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Special Issue: Synthesis and Applications of Nanomaterials

Keith J. Stine

Department of Chemistry and Biochemistry, University of Missouri-Saint Louis, Saint Louis, MO 63121, USA;
kstine@umsl.edu

1. Introduction

The synthesis and application of new nanomaterials has been one of the most active
fields of science since interest in these materials started growing about 30 years ago, when
researchers discovered that these new materials with nanoscale dimensions or features
could impart entirely unique or improved properties. The range of materials prepared
and investigated has expanded to include nanomaterials of metals, alloys, semiconductors,
metal oxides, various carbon nanostructures, layered structures, polymers, and anything
else that the imaginative scientists in this field can create. All dimensionalities are be-
ing explored, from nanoparticles with two-dimensional structures to three-dimensional
nanoporous or composite materials [1]. The range of synthesis methods introduced is
broad and falls generally into top-down or bottom-up approaches [2]. Nanoparticles es-
pecially have been developed with many compositions [3], and the possibilities of gold
nanoparticles, among the first introduced and investigated, continue to grow [4]. Every
area of technology can potentially be transformed by the introduction of nanomaterials.
The 10 papers in this Special Issue report on the preparation of nanomaterials, includ-
ing nanoparticles, layered nanomaterials, and nanostructured coatings, with applications
including water treatment, wear and resistance, drug release, and chemical analysis.

2. Overview of Contributions

In the article by Thiam et al., the synthesis of Zinc oxide nanoparticles was achieved
using Licania tomentosa leaf extract, serving as an example of a green approach to nanopar-
ticle synthesis [5]. In these methods based on plant extracts, phytochemicals serve as
both reducing and stabilizing agents. Zinc oxide, a II-V semiconductor, is a highly useful
type of nanoparticle that has photocatalytic properties and is nontoxic. In this study, the
authors demonstrate the antimicrobial activity of ZnO nanoparticles against a wide range
of bacteria. The photocatalytic properties of these nanoparticles are exploited to carry
out the photodegradation of two dye molecules often found as pollutants in water. Both
the antimicrobial and photocatalytic properties of these particles are largely due to the
generation of reactive oxygen species upon irradiation of the nanoparticles in water, in
addition to other contributing mechanisms. This paper uses a green method to make
nontoxic nanoparticles useful for two aspects of water treatment. In its nanoparticle form,
ZnO has a bandgap reported as 3.0 eV, which makes it useful as a photocatalyst. The
authors also emphasize how the structural details of nanoparticles depend on the synthesis
method used, and how their behavior depends on subtle structural details, a key point to
remember about many types of nanoparticles. There is thematic overlap with the paper by
Castro et al., who report a green chemistry synthesis of alumina nanoparticles.

In the paper by Batakliev et al., a green nanotechnology theme is also found in
their effort to make a biodegradable nanocomposite material and study its micromechan-
ical properties and self-healing of scratches by heating [6]. The authors use 3D printing
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and melt extrusion to make flat nanocomposites of graphene-reinforced polylactic acid
(PLA)/polycaprolactone (PCL). The material showed resistance to scratching, and its het-
erogeneous structure of hard and soft phase-separated domains allowed for the healing of
scratches by heating, as polymer chains could return to their original conformations. In
this study, graphene nanoplatelets of superior mechanical strength and high surface area
impart valuable new mechanical properties to a biodegradable polymer composite.

The paper by Kim et al. focuses on a significant problem related to the ecological
impact of the semiconductor industry [7]. Chemical mechanical planarization (CMP) is
required for the production of ever smaller semiconductor devices. The traditional SiO,
nanoparticle slurries used for CMP are difficult to recover and result in a significant amount
of waste. In this study, the authors optimize the SiO, shell thickness of y-Fe,O3@SiO,
core-shell nanoparticles and apply them to the CMP of tungsten films, achieving a low
surface roughness and a high magnetic recovery rate. The study again emphasizes the
positive impact of nanomaterials on the environment, a theme that has emerged from more
papers in the Special Issue than anticipated.

The removal of toxic metals and of organic pollutants by adsorption onto nanomateri-
als is an emerging strategy for environmental remediation. Hence, improved models for
understanding adsorption behavior onto particles surfaces is the topic of the paper by de
Sousa et al. [8]. In this paper, the authors improve the well-known Langmuir adsorption
isotherm model by incorporating a temperature-dependent term in order to predict adsorp-
tion isotherms at different temperatures. The model is validated using literature data and
experiments on the adsorption of copper ion by a zeolite.

The paper by Castro et al. focuses on a green synthesis method for aluminum oxide
nanoparticles using lemongrass extract as a reducing agent [9]. The resulting particle
size was found to depend on the choice of precursor. The plant extract contains many
components and, while some act as reducing agents, others act as chelating ions, while
some stabilize particles against agglomeration. Al,O3; nanoparticles can be applied as
antimicrobial agents, as additives in coating, as active elements in gas sensors, and in
other applications. The studies in this Special Issue emphasize how careful attention
must be given to preparation conditions to tune the size and morphology of the resulting
nanoparticles. Once a nanoparticle of a given material is synthesized, it can possibly be
used in many different applications that make use of the different properties unique to its
nanoscale dimensions.

Spherical nanoparticles of Bi(C¢N7O3) were formed from potassium cyanurate—
K3[CsN70O3]—nanorods through ion exchange in an autoclave in the paper by Jia et al. for
use in the photocatalytic degradation of an antibiotic in water [10]. The spherical nanopar-
ticles provided a greatly enhanced efficiency in the photodegradation of tetracycline, an
antibiotic that is polluting natural waters, as compared to potassium cyanurate or graphitic
carbon nitride. Emerging contaminants, of which antibiotics are a major class, and their
detection using nanomaterials is also an active field [11]. The sensitivity of nanoparticle
activity to composition and shape is effectively revealed by this study.

Fisher and Liu incorporate cellulose nanocrystals to stabilize oil-in-water nanoemul-
sions where the oil is lemongrass essential oil [12]. These natural essential oils are eco-
friendly and also have antifungal and antimicrobial properties, while cellulose nanocrystals
are a green stabilizer. Compared to standard emulsions, nanoemulsions have droplet sizes
around 100 nm. The effects of freeze drying and storage on the nanoemulsion and its
activity are studied in detail in this contribution.

