figure 8b) was −2.0 mV to −18.8 mV, and the PS 
and PET were −0.66 mV and −15 mV, respectively, over the pH range of 2 to 10. All 
materials exhibited increasingly negative zeta potential values as pH increased, indicating 
progressive deprotonation of surface functional groups. This behavior is characteristic of 
pH-dependent surface charging and is consistent with the acid–base properties of 
lignocellulosic materials, magnetite, and polymeric microplastics. The zeta potential 
values observed for PS, PET, and MAG were consistent with the literature 
[3,9,40,41,75,76]. 

Because both the adsorbents and the MPs exhibited negative zeta potentials, 
electrostatic attraction is not expected to be the dominant adsorption mechanism under 
the investigated conditions. Therefore, the experimentally observed adsorption is likely 
governed by other interactions, such as hydrophobic interactions, hydrogen bonding, van 
der Waals forces, and surface heterogeneity [3,41]. The relatively low absolute zeta 
potential values indicate weak electrostatic repulsion between the adsorbent surface and 
the MPs [9,40,41]. The low variation in PS and PET zeta potentials with size is also 
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reported in the literature by Viet Ha et al., Savaji et al., and Mummaleti et al. [3,76,77]. The 
pH-dependent trend observed for PS in the present work is consistent with that reported 
by Viet Ha et al., with increasingly negative zeta potential values as the pH increases [3]. 
Small differences in the absolute values reported in the literature are expected because 
zeta potential depends strongly on experimental conditions (solvent, ionic strength, and 
pH) [78,79]. 
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Figure 8. Zeta potential of the (a) LC IN, LC NaOH, LCMAG NaOH and MAG, and (b) MPs 
fractions, as a function of pH. 

3.3. Determination of the Removal Efficiency of PS MPs on LCMAG NaOH in Drinking Water 
(AGF) 

The removal capacity of PS MPs on LCMAG NaOH, LC NaOH, and LC IN was 
evaluated as a function of time, using the residual MPs content in the solution (Figure 9a), 
where lower residual content corresponded to greater adsorption capacity. The levels of 
residual MPs (not captured by the biocomposite) were determined by gravimetry and 
Ultraviolet-Visible Spectroscopy (UV/Vis) in triplicate. The lowest MPs content in solution 
was obtained for a contact time of 10 min between the biocomposite and PS MPs, with 
values of 18.4 ± 0.5% (w/w) and 38.5 ± 0.89% (w/w) by UV/Vis and gravimetry, respectively. 
The UV/Vis technique showed less dispersion, likely because it enabled differentiation of 
the PS residues from those of the adsorbents by solubilizing the PS residues in 
dichloromethane. In the gravimetric technique, the adsorbents not captured by the 
magnet were filtered and quantified along with the MPs. This theory corroborates the 
LCMAG NaOH recovery levels determined by gravimetry (93.9 ± 1.1; 92.8 ± 0.7; 93.9 ± 
1.4% (w/w) for 5, 10, and 15 min, respectively), indicating that the bioadsorbent not 
captured from the aqueous medium was quantified. 

The experimental concentrations used in the present study (0.125 mg mL−1 of PS MPs 
and 0.625 mg mL−1 of LCMAG NaOH) are comparable to those reported by Babalar et al., 
who evaluated activated biochar and polymer-coated magnetic activated biochar-zeolite 
(PMACZ) composites using 0.1 mg L−1 of PS and 1 mg mL−1 of bioadsorbent in distilled 
water. PMACZ is prepared via multiple synthesis steps using activated biochar, 
magnetite, oleic acid, zeolite, polyethylene glycol (PEG), and polyethyleneimine, with 
processing temperatures up to 850 °C. The modified composite exhibited a zeta potential 
of approximately +40 mV in the pH range of 6.0–8.0, whereas the 2 and 15 µm PS MPs 
presented zeta potentials of approximately −15 and −25 mV, respectively, within the same 
pH range (values estimated from the authors’ graphs). Under these conditions, the 
opposite surface charges favor electrostatic attraction, which likely contributes to the 
approximately 70% adsorption achieved within 30 min [9]. 

The same study also evaluated activated carbon (AC), the precursor material used to 
prepare PMACZ. Activated carbon exhibited approximately 60% adsorption under the 
same experimental conditions despite presenting a zeta potential of approximately −40 
mV [9], whereas the PS MPs also exhibited negative zeta potentials. This observation 
indicates that electrostatic attraction alone cannot explain the adsorption process. Instead, 
additional mechanisms, including hydrophobic interactions, van Der Waals forces, 
surface heterogeneity, pore entrapment, and possible ion-mediated interactions, are likely 
involved in MP adsorption. The negative zeta potential trend reported for AC and PS is 
also consistent with that observed for LCMAG NaOH and PS MPs in the present work, 
although the latter exhibited lower absolute zeta potential values. 

From a practical standpoint, the approximately 10% increase in adsorption observed 
after the complex modification of activated carbon to produce PMACZ should also be 
interpreted in light of the additional synthesis steps, higher processing temperatures, and 
greater production costs. Therefore, the relatively modest gain in adsorption efficiency 
should be weighed against the increased process complexity in large-scale applications. 

The use of Luffa sponge fruits coated with beeswax or palm wax has also been 
reported for microplastic removal. These coatings increase the hydrophobicity of the 
bioadsorbent surface, enhancing its affinity toward hydrophobic contaminants. 
Adsorption capacities of 381–569 mg g−1 have been reported for wax-coated sponges, 
corresponding to more than 99% removal of 5 µm PS MPs after 30 min under continuous 
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stirring. This adsorption capacity is higher than that obtained for LCMAG NaOH (163 mg 
g−1 under static conditions). However, direct comparison between the two studies should 
be interpreted with caution because the experimental conditions differ substantially. In 
the literature, the PS MPs were dispersed in an unspecified emulsification medium and 
diluted in a 1:1 ethanol-water mixture. In contrast, the present work employed drinking 
water with dissolved ions and a broader MP size distribution, conditions that more closely 
resemble those of natural aquatic environments. Furthermore, the adsorption experiments 
with LCMAG NaOH were performed without agitation and with a contact time three 
times shorter than that reported for the wax-coated sponges. Since continuous stirring 
substantially increases particle collision frequency and mass transfer, it generally favors 
adsorption. Static conditions were intentionally selected in the present work to better 
simulate the potential application of floating bioadsorbents in large aquatic environments 
[80,81]. 
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Figure 9. (a) Determination of residual PS MPs content versus time after LCMAG NaOH adsorption 
in drinking water (AGF) by gravimetry and spectroscopy in the ultraviolet and visible regions, after 
capture of the biocomposite + adsorbed PS, at times of 5, 10, and 15 min; (b) determination of 
residual PS content after LCMAG NaOH and LC IN adsorptions in drinking water (AGF) by 
ultraviolet-visible (UV/Vis) spectroscopy, after capture of the biocomposite or bioadsorbent + 
adsorbed PS, at times of 5, 10 and 15 min; (c) determination of residual PS content after LCMAG 
NaOH and LC NaOH adsorptions in drinking water (AGF) by ultraviolet-visible (UV/Vis) 
spectroscopy, after capture of the biocomposite or bioadsorbent + adsorbed PS, at times of 5, 10 and 
15 min; (d) determination of residual PET MPs content in drinking water (AGF) by gravimetry and 
ultraviolet/visible spectroscopy (UV/Vis), after capture of the LCMAG NaOH + adsorbed PET, at 5, 
10, and 15 min; (e) determination of residual PET content after LCMAG NaOH and LC IN 
adsorptions in drinking water (AGF) by ultraviolet-visible (UV/Vis) spectroscopy, after capture of 
the biocomposite or bioadsorbent + adsorbed PS, at 5, 10, and 15 min; (f) determination of residual 
PET content after LCMAG NaOH and LC NaOH adsorptions in drinking water (AGF) by 
ultraviolet-visible (UV/Vis) spectroscopy, after capture of the biocomposite or bioadsorbent + 
adsorbed PS, at 5, 10, and 15 min. GRAV—measurement performed by gravimetry; UV/Vis—
measurement performed by spectroscopy in the ultraviolet and visible region. All measurements 
are performed in triplicate in drinking water (AGF) at 25 °C. 

The lower absolute zeta potential of LCMAG NaOH led to a smaller difference in 
surface charge relative to the negatively charged MPs. Although zeta potential alone does 
not quantitatively determine interparticle interactions, this behavior suggests reduced 
electrostatic repulsion compared with LC IN and LC NaOH, which may facilitate particle 
approach and favor adsorption through additional interaction mechanisms. In the 
supplementary material of the same study, the authors reported the zeta potentials of the 
5 µm PS MPs and wax-coated sponge bioadsorbents over the pH range of 2.0–10.0. Both 
materials exhibited a progressive decrease in zeta potential with increasing pH, reaching 
values below approximately +10 mV up to pH 5.0 (pH 6.0 for the bioadsorbent) and 
becoming negative above these values, approaching approximately −10 mV at pH 10. 
These results are consistent with those reported by Babalar et al. and with the trends 
observed in the present study, in which both the adsorbents and PS MPs exhibited 
predominantly negative zeta potentials under environmentally relevant pH conditions 
[9]. Although particles with similar surface charges are expected to experience 
electrostatic repulsion, the high adsorption efficiencies reported in these studies 
demonstrate that electrostatic attraction is unlikely to be the sole mechanism governing 
adsorption. Instead, non-electrostatic interactions, including hydrophobic interactions, 
van Der Waals forces, surface heterogeneity, and pore entrapment, probably play an 
important role in the adsorption process. 
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It should also be emphasized that direct comparison of zeta potential values across 
studies requires caution, as these measurements are strongly influenced by the dispersion 
medium, ionic strength, pH, and measurement protocol. As discussed by Sun et al. [75] 
and Honary et al. [78,79], zeta potential measurements are only directly comparable when 
performed under similar experimental conditions or in well-defined media, such as 
distilled water. Therefore, although zeta potential provides valuable information 
regarding particle surface properties, it should not be interpreted as the sole predictor of 
adsorption performance 

3.4. Removal Capacity of PET MPs on LCMAG NaOH, in Drinking Water (AGF) 

The removal capacity of PET MPs on LCMAG NaOH is shown as a function of the 
MPs concentration in solution in Figure 10. The residual PET content (not captured by the 
biocomposite) was determined by gravimetry and Ultraviolet-Visible Spectroscopy. The 
lowest residual PET concentration in AGF, determined by UV/Vis, was obtained after 10 
min of contact, reaching 21.4 ± 2.2% (w/w). The residual PET contents after 5 and 15 min 
were 56.9 ± 4.6% and 36.4 ± 3.6% (w/w), respectively. As observed for PS MPs, the 10 min 
contact time provided the highest removal efficiency. The magnetic recovery efficiencies 
of LCMAG NaOH were 88.2 ± 2.0, 96.8 ± 2.5, and 93.9 ± 3.4% (w/w) after 5, 10, and 15 min, 
respectively. These results explain the higher residues obtained by gravimetry, since the 
small fraction of unrecovered biocomposite remaining in suspension contributed to the 
measured mass. 

 

Figure 10. Determination of residual content of PS and PET MPs after LCMAG NaOH adsorptions 
in different simulations of aquatic media by ultraviolet and visible (UV/Vis) spectroscopy, after 
capture of the biocomposite + adsorbed PS, at a time of 10 min. Measurements were taken in 
triplicate, in lake water from the park (AGP), drinking water (AGF), and simulated seawater (AGS) 
at 25 °C. 

The removal capacity of PET on LCMAG NaOH was compared with that of PET MPs 
on LC IN (fresh L. cylindrica sample) and LC NaOH at 5, 10, and 15 min (Figure 5d). The 
residual PET contents for LCMAG NaOH at 5, 10, and 15 min (56.9 ± 4.6; 21.4 ± 2.2; 36.4 ± 
3.6% (w/w), respectively) were lower than those for LC IN. The 10 min time (discussed 
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previously) showed the lowest MP content in the PET in the water (21.4 ± 2.2% (w/w)), 
with less dispersion of measurements across the evaluated contact times compared to the 
three samples. The higher removal efficiency of PET MPs on LCMAG NaOH compared to 
adsorption on LC IN and LC NaOH indicates that incorporating magnetite into the alkali-
treated lignocellulosic matrix substantially improved PET removal. The same result was 
observed for the removal of the PS MPs, and the enhanced performance can be attributed 
to the combined effects of the increase in specific surface area induced by the alkaline 
treatment and the effects of surface chemical modification, increased surface 
heterogeneity, and the presence of magnetite, which synergistically contributed to the 
adsorption process. 