Carbajal Arizaga and coworkers study the use of layered double hydroxides for the
delivery of the anticancer drug doxorubicin (DOX) [13]. Three different methods of loading
the drug into LDH nanoparticles are compared: incubation with DOX, co-precipitation, and
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mechanochemical reaction. Magnesium/aluminum double hydroxide was stable under all
three DOX loading processes, and the mechanochemical reaction loaded the most DOX.
X-ray diffraction (XRD) and FTIR are used to provide characterization data for the particles.

In the contribution by Muniyappan et al., laser surface texturing is applied to the
titanium alloy TigAl4V, which is then coated with a layer of TiN through physical vapor
deposition [14]. The wear properties of the coating were studied, and a laser-textured
sample with TiN coating was found to have a lower wear rate. These titanium alloys are
important in medical implants. In this study, the authors reveal that the nanostructuring of
surfaces can have a large impact on their mechanical behavior.

The review article by Adeniji et al. examines the growing application of nanomaterials
in solid phase microextraction (SPME) through the modification of SPME fibers by nano-
materials to improve their specificity and capacity for the adsorption of volatile organic
compounds, many of which are emerging pollutants [15]. The introduction of nanomateri-
als into SPME technology has the potential to advance environmental monitoring.

3. Future Prospects

One theme that has emerged from this Special Issue is that nanomaterials can be
produced using methods that are environmentally friendly and can be applied to technolo-
gies for monitoring and remediating the environment. This suggests a strong motivation
for future work along these directions. Another theme that emerges is that nanomateri-
als and nanostructured surfaces are complex, with morphologies and nanoscale features
that depend strongly on preparation, compositional details, and processing conditions.
It is clear from these contributions that applying detailed characterization using multi-
ple methods after the preparation of a nanomaterial is essential, including, as applicable,
diffraction, nanoscale microscopy, and thermal and spectroscopic methods. Furthermore,
the performance characteristics of nanomaterials and nanostructured surfaces are critically
dependent on these details, and much remains to be understood through further investi-
gation. The possibilities for new nanomaterials and new applications are limited only by
the imagination.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract

Licania tomentosa leaf extract was used to synthesize zinc oxide nanoparticles (ZnO NPs)
which were systematically analyzed by X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), UV-Visible (UV-Vis) and Fourier transform infrared (FT-IR) spectroscopies
and energy-dispersion X-ray spectroscopy (EDS) methods. Based on XRD scans, the green
NPs have an average crystallite size of 15.9 nm as estimated using the Scherrer equation
and have a roughly spherical shape with an average diameter of 25.15 & 1.2 nm as cal-
culated from SEM data. As estimated from the Tauc plot based on UV-Vis absorption
spectra, ZnO NPs have a small band gap of 3.0 eV. The biosynthesized ZnO NPs were
effectively utilized for the photodegradation of methylene blue (MB) and crystal violet
(CV) dyes under UV illumination with resulting MB and CV degradation efficiencies of
~94% and ~81% after 60 min and 70 min, with pH =12 and pH = 10, respectively. Different
experimental parameters such as NPs quantity, experimental pH, light intensity and initial
concentration of dyes were varied to test the performance of the catalyst. Furthermore, effi-
cient recycling of the catalyst was demonstrated. We also undertook antimicrobial studies
of the green ZnO NPs. The ZnO NPs demonstrated broad-spectrum antimicrobial efficacy
against Escherichia coli ATCC 35218, Enterococcus faecalis ATCC 29737, Klebsiella pneumoniae
ATCC 700603, Pseudomonas aeruginosa ATCC 27853, P. aeruginosa B3, Staphylococcus aureus
ATCC 29213, and S. aureus SAQ01, with the minimum inhibitory concentration (MIC) and
the inhibitory concentrations associated with 50% effect (IC50) values ranging from 250 to
2000 pg/mL and 7.74 to 283.14 ug/mL, respectively. The nanoparticles also significantly
inhibited biofilm formation by E. faecalis ATCC 29737, P. aeruginosa ATCC 27856, and S.
aureus SA03. The antimicrobial efficiency of the ZnO NPs against Escherichia coli ATCC
25922 and Staphylococcus aureus SA03 isolates was also assessed using the disk diffusion
assays. Taken together, our results reveal that the biosynthesized ZnO NPs are promising
multifunctional materials with potential applications in antimicrobial treatments, biofilm
control, and photocatalytic remediation.
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Keywords: biosynthesized ZnO nanoparticles; antimicrobial activity; photocatalytic
degradation; Licania tomentosa leaf

1. Introduction

Water is an invaluable vital resource, but clean sources are becoming more and more
scarce due to human carelessness and manufacturing activities leading to elevated levels
of pollution [1]. Organic pollutants, such as dyes, antibiotics, and pesticides, constitute
the most concerning category of contaminants [2]. Furthermore, microbial contamination
poses a major global health risk, causing serious diseases like dysentery, typhoid fever, and
cholera [3].

ZnO NPs have diverse applications in fields such as anticancer, antidiabetic, antibacte-
rial, BioReRAM, antifungal treatments, drug delivery, CO, photoreduction and agricultural
technologies [4-7]. The application of NPs in water sanitation is an actively developing
area. The most advanced materials in this field are the ones that combine photocatalytic
and antimicrobial properties. These nanomaterials offer the potential to simultaneously
achieve the degradation of organic pollutants and the eradication of pathogenic microor-
ganisms in a single step under visible/UV light irradiation. Zinc oxide (ZnO), a Group
II-V semiconductor compound, frequently crystallizes in a wurtzite structure. ZnO pos-
sesses remarkable qualities, such as a wide, direct band gap (approximatively 3.36 eV),
strong absorption in the ultraviolet region, high room-temperature exciton binding energy
(around 60 meV), a large electrochemical coupling coefficient, excellent photostability,
biocompatibility and low toxicity [8].