The enhanced performance of LCMAG NaOH relative to LC IN and LC NaOH 
suggests that magnetite incorporation contributes not only to magnetic recovery but also 
to the formation of additional adsorption sites. Therefore, the adsorption mechanisms 
discussed previously, including hydrophobic interactions, van der Waals forces, surface 
heterogeneity, and the limited contribution of electrostatic interactions, as inferred from 
zeta potential measurements, are also expected to govern PS and PET adsorption. 

The adsorption of phenol by lignocellulosic materials has been extensively 
investigated and may provide useful insights into the adsorption of PET and PS, since 
phenol represents the aromatic structural unit present in both polymers [82,83]. 
Abdelwahab and Amin reported that phenol adsorption on Luffa cylindrica decreased with 
increasing temperature, indicating a spontaneous and exothermic adsorption process (ΔG 
< 0) [83]. Although PET is a polymer with physicochemical properties distinct from 
phenol, the presence of aromatic rings in both compounds suggests that similar π-π 
interactions and hydrophobic interactions may contribute to adsorption onto 
lignocellulosic surfaces. The superior adsorption performance of LCMAG NaOH 
compared with LC IN can be attributed to the combined effects of magnetite incorporation 
and alkali treatment. Magnetite provides additional hydroxylated active sites and may 
interact with the aromatic moieties of PET, whereas alkali treatment removes soluble 
components, increases surface area, exposes cellulose-rich domains, and modifies the 
surface chemistry of the fibers, thereby increasing the availability of adsorption sites [82]. 
The slight decrease in adsorption observed after 15 min may indicate the establishment of 
adsorption–desorption equilibrium or the progressive occupation of the most 
energetically favorable adsorption sites. In addition, hydration of the magnetite surface 
and competitive interactions with water molecules may partially reduce the affinity 
between PET MPs and the adsorbent surface during longer contact times. 

3.5. Determination of the Removal Capacity of PS and PET Microplastics on LCMAG NaOH in 
Simulated Seawater (AGS) and Park Lake Water (AGP) 

The removal capacity of LCMAG NaOH toward PS and PET MPs was evaluated 
separately in simulated seawater (AGS) and Park Lake water (AGP, collected from the 
same site where residual plastics were obtained for the production of simulated MPs, 
Dourados, Mato Grosso do Sul, Brazil) using a contact time of 10 min (Figure 10). Residual 
MPs concentrations were determined by both gravimetry and UV/Vis Spectroscopy. As 
observed in the previous experiments, UV/Vis measurements exhibited lower variability 
than gravimetry, reflecting this technique’s higher selectivity for polymer quantification. 
The higher gravimetric residues are attributed to the small fraction of LCMAG NaOH that 
was not recovered magnetically after adsorption. This interpretation is supported by the 
magnetic recovery efficiencies obtained for LCMAG NaOH in AGF, AGS, and AGP (92.8 
± 0.7, 93.0 ± 0.7, and 91.7 ± 0.7%, respectively), indicating that unrecovered biocomposite 
particles contributed to the gravimetric residue. 
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The physicochemical characteristics of the aqueous media differed substantially. 
Drinking water (AGF) had a pH of 7.86 and a conductivity of 88.85 µS cm−1, whereas 
simulated seawater (AGS) had a pH of 8.30 and a conductivity of 41.63 mS cm−1 due to its 
high ionic strength. Park lake water (AGP) had a pH of 7.66, conductivity of 149.5 µS cm−1, 
dissolved oxygen of 2.31 ± 0.15 mg L−1, and a BOD5 of 156 ± 31 mg O2 L−1, indicating a 
considerably higher organic matter content. 

The lowest residual PS concentration after adsorption was observed in drinking 
water (18.4 ± 0.5%), followed by simulated seawater (20.4 ± 0.3%). Likewise, the residual 
PET concentrations in AGF and AGS were very similar (21.4 ± 2.2 and 20.6 ± 2.7%, 
respectively). Despite the high concentrations of dissolved ions present in simulated 
seawater (Na+, Mg2+, K+, Ca2+, Sr2+, among others), no significant differences were observed 
in the adsorption efficiencies of either PS or PET. Similar behavior has also been reported 
for PS adsorption in electrolyte solutions [84]. These results indicate that, under the 
experimental conditions evaluated, the increase in ionic strength alone did not 
substantially affect the adsorption performance of LCMAG NaOH. In the experimental 
conditions reported by Savaji et al., pH did not significantly affect the adsorption kinetics 
at a constant ionic concentration [77]. 

In contrast, adsorption in park lake water was noticeably less efficient. The residual 
PS and PET concentrations increased to 24.4 ± 2.0% and 46.8 ± 0.4%, respectively, with the 
residual PET concentration approximately twice that of PS. Since the pH values of AGF 
and AGP were very similar (7.86 and 7.66, respectively), pH is unlikely to be the main 
factor responsible for the reduced adsorption observed in AGP. Instead, the principal 
difference between these media is the high organic matter content of the lake water, as 
indicated by its elevated BOD5. 

The influence of pH on adsorption processes has been extensively reported because 
it affects the ionic strength of the medium, the surface charge density of adsorbents and 
MPs, and consequently the zeta potential [25,84]. Sun et al. demonstrated that the surface 
charge of magnetite varies with pH owing to protonation and deprotonation of surface 
hydroxyl groups [75]. According to these authors, magnetite exhibits zeta potential values 
close to zero at approximately pH 6, whereas predominantly negative values 
(approximately −5 to −40 mV, depending on the magnetite source and measurement 
conditions) are observed near pH 8 [75]. Given that the pH values of AGF, AGS, and AGP 
were all within the neutral-to-slightly alkaline range, only minor differences in magnetite 
surface charge would be expected. Therefore, the marked reduction in adsorption 
efficiency observed in AGP is more likely attributable to dissolved and suspended organic 
matter than to pH effects. 

Organic matter can compete with MPs for adsorption sites or form a coating on the 
adsorbent surface, reducing the accessibility of active sites and limiting contact between 
the MPs and the LCMAG NaOH surface. This physical barrier may be particularly 
important for PET, whose higher density than PS [84] may reduce particle mobility and 
increase the probability of interactions with natural organic matter before reaching the 
adsorbent surface. Consequently, PET adsorption was more strongly affected than PS 
adsorption in park lake water. 