Zn0 is a highly versatile material, considered an ideal candidate for water treatment
process thanks to its two main properties: ZnO exhibits strong photocatalytic activity, not
only under ultraviolet (UV), but also visible radiation due to its lower band gap energy
compared to TiOp. When irradiated, ZnO NPs produce reactive oxygen species (ROS),
which are responsible for both the photocatalytic activity (pollutant degradation) and the
antimicrobial activity. The antimicrobial activity of ZnO NPs is generally higher for smaller
NPs. This effect relies on two primary mechanisms [9]: (i). light-related mechanisms
(ROS production), and (ii). morphology-related mechanisms including mechanical damage
(physical destruction of microbial cell membranes) and/or ion release (diffusion of Zn?*
ions, which interact with essential cell components) [10]. Furthermore, ZnO is non-toxic
to humans, water insoluble, reusable, and combines elevated photocatalytic and antimi-
crobial activities. However, all these characteristics strongly depend on the size, shape,
surface morphology, and defects of the ZnO NPs, which are themselves determined by the
synthesis method.

The preparation of ZnO NPs can follow various chemical and physical routes (sol-
gel, pulsed laser deposition, thermal evaporation, etc.) [11,12]. However, most of these
traditional methods are expensive, intensive in terms of energy and time, require critical
conditions (temperature and pressure), and use hazardous chemicals that negatively affect
the environment. Given environmental concerns, biosynthesis, or “green synthesis”, has
arisen as a very promising approach. This method is favored because it is simple and
low-cost, environmentally friendly, suitable for large-scale production, results in more
stable and biocompatible NPs [13]. At the same time, ZnO NPs might exhibit significant
ecotoxicity to aquatic and terrestrial organisms, primarily driven by the release of Zn>* ions
and reactive oxygen production [14,15] and cause considerable oxidative stress, metabolic
inhibition, and structural damage to algae, bacteria, and invertebrates [16]. Therefore, ZnO
NPs applications have to be investigated in each specific case and applied with caution.

6 https://doi.org/10.3390/pr14091334
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For practical large-scale implementation, improvements are required in synthesis
reproducibility, photocatalytic efficiency, and NP recovery or reuse. Furthermore, pilot
studies in real wastewater conditions, cost-benefit analyses, and adherence to industrial
standards remain essential to ensure feasibility and efficiency at an industrial scale [17].
Green biosynthesis methods further enhance the environmental value of ZnO NPs by
producing non-toxic and biodegradable materials. Using biological agents such as plant
extracts, bacteria, or fungi, this approach avoids hazardous chemicals while yielding
nanoparticles with enhanced photocatalytic and antimicrobial performance [18]. Several
recent studies focus on ZnO NPs’ capacity to act simultaneously as a photocatalyst (e.g.,
for organic dye degradation) and as an antimicrobial agent, optimizing both functionalities
within the single nanostructures [19-22]. The composition of biological materials used
in green synthesis, including plant extracts and microorganisms, can vary significantly
depending on factors such as plant species, extraction techniques, seasonal conditions, and
geographic origin. These variations can affect the consistency of NPs’ characteristics, mak-
ing it crucial to systematically evaluate NP production in particular pilot settings [23,24].

The most promising biosynthetic route utilizes plant extract (from fruits, leaves and
seeds). Plants are rich in phytochemical compounds (flavonoids, tannins, alkaloids, etc.).
These compounds can be extracted using eco-friendly solvents, such as distilled water, for
example. The phytochemicals (especially polyphenols) serve as reducing agents, transform-
ing the precursor metal ions into metal oxide NPs. They also serve as stabilizing agents,
partially preventing the formed NPs from agglomeration.

There have been numerous reports on the ZnO NPs synthesis of with leaf extract from
Lemon peel [23], Camellia sinensis [24], Annato tree [25], Hibiscus subdariffa [26], Coffea arabica
L. [4], Aloe vera [27], Ficus carica [28], Lupinus pilosus [29], to name a few, and their antibacte-
rial and photocatalytic activities have been evaluated [30]. Licania tomentosa Benth (Oiti)
belongs to the Chrysobalanaceae family and is native to the Caatinga region of Brazil [31]. It
is commonly used in public gardens to provide shade [32] and its seed oil can be used as
ink drying oil [33]. L. tomentosa Benth leaves are readily available in Brazil, reducing raw
material costs. The leaves are rich in active phytochemical compounds, such as betulinic
acid, flavonoids, phenolics, and various triterpenic and fatty acids [34-36]. Licania tomentosa
leaf extracts have demonstrated antioxidant [36], anticholinesterase [37], antibacterial, and
antiviral activities [38]. Here, we report the biosynthesis of ZnO NPs with L. tomentosa
leaf extract and their characterization with various techniques, such as UV-Vis, SEM, XRD,
EDX, and FT-IR. The NPs were subsequently utilized as photocatalysts in organic dye
photodegradation. The ZnO NPs were also shown to inhibit the biofilm formation and to
eliminate planktonic cells of clinically relevant pathogenic microorganisms.

2. Material and Methods
2.1. Original Materials

Licania tomentosa Benth fresh leaves were collected at the Sao Carlos Campus 2 of the
University of Sao Paulo (USP) (geolocation: —21.999041, —47.932830) in January 2025. The
analytical quality zinc nitrate hexahydrate, ethylenediaminetetraacetic (EDTA), Isopropyl
alcohol (IPA, P-Benzoquinone (BQ, and DMSO (purity > 99.0%) were bought from Sigma-
Aldrich (Burlington, MS, USA) and used as received. Origin 2018 64 Bit was used to
plot graphs.

2.2. Licania Tomentosa Leaf Extracts

The L. tomentosa leaves were extensively rinsed with distilled water to clean them up.
The leaves were dried at 50 °C for 5 days and milled. A total of 3.25 g of the milled powder
was added to 150 mL of deionized water and stirred using a magnetic stirrer at room
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temperature for 3 h to optimize the extraction of the soluble bioactive compounds. Well
enclosed with an aluminum foil, the mixture was allowed to settle at room temperature for
21 h. Next, it was passed through a Whatman No. 1 filter paper (produced in Germany
and packaged in Brazil) to get rid of the residual solids (Graphical abstract).