4. Conclusions 
In this study, a low-cost biocomposite was produced from renewable, readily 

available raw materials obtained from L. cylindrica and natural magnetite, using a fast, 
scalable process under brand-new conditions and temperatures limited to 80 °C. The 
incorporation of magnetite in L. cylindrica after treatment with sodium hydroxide solution 
(LCMAG NaOH) increases the capacity of the biocomposite to capture MPs of PS and PET 
by more than 50%, as compared to LCMAG IN and LC IN. 
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LCMAG NaOH was efficient at rapidly removing MPs from PS and PET in three 
simulated aqueous media: drinking water (AGF), seawater (AGS), and lake water (AGP). 

LCMAG NaOH was an excellent bioadsorbent, capable of remaining on the aqueous 
surface, being reusable, and maintaining magnetic properties, with a biocomposite mass 
recovery greater than 90%. 
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exit points in the park, including the plastic collection point; Figure S2: LC IN sample (LC in natura) 
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containing park lake water and PS MPs for LCMAG NaOH adsorption experiments; Figure S4: 
Typical UV/Vis spectra used in the determination of the concentration of PS (a) and PET (b) in the 
standard solution; Figure S5: The standard curve for the determination of the concentration of PS 
(a) and PET(b) in solution; Figure S6: FTIR spectra of (a) MAG; (b) LC IN; (c) LCMAG NaOH; and 
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image of the LCMAG NaOH after removal of PET MPs; Figure S9: Optical microscopy image of the 
LCMAG NaOH after removal of PET MPs. Table S1: Elemental composition of the samples MAG, 
LC NaOH, and LCMAG NaOH by X-ray fluorescence. Figure S10. Experimental and theoretical 
diffractograms obtained from Rietveld refinement of (a) MAG samples and (b) mass percentage of 
phases. 

Author Contributions: Conceptualization, R.S.S.S.R.d.F., R.M.F.d.C.e.S. and R.M.M.; methodology, 
R.S.S.S.R.d.F., R.M.F.d.C.e.S., Â.L.A., V.V.d.C., G.O.S., G.J.B.S., R.L.d.F.F., D.Q.L., J.A.C.J. and 
C.A.L.C.; software, V.V.d.C. and G.O.S.; validation, G.O.S. and R.M.F.d.C.e.S.; formal analysis, 
R.M.F.d.C.e.S., G.O.S., Â.L.A. and C.A.L.C.; investigation, T.M.R., D.d.L.S., R.S.S.S.R.d.F., 
R.M.F.d.C.e.S., Â.L.A., V.V.d.C., G.O.S., G.J.B.S., R.L.d.F.F., D.Q.L., J.A.C.J., C.A.L.C.; L.C.K.-M. and 
V.d.O.R.; resources, R.S.S.S.R.d.F., R.M.F.d.C.e.S. and R.M.M.; writing—original draft preparation, 
R.S.S.S.R.d.F., R.M.F.d.C.e.S., Â.L.A. and G.O.S.; writing—review and editing, R.S.S.S.R.d.F., 
R.M.F.d.C.e.S., Â.L.A., G.O.S., C.A.L.C., L.C.K.-M. and R.M.M.; supervision, R.S.S.S.R.d.F., 
R.M.F.d.C.e.S., Â.L.A., G.O.S., C.A.L.C., L.C.K.-M., V.d.O.R. and R.M.M.; project administration, 
R.M.M. and R.M.F.d.C.e.S.; funding acquisition, R.M.M. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The original contributions presented in this study are included in the 
article/Supplementary Material. Further inquiries can be directed to the corresponding author. 

Acknowledgments: The Foundation for Support of the Development of Education, Science and 
Technology of the State of Mato Grosso do Sul (FUNDECT) and CNPQ for the Research Grant 
awarded to R.M. F. da Costa e Silva through the Call for Proposals: Fundect/CNPq 29/2022-Program 
to Support the Retention of Young PhDs in MS (Process 83/013.336/2023; and SIAFEM 32928). 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 
1. MacLeod, M.; Arp, H.P.H.; Tekman, M.B.; Jahnke, A. The global threat from plastic pollution. Science 2021, 373, 61–65. 

https://doi.org/10.1126/science.abg5433. 
2. Diggle, A.; Walker, T.R. Environmental and Economic Impacts of Mismanaged Plastics and Measures for Mitigation. 

Environments 2022, 9, 15. https://doi.org/10.3390/environments9020015. 



Magnetochemistry 2026, 12, 86 26 of 29 
 

https://doi.org/10.3390/magnetochemistry12080086 

3. Ha, T.T.V.; Viet, N.M.; Thanh, P.T.; Quan, V.T. Loofah plant—Derived biodegradable superhydrophobic sponge for effective 
removal of oil and microplastic from water. Environ. Technol. Innov. 2023, 32, 103265. https://doi.org/10.1016/j.eti.2023.103265. 

4. Peng, L.; Fu, D.; Qi, H.; Lan, C.Q.; Yu, H.; Ge, C. Micro- and nano-plastics in marine environment: Source, distribution and 
threats—A review. Sci. Total Environ. 2020, 698, 134254. https://doi.org/10.1016/j.scitotenv.2019.134254. 

5. Gan, Q.; Cui, J.; Jin, B. Environmental microplastics: Classification, sources, fates, and effects on plants. Chemosphere 2023, 313, 
137559. https://doi.org/10.1016/j.chemosphere.2022.137559. 

6. Iyare, P.U.; Ouki, S.K.; Bond, T. Microplastics removal in wastewater treatment plants: A critical review. Environ. Sci. Water Res. 
Technol. 2020, 6, 2664–2675. https://doi.org/10.1039/D0EW00397B. 

7. Sri N, S.; Haldar, S.; Chanda, V.; Muralidaran, Y.; Mishra, P. Chapter 21—Impact of microplastics on economic condition in 
underdeveloped nations. In Microplastics; Singh, B., Upadhyay, S.K., Eds.; Elsevier: Amsterdam, The Netherlands, 2025; pp. 
481–508. https://doi.org/10.1016/B978-0-443-29804-2.00021-4. 

8. Cristaldi, A.; Fiore, M.; Zuccarello, P.; Oliveri Conti, G.; Grasso, A.; Nicolosi, I.; Copat, C.; Ferrante, M. Efficiency of Wastewater 
Treatment Plants (WWTPs) for Microplastic Removal: A Systematic Review. Int. J. Environ. Res. Public Health 2020, 17, 8014. 
https://doi.org/10.3390/ijerph17218014. 