2.3. ZnO NPs Biosynthesis

ZnO NPs synthesis used 100 mL of the filtered extract in which 1 g of Zn (NO3),-6H,O
was dissolved and stirred for 3 h at room temperature. The resultant solution was partially
evaporated at 70-80 °C using a magnetic stirrer. The process was stopped when the mixture
was reduced to 1/10th of the volume. The resulting solids were dried in the air oven at
70 °C overnight and thermally treated at 500 °C for 2 h. The obtained white powder was
thoroughly washed to remove impurities and dried overnight at 70 °C (see Graphical
abstract). The output efficiency was found to be 266.6 mg NPs/g using Equation (1):

. _ Masseof prepared NPs (mg) 800 mg
ef ficiency = —yres of dried extract(g) ~  3g

= 266.6 mg NPs/g (1)

2.4. Analytical Characterization of the Obtained NPs

XRD measurements were conducted using Cu K« radiation (A = 1.5406 A)on a
Miniflex 600 X-ray diffractometer (Rigaku, Tokyo, Japan), which was operating at 40 kV
and 15 mA. Detection was performed in the 20 range between 5° and 70°, with an angular
step of 0.02° and an exposure time of 15 s per step. The observed diffraction peaks were
extracted from the measured diffractograms. Peak fitting program (PeakFit Version 13;
www.systat.com, accessed on 15 April 2026) was used to adjust Gaussian functions for each
peak and the NPs’ average crystallite sizes were estimated using the modified Scherrer
equation [39,40]. For comparison, an average crystallite size (D), dislocation density (5),
and micro strain (¢) were also estimated using the Williamson-Hall method [41] from the

following Equations (2) and (3):
1
*= D @

°T Jtan0 ©)

Here, D is the crystallite average dimension, {3 is the full width at half maximum
(FWHM) in radians and 0 is the scattering angle in degrees.

UV-Vis adsorption spectra were measured using Thermo Scientific (Waltham, MA,
USA) Multiskan GO UV /Vis Microplate Reader Spectrophotometer between 200 and
1000 nm. For the measurements, the ZnO NPs were suspended in milli-Q water ina 1 cm
quartz cuvette. Origin 8 software was used to analyze the adsorption spectra.

FT-IR data were obtained as follows: Pellets of the ZnO NPs samples were prepared
using a hydraulic press. A Nicolet 6700 FI-IR spectrometer was used to collect spectra
within a wave number range between 400 cm ! and 4000 cm~ 1.

Morphology and the average size of the synthesized green ZnO NPs were evaluated
by scanning electron microscopy (SEM). The ZnO NPs powder was scattered on a sample
holder, coated with gold and scanned using an electron beam. The element composition
of the samples was analyzed by energy-dispersion X-ray spectroscopy (EDS) using an
X-Max solid-state silicon detector (Oxford Instruments). Finally, the pHzpc of the ZnO NPs
was determined.

Hydrodynamic radii and the NP size distribution were analyzed using the DLS
technique (SpectroSize 300 instrument, XtalConcepts, Germany). DLS relies on the mea-
surements of light intensity fluctuations as a function of time due to the particle’s Brow-
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nian motion [42]. Such measurements allow for the determination of the diffusion co-
efficient (D), which is related to the hydrodynamic radius (Ry,) of the particle via the

Stokes-Einstein equation,
kT
~ 67mMRy,

(4)

where ky, is the Boltzmann constant (1.380 x 10723 kg m? k1), T is the absolute temperature,
and n is the viscosity of the solution [42].

2.5. Photocatalytic Activity Measurements

The photocatalytic activity of the ZnO NPs biosynthesized using L. tomentosa leaf
extract was studied using MB and CV as model dyes. MB and CV are extensively applied
in the textile and paper industries and are components of navy blue and black inks,
respectively. In a typical photocatalytic experiment, 25 mgs of the ZnO NPs were dispersed
in 100 mL of 5 mg/L MB dissolved in water. The mixture was first stirred in the dark for
30 min. After this period, a mixture containing dyes and the photocatalyst was submitted
to UV-A light using eight (8) UV-A 6W T-5-BL Lucmat lamps (LUCMAT, Sao Paulo, SP,
Brazil), with a maximum emission wavelength of 368 nm. After that, 1.5 mL aliquots were
periodically taken. The supernatant was obtained by centrifugation at 13,300 rpm for 10 min.
The dye degradation was monitored by measuring the fall in the maximum absorbance
of MB and CV dyes in the supernatant, with absorption peaks centered at A = 663 nm and
583 nm, respectively, using Thermo Scientific Multiskan GO UV /Vis Microplate Reader
Spectrophotometer over a wavelength range 200-1000 nm (Figure 1).

The degradation was quantified using the equation:

Co—C

) Ay — Ay
Degradation (%) = x 100% = ————
g (%) o A

x 100% (5)

Here, Ay is the initial absorbance of dyes at the initial concentration Cy, and Ay is the
absorbance of the dye with concentration C; at time interval t.

Pre-stirring

Catalyst: 25 mg =
CV solution: 100 ml (Sppm) | - )

Temperature: Room Temperature

Beaker 250 ml

Dark Room UV Lig

ht (365 nm)
Condition stirring stirring
Centrifugation UV-vis spectroscopy
. 30 10 20. 30 40 Sq 60 .

Sample colection. "A.*:K'_"f!'mm m.‘."m"?mn‘mi" /Supernatant Plate . ‘ Analysis .
(;f\ 11 1] (liquid) a é H
1.5mlsample ™ § § |\ UV Ne—Precipitate 200-1000 nm §
(Catalyst) - S

Stirring speed:

13,300 rpm at 10 min Absorbance at 663 nm

Figure 1. Schematic representation of the experimental steps for MB decomposition.

2.6. Antimicrobial Activity Measurements

The antimicrobial activity of the green-synthesized ZnO nanoparticles was evaluated
using the broth microdilution method in 96-well microplates. The bacterial isolates (Es-
cherichia coli ATCC 35218, Enterococcus faecalis ATCC 29737, Klebsiella pneumoniae ATCC
700603, Pseudomonas aeruginosa ATCC 27853, P. aeruginosa B3, Staphylococcus aureus ATCC
29213, and S. aureus SA01) were suspended in sterile saline and adjusted to an optical den-
sity of 0.1 at 600 nm (=1.5 x 10 CFU/mL; McFarland 0.5 standard). A stock suspension
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of ZnO NPs (4000 png/mL) was prepared in Milli-Q water and subjected to twofold serial
dilutions in Mueller-Hinton (MH) broth to obtain final concentrations ranging from 1.95 to
2000 pg/mL. Each well received 10 pL of the bacterial inoculum and 90 uL of MH broth
containing the corresponding ZnO nanoparticle dilution. Following incubation at 37 °C
for 24 h, 30 uL of 0.03% resazurin solution (Sigma-AldriCh®) was added to each well and
plates were incubated for an additional 4 h [28]. Minimum inhibitory concentration (MIC)
was defined as the lowest concentration capable of inhibiting the colorimetric changes from
blue (no reduction in resazurin to resorufin) to pink. The bacterial growth was determined
from measurements of the optical density at 600 nm (ODgqp). The percentage of bacterial
growth inhibition at each nanoparticle concentration was calculated relative to the positive
growth control (bacteria without nanoparticles) using Formula (6):

A, —A
Growth Inhibition (%) = |1 (At n NP blank) | 4000, (6)
control

Here, Ayt is the absorbance of NPs in MH broth with bacteria, Anp piunk is the ab-
sorbance of NPs in MH broth without bacteria, and A, is the absorbance of bacteria in
MH broth without nanoparticles.

Nonlinear regression using a four-parameter logistic model ([inhibitor] vs. response,
4PL) was performed in GraphPad Prism (v. 10) to determine the ICs), defined as the
concentration of nanoparticles required to inhibit 50% of bacterial growth.

Minimum bactericidal concentrations (MBCs) were determined as follows: aliquots
of 10 pL from wells showing no detectable bacterial growth after 24 h of incubation were
streaked onto Mueller-Hinton agar plates and incubated at 37 °C for 24 h. The MBC was
defined as the lowest concentration of ZnO NPs yielding no detectable bacterial colonies
on the agar surface [43].

2.7. Biofilm Inhibition Assay

Further, the ZnO NPs were assessed for their ability to inhibit bacterial biofilm forma-
tion. For this assay, E. faecalis ATCC 29737, P. aeruginosa ATCC 27856 and S. aureus SA03
were used as test organisms. Bacterial cultures were initially grown in Mueller-Hinton
broth and adjusted to a final density of approximately 1 x 10® CFU/mL. Aliquots of
the standardized bacterial suspensions (10 uL) were then inoculated into sterile 96-well
microplates together with 90 uL of ZnO NPs at different concentrations (0.25 x MIC,
0.5 x MIC,1 x MIC) and 100 uL of MH broth. Following incubation, the solutions from
the wells were gently aspirated, and each well was washed carefully with phosphate-
buffered saline (PBS) to remove non-adherent cells. The remaining attached biofilms were
then fixed using methanol and stained with 1% (w/v) CV for 20 min at room temperature.
Excess stain was eliminated by repeated rinsing with PBS. The stained biofilm biomass was
subsequently solubilized with 70% (v/v) ethanol and allowed to rest for 15 min. The OD of
the solubilized crystal violet was analyzed at 590 nm using a microplate spectrophotometer.
The measured absorbance was used to quantify biofilm formation and to calculate the
percentage of biofilm inhibition induced by nanoparticle treatment relative to the untreated

control [44].
(A test A blank)

(Acontrol —A blank)

Biofilm formation (%) = x 100% (7)

2.8. Disk Diffusion Assays

The disk diffusion assay (Kirby—Bauer method) was adapted to evaluate the ZnO
NPs antibacterial activity against Staphylococcus aureus SA03 and Escherichia coli ATCC
25922 isolates. Under sterile conditions, suspensions of the NPs were prepared using serial
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dilutions. All suspensions were subjected to sonication for 10 min to ensure homogenous
dispersion and subsequently kept at rest for 24 h to favor solubilization. The bacterial
cultures were adjusted to an optical density of O.D. = 0.1 in LB medium. Next, 20 uL of
each NPs suspension was applied to the plates previously seeded with the bacteria. Each
assay was performed in duplicate. As a positive control (+), 10 uL of ampicillin (10 mg/mL)
was used, and as a negative control, 10 pL of sterile water was applied. After that, the
plates were incubated at 35 °C for 24 h. Finally, the inhibition zones formed were evaluated,
and the results were recorded in millimeters (mm). All measurements were performed
in duplicate.

2.9. Statistical Analysis

Statistical analyses were undertaken using the software GraphPad Prism version
10.01 (GraphPad Software Inc., La Jolla, CA, USA). The data were analyzed by one-way
analysis of variance (ANOVA) followed by the Tukey test. A p-value of <0.05 was consid-
ered statistically significant. All experiments, excluding photocatalytic degradation and
antimicrobial assays, were performed in triplicate (n = 3). The data are presented as the
mean =+ standard deviation.

3. Results and Discussion
3.1. SEM Analysis

The SEM was used to evaluate morphology of the biogenic ZnO NPs and to estimate
their particle size (Figure 2a,b). The green ZnO NPs have a homogeneously spherical
morphology and are grouped together in aggregates. To analyze the chemical composition
of the NPs sample, energy dispersive X-ray (EDS) data were obtained, as depicted in
Figure 2d. The EDS spectrum showed the presence of three main elements (zinc, oxygen
and silicon) in the samples. The silicon signal originates from the Si grids used for the
sample loading, whereas Zn and O signals support successful ZnO NP synthesis. In
Figure 2c, the histogram of particle size distribution shows that the mean diameter of ZnO
nanoparticles is 25.15 + 1.2 nm.