9. Babalar, M.; Siddiqua, S.; Sakr, M.A. A novel polymer coated magnetic activated biochar-zeolite composite for adsorption of 
polystyrene microplastics: Synthesis, characterization, adsorption and regeneration performance. Sep. Purif. Technol. 2024, 331, 
125582. https://doi.org/10.1016/j.seppur.2023.125582. 

10. Vallejo, F.; Yánez, D.; Molina, L.; Pino-Cortés, E.; Espinoza-Pérez, A.; Espinoza-Pérez, L. Microplastic Contamination in Latin 
American Drinking Water and Food Chains: Exposure Assessment, Toxicological Mechanisms, and Public Health Implications 
in Vulnerable Populations. Microplastics 2026, 5, 117. https://doi.org/10.3390/microplastics5020117. 

11. Pathak, G.; Nichter, M.; Hardon, A.; Moyer, E.; Latkar, A.; Simbaya, J.; Pakasi, D.; Taqueban, E.; Love, J. Plastic pollution and 
the open burning of plastic wastes. Glob. Environ. Change 2023, 80, 102648. https://doi.org/10.1016/j.gloenvcha.2023.102648. 

12. de Andrade, F.N.; de Araujo, F.V. An analysis of the legal and management aspects of plastic waste in Brazil. Sustain. Futures 
2025, 10, 101120. https://doi.org/10.1016/j.sftr.2025.101120. 

13. Gao, W.; Zhang, Y.; Mo, A.; Jiang, J.; Liang, Y.; Cao, X.; He, D. Removal of microplastics in water: Technology progress and 
green strategies. Green Anal. Chem. 2022, 3, 100042. https://doi.org/10.1016/j.greeac.2022.100042. 

14. Verma, A.; Sharma, G.; Kumar, A.; Dhiman, P.; Mola, G.T.; Shan, A.; Si, C. Microplastic pollutants in water: A comprehensive 
review on their remediation by adsorption using various adsorbents. Chemosphere 2024, 352, 141365. 
https://doi.org/10.1016/j.chemosphere.2024.141365. 

15. Phouthavong, V.; Yan, R.; Nijpanich, S.; Hagio, T.; Ichino, R.; Kong, L.; Li, L. Magnetic Adsorbents for Wastewater Treatment: 
Advancements in Their Synthesis Methods. Materials 2022, 15, 1053. https://doi.org/10.3390/ma15031053. 

16. Allahkarami, E.; Allahkarami, E.; Rezai, B. A brief review on utilizing natural adsorbents for microplastic removal from 
wastewater: A sustainable approach to environmental protection. Results Eng. 2025, 27, 106441. 
https://doi.org/10.1016/j.rineng.2025.106441. 

17. Ho, K.L.; Yeap, S.P.; Lee, K.M. A critical review of microplastics and nanoplastics in wastewater: Insights into adsorbent-based 
remediation strategies. Environ. Pollut. 2025, 382, 126658. https://doi.org/10.1016/j.envpol.2025.126658. 

18. Rushdi, I.W.; Hardian, R.; Rusidi, R.S.; Khairul, W.M.; Hamzah, S.; Khalik, W.M.A.W.M.; Abdullah, N.S.; Yahaya, N.K.E.M.; 
Szekely, G.; Azmi, A.A. Microplastic and organic pollutant removal using imine-functionalized mesoporous magnetic silica 
nanoparticles enhanced by machine learning. Chem. Eng. J. 2025, 510, 161595. https://doi.org/10.1016/j.cej.2025.161595. 

19. Kazemi, S.P.H.; Dehhaghi, M.; Ok, Y.S.; Nizami, A.S.; Khoshnevisan, B.; Mussatto, S.I.; Aghbashlo, M.; Tabatabaei, M.; Lam, S.S. 
A comprehensive review of engineered biochar: Production, characteristics, and environmental applications. J. Clean. Prod. 2020, 
270, 122462. https://doi.org/10.1016/j.jclepro.2020.122462. 

20. Anastopoulos, I.; Pashalidis, I. Environmental applications of Luffa cylindrica-based adsorbents. J. Mol. Liq. 2020, 319, 114127. 
https://doi.org/10.1016/j.molliq.2020.114127. 

21. Evangelista, J.C.S.; Rocha, S.D.F. The Valorization of Luffa cylindrica as an Etheramine Biosorbent in Wastewater Treatment. 
Water Air Soil Pollut. 2022, 233, 384. https://doi.org/10.1007/s11270-022-05854-9. 

22. Siddiqui, M.F.; Khan, S.A.; Hussain, D.; Tabrez, U.; Ahamad, I.; Fatma, T.; Khan, T.A. A sugarcane bagasse carbon-based 
composite material to decolor and reduce bacterial loads in waste water from textile industry. Ind. Crops Prod. 2022, 176, 114301. 
https://doi.org/10.1016/j.indcrop.2021.114301. 



Magnetochemistry 2026, 12, 86 27 of 29 
 

https://doi.org/10.3390/magnetochemistry12080086 

23. Bopda, A.; Mafo, S.G.M.; Ndongmo, J.N.; Kenda, G.T.; Fotsop, C.G.; Kuete, I.-H.T.; Ngakou, C.S.; Tchuifon, D.R.T.; Tamo, A.K.; 
Nche, G.N.-A.; et al. Ferromagnetic Biochar Prepared from Hydrothermally Modified Calcined Mango Seeds for Fenton-like 
Degradation of Indigo Carmine. C 2022, 8, 81. https://doi.org/10.3390/c8040081. 

24. Silva, A.; Pereira, M.; Oliveira, L.; Cavalcante, L.; Fabris, J.; Murad, E. An unusually thermally stable magnetite from a niobium 
mine in Brazil. Clay Miner. 2012, 47, 69–79. https://doi.org/10.1180/claymin.2012.047.1.69. 

25. Shahzad, K.; Hasan, A.; Hussain Naqvi, S.K.; Parveen, S.; Hussain, A.; Ko, K.-C.; Park, S.H. Recent advances and factors affecting 
the adsorption of nano/microplastics by magnetic biochar. Chemosphere 2025, 370, 143936. 
https://doi.org/10.1016/j.chemosphere.2024.143936. 