Average size (D)= 25.15 nm
40 Standard deviation (op)= 1.1835 n;

(©

zo:. (d)

Mass Mass Norm. Atom abs. error [%)
| (% %] %] (3sigma)
1] Oxygen 82270 7241 9147 258
Zinc 30 865 2759 853 1.96

Element At. No.

Count (%)

3136 100.00100.00
0 |

0.0
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 i 5 : . B o b M
Paticle size (nm) Energy [keV)

Figure 2. Structural and morphological characterization of ZnO NPs synthesized using Licania
tomentosa leaves. (a,b) ZnO NPs as observed by SEM at two different amplifications; (c) distribution
of the particle sizes; and (d) EDS of ZnO NPs: the detected Si (silicon) signal originates from the Si
grids used for the sample loading.

11 https://doi.org/10.3390/pr14091334



Processes 2026, 14, 1334

40,000

3.2. XRD Analysis and Average Crystallite Size

X-ray diffraction (XRD) analysis of the biogenic ZnO NPs obtained using L. tomentosa
leaf extract shows well-defined strong diffraction peaks (Figure 3a), with 20 values of
31.65°, 34.33°, 36.12°, 47.44°, 56.50°, 62.78°, 66.40°, 67.87 and 69.0°. The peaks correspond
to the crystallographic planes (100), (002), (101), (102), (110), (103), (200), (112) and (201)
of ZnO NPs in a polycrystalline hexagonal wurtzite structure (JCPDS 5-0664). The XRD
data exclude the presence of a secondary phase (Figure 3a). Out of all existing ZnO NPs

structures, the hexagonal wurtzite structure is one of the most frequently observed [45].
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Figure 3. (a) X-ray diffraction data obtained from the green ZnO NPs produced using Licania tomentosa
leaves extract. (b) The Williamson-Hall plot. (c) UV-Vis spectrum with the Tauc plot of (ethv)? vs. hv
for ZnO NPs: experimental data (black) and linear fit (red) used to estimate the optical band gap.

(d) The ZnO NPs FT-IR spectrum.

The average crystallite size was calculated using the Scherrer equation resulting in

an estimate of about 15.9 nm. At the same time, using the Williamson-Hall approach

(Figure 3b) the average crystallite size was estimated to be about 10.8 nm. In addi-

tion, the dislocation density (8) and micro-strain (¢) can be evaluated as 2.55 x 1073 nm

and 3.94 x 1073.

Comparison of the average crystallize sizes with the average parti-

cle size (Figure 3c) shows that each of the ZnO NPs is made of several crystallites, i.e.,

is polycrystalline.

3.3. UV-Vis Spectroscopy Data

The optical properties of the ZnO NPs were analyzed using UV-Vis adsorption spec-

troscopy (Figure 3c). A clear absorption peak at 365 nm is characteristic of ZnO NPs.
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The ZnO NPs band gap was estimated from the experimental UV-Vis data based on
Equation (8) [46].
(ahv)? = B(hv — Eg)l/2 8)

Here, Bis a constant, h = 6.626 x 1072*J Hz ! is the Planck constant, v is the frequency
of light, Eg is the optical band gap energy and « is the adsorption coefficient. The specific
band gap was determined using the extrapolation of the linear part of the (occhv)? versus
(hv) function to the x-axis. The band gap of the ZnO NPs was estimated to be equal to 3 eV
(see the insert in Figure 3c). This band gap is considerably smaller than a typical band gap
of bulk ZnO (EG = 3.37 eV) [47]. A decrease in the band gap is a consequence of nanoscopic
NP dimensions as well as the plant extract reduction [48], which can result in even more
catalytically active NPs than the similar NPs prepared by other methods [49,50].

3.4. FT-IR Measurements

The ZnO NPs FT-IR spectra reveal various peaks centered at 3400 cm 1, 1550 ecm 1,
1400 cm ™1, 1050 cm ! and 550 cm ! (Figure 3d). The peak at 550 cm~! corresponds to the
Zn-O bond, which further corroborates the idea of ZnO NP synthesis [51]. A strong peak
at 3400 cm ! could be ascribed to the O-H stretching vibrations of the bound OH group
and/or the moisture adsorbed on the ZnO NP surface, whereas a less intense peak at 1550
cm ! stems from the deformation vibrations of the same chemical moieties [52,53]. At
the same time, the peaks at 1400 cm ™! and 1050 cm ™! can be linked to the C-O stretching
modes [54,55].

3.5. Dynamic Light Scattering (DLS) Measurements

DLS measurements (Figure 4) are highly sensitive to NP aggregation. The biosynthe-
sized ZnO NPs particle size distribution (Figure 4) is a bimodal function (Figure 4a,b) with
roughly half of the particles having a smaller average hydrodynamic radius of 217 & 16 nm
with a relatively narrow polydispersity index (PDI) of 12.9%. The other half of the particles
form much larger aggregates with an average hydrodynamic radius of 6883 + 1232 nm and
a much broader distribution, reflected in PDI = 42%. This is broadly consistent with SEM
images of the ZnO NPs (Section 3.1) which reveal significant NP aggregation (Figure 2). If
one assumes that both modes in particle size distributions in solution as made of tightly
packed rigid spheres with as average diameter of 25 nm (Figure 2c), the smaller size well-
defined distribution with an average radius of 217 nm represents clusters with several
hundreds to a few thousands individual NPs, although the upper limit might be overesti-
mated, since an influence of the hydration sphere of water molecules tightly bound to the
surface of NPs has not been taken into account. The second part of the distribution reflects
much larger aggregates. Nevertheless, the suspension reveals good temporal stability, with
only minor fluctuation in hydrodynamic radius over time (Figure 4c).

3.6. Point of Zero Charge (pHzpc)

The pHypc is the pH value for which the surface net charge of the NP is zero. This
value is very important in photodegradation processes. To determine pHzp., a suspension
with 25 mg of the catalyst was added to 10 mL of NaCl (C = 0.0125 molar) with an initial
pHof 2, 4,6, 8,10, and 12 and stirred for 24h when the final pH was measured. Next, a
curve of the pH change as a function of the initial pH was plotted, and the pHzpc was
determined as the value of pH in which the pH change does not occur [56]. From Figure 5,
it is clear that the pH,p. = 8. The pH above pHzpc makes the surface of ZnO NPs negative
while pH below pHzpc makes the ZnO NP surface positive [57,58].
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Figure 4. DLS analysis of ZnO NPs biosynthesized with the use of Licania tomentosa leaf ex-
tract. (a) Mean autocorrelation funcion, Mean radius distribution (solid line) and Gaussian peak
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Figure 5. pHp. of the ZnO NPs biosynthesized with Licania tomentosa leaf. The black horizontal line
at y = 0 represents the line of zero pH change. The black line with red squares plots the difference ((A
(pH)) between the final pH and the initial pH of the solution after the addition of the ZnO NPs. The
point where this data line crosses the zero-charge line (approximately at pH 8) indicate the point of
zero charge for the ZnO NPs.
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3.7. Photocatalytic Activity

One of the main objectives of our research was to assess the photocatalytic potential
of the green ZnO NPs in degrading MB and CV dyes. The photocatalytic activity of
the NPs was tested using a binary dye-catalyst system subjected to UV irradiation. The
photocatalytic degradation was performed at an initial pH of MB and CV dyes (initial
concentration of 5 ppm) and 25 mg of the respective photocatalyst. Figure 6a,b show the
optical absorption spectra of the binary solution shifted significantly over time. A consistent
decline in peak intensity for both MB (Figure 6a) and CV (Figure 6b) was observed as a
function of the irradiation time. The application of ZnO NPs resulted in remarkable
degradation efficiencies of 93.54% for MB (Figure 6¢) and 79% for CV (Figure 6d) after

seven and two hours of photocatalytic reactions, respectively.
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Figure 6. Photocatalytic performance of ZnO nanoparticles synthesized using Licania tomentosa leaves
toward methylene blue and crystal violet degradation. (a,b) Changes in the absorption spectra of MB
and CV dyes, respectively, as a function of irradiation time in the presence of ZnO NP photocatalyst;
(c,d) the degradation efficiencies of MB and CV dyes solution by the ZnO NPs.

3.8. Kinetic of Photodegradation

The pseudo-first-order kinetics with respect to the substrate concentration is frequently
applied to evaluate photocatalytic reactions [59,60]. The kinetic studies of photocatalytic
degradation of both MB and CV dyes (Figure 7a,b) show that the photocatalytic degradation
process occurs via the Langmuir-Hinshelwood pseudo-first-order reaction which can be
described by Equation (9) [61-64]. The pseudo-second-order model was examined in
parallel with the first-order model according to Equation (10). However, the R?>-values
of the pseudo-first-order model were much better than those of the pseudo-second-order
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model. For this reason, we have not included these data in the final text to avoid potentially
cluttering the manuscript.
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Figure 7. (a,b) Pseudo-first-order kinetics data for MB and CV dyes photodegradation using the ZnO
NPs catalyst.

Here Cy, C, kj and k; represent the initial concentration of dyes, the concentration of
dyes at time t, and the estimated pseudo-first- and second-order rate coefficients, respec-
tively. The plots of In(C/Cy) for the pseudo-first-order are given in Figure 7a,b. The rate
constants and the corresponding coefficients (R?) were calculated from the plots. From
the results obtained, the pseudo-first-order equation describes well the experimental data
as confirmed by the obtained parameters [65]. The MB and CV photodegradation rate
constants of 0.37914 h~! and 0.01061 min~! have accomplished under UV light respectively.

3.9. Optimization of Photocatalytic Degradation Parameter
3.9.1. pH Optimization

The influence of the initial pH was evaluated within a pH range from 2 to 12 and 4 to
10 for MB and CV dyes. A 5 ppm dye concentration and 25 mg of the ZnO catalyst dosage
were kept constant and the mixture was exposed to UV light (48 W) (Figure 8a,b). It is clear
that the dye removal efficiency increases with an increase in the initial pH of MB (Figure 8).
The photocatalytic efficiency of MB and CV dyes reached ~94% and ~81% with pH =12
and pH = 10 after 60 min and 70 min, respectively, against only ~1% and 3% degradation
in a weakly acidic medium at pH =2 and pH = 4. As a result, their first-order rate constant
increased with increasing pH values for both dyes, reaching a maximum of 0.051 min~!
and 0.0238 min~! for MB and CV dyes, respectively, at pH = 12 and pH = 10 (Figure 8c,d).
The pHzpc for the ZnO NPs is 8 (Figure 5). The pH above pHzpc makes the surface of
ZnO negative and while pH below pHzpc makes the surface of ZnO positive [65,66]. As
demonstrated in Figure 8c,d the highest rate of MB and CV degradation on the ZnO NPs
occurs at pH 12 and 10, respectively. This can be explained by an electrostatic attraction of
cationic, positively charged dyes to negatively charged NP surfaces. Additionally, a higher
amount of OH- radical ions are absorbed on the photocatalyst surface at high pH values,
further assisting the efficiency of the photodegradation process [67].
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Figure 8. Photocatalyst degradation of MB and CV dye solutions using biosynthesized ZnO NPs
under UV light illumination at different pHs. (a,b) (C/Cy) ratios for, respectively, MB and CV;
(c,d) the plots of In(C/Cy) as a function of irradiation time for MB and CV, respectively, and (e) the
degradation efficiencies.

3.9.2. Optimization of the Catalyst Dosage

The optimal photocatalyst dosage for MB and CV dyes elimination was assessed
by altering the quantity of ZnO NPs while maintaining constant dye concentrations and
reaction pH. The results show that the efficacies of MB and CV dyes removal are impacted
by the dosage of the photocatalyst (Figure 9a,b). When the photocatalyst dosage increased
from 6.25 mg to 12.5 mg, ~92% and ~94% degradation of MB was detected, respectively.
In parallel, the degradation of the CV dye increased from 13.76% to 79% when the ZnO
NPs loading increased from 6.25 mg to 25 mg (Figure 9e). This enhancement in the
degradation based on the amount of catalyst dosage is probably due to the availability of
highly reactive surface area, which in turn increases the number of active sites as the ZnO
NPs concentration increases [67,68]. Notwithstanding this, further increase in the dosage
of photocatalyst from 25 mg to 50 mg led to a decrease in the photodegradation efficiency
for both dyes. When the photocatalyst dosage exceeds a critical range when there will
not be enough room for the NPs to disperse in the solution and the particles tend to stick
to each other and become aggregated. In this situation most of the photocatalyst active
sites will become blocked and unavailable and the degradation efficiency of the system is
expected to decrease [69]. As illustrated in Figure 9e MB and CV dyes show the optimum
photodegradation performance at photocatalyst dosages of 12.5 mg and 25 mg, respectively.
Therefore, 12.5 mg and 25 mg were chosen as the optimal photocatalyst dosage and were
utilized in subsequent experiments.