26. Chaudhary, R.; Sangwan, G.; Kumar, S.; Sharma, V. Turning trash into tools: Agricultural waste-derived biochars and 
composites for microplastic removal from wastewater. RSC Sustain. 2026, 4, 650–676. https://doi.org/10.1039/D5SU00479A. 

27. Mudhoo, A.; Mohan, D.; Pittman, C.U.; Sharma, G.; Sillanpää, M. Adsorbents for real-scale water remediation: Gaps and the 
road forward. J. Environ. Chem. Eng. 2021, 9, 105380. https://doi.org/10.1016/j.jece.2021.105380. 

28. Enyoh, C.E.; Devi, A.; Maduka, T.O.; Tyagi, L.; Rana, S.; Akuwudike, I.S.; Wang, Q. A Review of Materials for the Removal of 
Micro- and Nanoplastics from Different Environments. Micro 2025, 5, 17. https://doi.org/10.3390/micro5020017. 

29. Alvarado-Gómez, E.; Tapia, J.I.; Encinas, A. A sustainable hydrophobic luffa sponge for efficient removal of oils from water. 
Sustain. Mater. Technol. 2021, 28, e00273. https://doi.org/10.1016/j.susmat.2021.e00273. 

30. Zeron, I.M.; Gonzalez, M.A.; Errani, E.; Vega, C.; Abascal, J.L. “In Silico” Seawater. J. Chem. Theory Comput. 2021, 17, 1715–1725. 
https://doi.org/10.1021/acs.jctc.1c00072. 

31. Fietz, C.R.; Fisch, G.F.; Comunello, E.; Flumignan, D.; Fisch, G.F. O clima da região de Dourados, MS. 2008. Available online: 
https://www.infoteca.cnptia.embrapa.br/infoteca/handle/doc/1079733 (accessed on 25 April 2026) 

32. Altomare, A.; Corriero, N.; Cuocci, C.; Falcicchio, A.; Moliterni, A.; Rizzi, R. Main features of QUALX2.0 software for qualitative 
phase analysis. Powder Diffr. 2017, 32, S129–S134. https://doi.org/10.1017/S0885715617000240. 

33. Gražulis, S.; Chateigner, D.; Downs, R.T.; Yokochi, A.F.; Quirós, M.; Lutterotti, L.; Manakova, E.; Butkus, J.; Moeck, P.; Le Bail, 
A. Crystallography Open Database—An open-access collection of crystal structures. J. Appl. Crystallogr. 2009, 42, 726–729. 
https://doi.org/10.1107/s0021889809016690. 

34. Siqueira, G.O. Nimloth (0.1.76); Sindarin Corp: San Francisco, CA, USA, 2026. Available online: www.nimloth.app (accessed on 
25 April 2026). 

35. Caglioti, G.; Paoletti, A.; Ricci, F.P. Choice of collimators for a crystal spectrometer for neutron diffraction. Nucl. Instrum. 1958, 
3, 223–228. https://doi.org/10.1016/0369-643X(58)90029-X. 

36. Segal, L.; Creely, J.J.; Martin, A.E.; Conrad, C.M. An Empirical Method for Estimating the Degree of Crystallinity of Native 
Cellulose Using the X-Ray Diffractometer. Text. Res. J. 1959, 29, 786–794. https://doi.org/10.1177/004051755902901003. 

37. Karunattu Sajan, M.; Kirubalan, M.R.; Rajendran, A.S.; Natesan, A.L.F. Exploring the effective adsorption of polystyrene 
microplastics from aqueous solution with magnetically separable nickel/reduced graphene oxide (Ni/rGO) nanocomposite. 
Environ. Sci. Pollut. Res. 2024, 31, 38099–38116, https://doi.org/10.1007/s11356-024-33726-8. 

38. Schneider, C.L.; Alves, V.K.; Gobbo, O.; Gonçalves, K. Cálculo de parâmetros de modelo de sedimentação para simulação e 
escalonamento de espessadores de polpa. Available online: 
https://www.cetem.gov.br/antigo/images/congressos/2006/CAC00970006.pdf (accessed on 25 April 2026). 

39. Kynch, G.J. A theory of sedimentation. Trans. Faraday Soc. 1952, 48, 166–176. https://doi.org/10.1039/TF9524800166. 
40. da Costa e Silva, R.M.F.; Andrade, Â.L.; Freitas, E.T.F.; Valverde, T.M.; Lara, L.R.S.; Martins, D.A.; Lopez, J.L.; Stumpf, H.O.; 

Nascentes, C.C.; de Goes, A.M.; et al. Formation and stability of green and low-cost magnetoliposomes of the soy lecithin, 
stigmasterol, and β-sitosterol for hyperthermia treatments. Sci. Rep. 2025, 15, 2831. https://doi.org/10.1038/s41598-024-82480-x. 

41. Costa e Silva, R.M.d.; Lara, L.R.; López, J.L.; Andrade, Â.L.; Oliveira, J.A.; Takahashi, J.A.; Vieira, H.S.; Matencio, T.; Stumpf, 
H.O.; Domingues, R.Z. Preparation of magnetoliposomes with a green, low-cost, fast and scalable methodology and activity 
study against S. aureus and C. freundii bacterial strains. J. Braz. Chem. Soc. 2018, 29, 2636–2645. https://doi.org/10.21577/0103-
5053.20180144. 

42. Gunasekaran, S.; Anbalagan, G. Thermal decomposition of natural dolomite. Bull. Mater. Sci. 2007, 30, 339–344. 
https://doi.org/10.1007/s12034-007-0056-z. 

43. Shan, D.; Wang, S.; Xue, H.; Cosnier, S. Direct electrochemistry and electrocatalysis of hemoglobin entrapped in composite 
matrix based on chitosan and CaCO3 nanoparticles. Electrochem. Commun. 2007, 9, 529–534. 
https://doi.org/10.1016/j.elecom.2006.10.032. 



Magnetochemistry 2026, 12, 86 28 of 29 
 

https://doi.org/10.3390/magnetochemistry12080086 

44. Kalyani, P.; Anitha, A.; Darchen, A. Activated carbon from grass—A green alternative catalyst support for water electrolysis. 
Int. J. Hydrogen Energy 2013, 38, 10364–10372. https://doi.org/10.1016/j.ijhydene.2013.06.022. 

45. Onna, D.; Minaberry, Y.; Jobbágy, M. Hierarchical bioglass scaffolds: Introducing the “milky way” for templated bioceramics. 
J. Mater. Chem. B 2015, 3, 2971–2977. https://doi.org/10.1039/C5TB00138B. 

46. Yalçin, N.; Sevinç, V. Studies on silica obtained from rice husk. Ceram. Int. 2001, 27, 219–224. https://doi.org/10.1016/S0272-
8842(00)00068-7. 

47. Santhiya, D.; Alajangi, H.K.; Anjum, F.; Murugavel, S.; Ganguli, M. Bio-inspired synthesis of microporous bioactive glass-
ceramic using CT-DNA as a template. J. Mater. Chem. B 2013, 1, 6329–6338. https://doi.org/10.1039/C3TB21212B. 

48. Zemnukhova, L.A.; Arefieva, O.D.; Kovekhova, A.V.; Polyakova, N.Y.V.; Panasenko, A.E.; Kamaeva, A.Y. Silicon-containing 
compounds in horsetail (Equisetum Equisetaceae) composition. Известия вузов. Прикладная химия и биотехнология 2019, 9, 
159–169. https://doi.org/10.21285/2227-2925-2019-9-2-159-169. 

49. Zhang, H.; Xue, G.; Chen, H.; Li, X. Magnetic biochar catalyst derived from biological sludge and ferric sludge using 
hydrothermal carbonization: Preparation, characterization, and its circulation in Fenton process for dyeing wastewater 
treatment. Chemosphere 2018, 191, 64–71. https://doi.org/10.1016/j.chemosphere.2017.10.026. 

50. Costa e Silva, R.M.F.d.; Diniz, I.M.A.; Gomes, N.A.; Silva, G.J.B.; da Fonte Ferreira, J.M.; de Freitas Filho, R.L.; Freitas, E.T.F.; 
Martins, D.A.; Domingues, R.Z.; Andrade, Â.L. Equisetum hyemale-derived unprecedented bioactive composite for hard and 
soft tissues engineering. Sci. Rep. 2022, 12, 13425. https://doi.org/10.1038/s41598-022-17626-w. 

51. Zaidel, D.N.A.; Zainudin, N.N.; Jusoh, Y.M.M.; Muhamad, I.I. Extraction and characterization of pectin from sweet potato 
(Ipomoea batatas) pulp. J. Eng. Sci. Technol. 2015, 10, 22–29. https://doi.org/10.17660/ActaHortic.2017.1152.29. 

52. Demir, D.; Ceylan, S.; Göktürk, D.; Bölgen, N. Extraction of pectin from albedo of lemon peels for preparation of tissue 
engineering scaffolds. Polym. Bull. 2021, 78, 2211–2226. https://doi.org/10.1007/s00289-020-03208-1. 

53. Kirk, R.; Othmer, D. Cellulose Encyclopedia of Chemical Technology; Wiley: New York, NY, USA, 1967; Volume 4, pp. 593–683. 
54. Wen, L.F.; Chang, K.C.; Brown, G.; Gallaher, D.D. Isolation and Characterization of Hemicellulose and Cellulose from Sugar 

Beet Pulp. J. Food Sci. 1988, 53, 826–829. https://doi.org/10.1111/j.1365-2621.1988.tb08963.x. 
55. Toğrul, H.; Arslan, N. Flow properties of sugar beet pulp cellulose and intrinsic viscosity–molecular weight relationship. 

Carbohydr. Polym. 2003, 54, 63–71. https://doi.org/10.1016/S0144-8617(03)00146-2. 
56. Azubuike, C.P.; Odulaja, J.O.; Okhamafe, A.O. Physicotechnical, spectroscopic and thermogravimetric properties of powdered 

cellulose and microcrystalline cellulose derived from groundnut shells. Int. J. Pharm. Excip. 2016, 3, 106–115. 
https://doi.org/10.66617/001c.1105. 

57. Kesraoui, A.; Bouzaabia, S.; Seffen, M. The combination of Luffa cylindrical fibers and metal oxides offers a highly performing 
hybrid fiber material in water decontamination. Environ. Sci. Pollut. Res. 2019, 26, 11524–11534. https://doi.org/10.1007/s11356-
018-1507-3. 

58. Chen, Y.; Su, N.; Zhang, K.; Zhu, S.; Zhao, L.; Fang, F.; Ren, L.; Guo, Y. In-Depth Analysis of the Structure and Properties of 
Two Varieties of Natural Luffa Sponge Fibers. Materials 2017, 10, 479. https://doi.org/10.3390/ma10050479. 

59. Ziemniak, S.E.; Jones, M.E.; Combs, K.E.S. Magnetite solubility and phase stability in alkaline media at elevated temperatures. 
J. Solut. Chem. 1995, 24, 837–877. https://doi.org/10.1007/BF00973442. 

60. Tanobe, V.O.A.; Sydenstricker, T.H.D.; Munaro, M.; Amico, S.C. A comprehensive characterization of chemically treated 
Brazilian sponge-gourds (Luffa cylindrica). Polym. Test. 2005, 24, 474–482. https://doi.org/10.1016/j.polymertesting.2004.12.004. 

61. Tanobe, V.O.; Flores-Sahagun, T.H.; Amico, S.C.; Muniz, G.I.; Satyanarayana, K. Sponge gourd (Luffa cylindrica) reinforced 
polyester composites: Preparation and properties. Def. Sci. J. 2014, 64, 273–280.https://doi.org/10.14429/dsj.64.7327. 

62. Wetaka, C.; Githinji, D.N.; Namango, S.; Starovoytova, D. Combined effect of water retting and sodium hydroxide concentration 
on properties of luffa cylindrica fibres. Am. J. Eng. Res. 2016, 5, 339–345. 

63. Nypelö, T. Magnetic cellulose: Does extending cellulose versatility with magnetic functionality facilitate its use in devices? J. 
Mater. Chem. C 2022, 10, 805–818. https://doi.org/10.1039/D1TC02105B. 

64. Zhu, X.; Han, Y.; Sun, Y.; Gao, P.; Li, Y. Magnetite oxidation mechanism of the air-cooling stage for limonite ore magnetization 
roasting. Miner. Eng. 2022, 186, 107720. https://doi.org/10.1016/j.mineng.2022.107720. 

65. Mohanta, N.; Acharya, S. Fiber surface treatment: Its effect on structural, thermal, and mechanical properties of Luffa cylindrica 
fiber and its composite. J. Compos. Mater. 2016, 50, 3117–3131. https://doi.org/10.1177/0021998315615654. 

66. Alba, J.F.G.; Melo, L.L.; Cavalcanti, H.M.; Pacheco, J.G.A.; Fréty, R.; Vidal, R.R.L. Thermal degradation of Luffa cylindrica Fiber 
modified by distilled water, saline water and diesel oil. Thermochim. Acta 2026, 756, 180206. 
https://doi.org/10.1016/j.tca.2025.180206. 



Magnetochemistry 2026, 12, 86 29 of 29 
 

https://doi.org/10.3390/magnetochemistry12080086 

67. Adewuyi, A.; Pereira, F.V. Isolation and surface modification of cellulose from underutilized Luffa cylindrica sponge: A 
potential feedstock for local polymer industry in Africa. J. Assoc. Arab. Univ. Basic Appl. Sci. 2017, 24, 39–45. 
https://doi.org/10.1016/j.jaubas.2016.12.003. 

68. Coutinho, R.; Hoshima, H.Y.; Vianna, M.T.G.; Marques, M. Sustainable application of modified Luffa cylindrica biomass for 
removal of trimethoprim in water by adsorption with process optimization. Environ. Sci. Pollut. Res. 2024, 31, 55280–55300. 
https://doi.org/10.1007/s11356-024-34797-3. 

69. NagarajaGanesh, B.; Muralikannan, R. Extraction and characterization of lignocellulosic fibers from Luffa cylindrica fruit. Int. 
J. Polym. Anal. Charact. 2016, 21, 259–266. https://doi.org/10.1080/1023666X.2016.1146849. 

70. Parida, C.; Das, S.C.; Dash, S.K. Mechanical Analysis of Bio Nanocomposite Prepared from Luffa cylindrica. Procedia Chem. 2012, 
4, 53–59. https://doi.org/10.1016/j.proche.2012.06.008. 

71. Martinez-Pavetti, M.-B.; Medina, L.; Espínola, M.; Monteiro, M. Study on two eco-friendly surface treatments on Luffa cylindrica 
for development of reinforcement and processing materials. J. Mater. Res. Technol. 2021, 14, 2420–2427. 
https://doi.org/10.1016/j.jmrt.2021.07.141. 

72. Salem, K.S.; Kasera, N.K.; Rahman, M.A.; Jameel, H.; Habibi, Y.; Eichhorn, S.J.; French, A.D.; Pal, L.; Lucia, L.A. Comparison 
and assessment of methods for cellulose crystallinity determination. Chem. Soc. Rev. 2023, 52, 6417–6446. 
https://doi.org/10.1039/D2CS00569G. 

73. Janićijević, A.; Pavlović, V.P.; Kovačević, D.; Perić, M.; Vlahović, B.; Pavlović, V.B.; Filipović, S. Structural Characterization of 
Nanocellulose/Fe3O4 Hybrid Nanomaterials. Polymers 2022, 14, 1819. https://doi.org/10.3390/polym14091819. 

74. Sun, Z.-X.; Su, F.-W.; Forsling, W.; Samskog, P.-O. Surface Characteristics of Magnetite in Aqueous Suspension. J. Colloid Interface 
Sci. 1998, 197, 151–159. https://doi.org/10.1006/jcis.1997.5239. 

75. Mummaleti, G.; Ogundipe, S.O.; Udo, T.; Suh, J.H.; Mohan, A.; Kong, Z.L.; Reitsema, L.J.; Jiao, Y.; Kong, F. Microplastics in 
simulated digestion: Surface modifications, enzyme interference, and chemical migration. Food Chem. 2026, 516, 149336. 
https://doi.org/10.1016/j.foodchem.2026.149336. 

76. Savaji, K.V.; Niitsoo, O.; Couzis, A. Influence of particle/solid surface zeta potential on particle adsorption kinetics. J. Colloid 
Interface Sci. 2014, 431, 165–175.https://doi.org/10.1016/j.jcis.2014.05.030. 

77. Honary, S.; Zahir, F. Effect of zeta potential on the properties of nano-drug delivery systems—A review (Part 1). 2013, 12, 255–
264. https://doi.org/10.4314/tjpr.v12i2.19. 

78. Honary, S.; Zahir, F. Effect of zeta potential on the properties of nano-drug delivery systems–A review (Part 2). Trop. J. Pharm. 
Res. 2013, 12, 265–273. https://doi.org/10.4314/tjpr.v12i2.20. 

79. Pasanen, F.; Fuller, R.O.; Maya, F. Fast and simultaneous removal of microplastics and plastic-derived endocrine disruptors 
using a magnetic ZIF-8 nanocomposite. Chem. Eng. J. 2023, 455, 140405. https://doi.org/10.1016/j.cej.2022.140405. 

80. Van Do, M.; Le, T.X.T.; Vu, N.D.; Dang, T.T. Distribution and occurrence of microplastics in wastewater treatment plants. 
Environ. Technol. Innov. 2022, 26, 102286. https://doi.org/10.1016/j.eti.2022.102286. 

81. Santos, M.A.; De Conto, J.F.; Borges, G.R.; Egues, S.M. Luffa cylindrica as a biosorbent in wastewater treatment applications: A 
comprehensive review. Cellulose 2024, 31, 10115–10142. https://doi.org/10.1007/s10570-024-06206-y. 

82. Abdelwahab, O.; Amin, N.K. Adsorption of phenol from aqueous solutions by Luffa cylindrica fibers: Kinetics, isotherm and 
thermodynamic studies. Egypt. J. Aquat. Res. 2013, 39, 215–223. https://doi.org/10.1016/j.ejar.2013.12.011. 

83. Wang, J.; Sun, C.; Huang, Q.-X.; Chi, Y.; Yan, J.-H. Adsorption and thermal degradation of microplastics from aqueous solutions 
by Mg/Zn modified magnetic biochars. J. Hazard. Mater. 2021, 419, 126486. https://doi.org/10.1016/j.jhazmat.2021.126486. 

84. Quinn, B.; Murphy, F.; Ewins, C. Validation of density separation for the rapid recovery of microplastics from sediment. Anal. 
Methods 2017, 9, 1491–1498. https://doi.org/10.1039/C6AY02542K. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual 
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury 
to people or property resulting from any ideas, methods, instructions or products referred to in the content. 