17 https://doi.org/10.3390/pr14091334




Processes 2026, 14, 1334

C/C,

—In(C/C,)

08 o

0.6

0.4 o

02 4

0.0 o

3.0+

25

Figure 9. Photocatalyst degradation of MB and CV dye solutions with green-synthesized ZnO
NPs under UV light illumination at different catalyst loadings. (a,b) Ratios (C/Cy) for MB and CV,
respectively, (c,d) the plots of In(C/Cy) as a function of irradiation time for, respectively, MB and CV
and (e) the degradation efficiencies.

In addition, the photocatalytic degradation kinetics were analyzed using a pseudo-
first-order kinetic model and the reaction rate constants (k) were calculated for each ZnO
NPs dosage. The kinetics data (Figure 9¢c,d) revealed a similar trend to that of the photocat-
alytic degradation efficiencies. The k value increases from 0.045 min~! to 0.051 min~! when
ZnO dosage is raised from 6.25 mg to 12.5 mg for MB and 0.001 min~! to 0.0102 min~!
when photocatalyst dosage is increased from 6.25 mg to 25 mg for CV, confirming enhanced
photocatalytic degradation rate at increased ZnO NPs dosages. This increase in the reac-
tion kinetics reflects a larger quantity of active catalytic sites and higher ROS generation
at optimal photocatalyst dosage. At 25 mg and 50 mg of ZnO NPs, however, the reac-
tion rate constant for MB and CV declined from 0.050 min~! to 0.045 min~! and 0.0102
min~! to 0.009 min~! respectively, reinforcing the observation that excessive ZnO NPs
concentrations are deleterious for its photocatalytic activity.

3.9.3. Optimization of the Initial Dye Concentration

The dye concentration impact on photocatalytic activity is very important for prac-
tical applications. Thus, the photocatalytic activity of the biosynthesized ZnO NPs for
degradation of MB and CV dyes was investigated by changing the dye concentrations from
5.0 ppm to 15 ppm while maintaining the photocatalyst amount and reaction pH constants
(12.5 mg at pH 12 for MB, 25 mg at initial pH of CV) and using UV light irradiation (48 W)
(Figure 10a,b). The experimental results reveal that the photocatalytic efficiency of the ZnO
NPs is inversely proportional to the concentration of both dyes under similar conditions
and maximum catalytic efficacy corresponds to a minimum dye concentration (5 ppm).
When the dye concentrations were increased from 5 to 15 ppm, the dye photodegradation
fell from 94.5% to 37.0% and 79% to 25.35%, respectively, for MB and CV (Figure 10e). This
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decrease is presumably related to lower light absorption on the ZnO photocatalyst surface
caused by increased dye concentration in solution, which in turn reduces the production of
ROS [70]. Thus, a 5 ppm dye concentration has been chosen in the following optimization
experiments for both dyes.
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Figure 10. Photocatalyst degradation of MB and CV dyes solutions using biosynthesized ZnO NPs
under UV illumination at different concentrations of dyes. (a,b) Ratios (C/Cy) for, respectively, MB
and CV; (c,d) the plots of In(C/Cp) as a function of irradiation time for MB and CV, respectively and
(e) the degradation efficiencies.

Photocatalytic degradation kinetics were analyzed (Figure 10c,d) and the trend in
rate constant closely follows the degradation efficiencies: at 5 ppm concentration of dyes,
reaction rate constants were highest (0.051 min~! for MB and 0.0102 min~! for CV), re-
flecting efficient photocatalytic degradation due to the high amounts of ROS and minimal
light attenuation. At 10 ppm dye concentrations, rate constants decreased (0.019 min~! for
MB and 0.004 min~! for CV), indicating a slight reduction in degradation rate, whereas
at 15 ppm dye concentrations, rate constants dropped sharply (0.007 min~! for MB and
0.002 min~! for CV). These results highlight the importance of matching the initial dye
concentration with the catalyst dosage to maximize the photocatalytic activity. Excessive
dye concentrations not only limit the availability of ROS but also impede light penetration,
which ultimately hinders the overall photocatalytic reaction. Photocatalytic degradation at
varying dye concentrations can be understood as a competition between the availability of
ROS and the quantity of dye molecules. At low concentrations of dyes, ZnO NPs photogen-
erated ROS are abundant, enabling rapid and efficient degradation of the dye molecules.
However, as the dye concentrations increase, ROS concentration becomes suboptimum,
leading to a decrease in the photocatalytic degradation efficiencies and reaction rates. Dye
concentration of 5 ppm represents a point of equilibrium at which the ROS production
matches the dye molecule concentration. Beyond this concentration, the degradation pro-
cess becomes diffusion- and light-limited, further underscoring a need for optimization for
particular applications [71].
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3.9.4. Intensity of Light Optimization

To investigate the influence of UV light intensity levels on the ZnO NP catalyzed
photodegradation of MB and CV, the UV lamps with a total power of 34 W and 48 W
were employed while the initial MB and CV dyes concentration, catalyst loading and pH
were set to 5 ppm: 25 mg for CV, 12.5 mg for MB and (12 for MB and initial pH of CV,
respectively. The experiments were conducted under light illumination and in the absence
of light (Figure 11a,b). It is clear that the photodegradation efficiency is impacted by the
light intensity. Indeed, when UV light intensity was increased from 24 W to 48 W, both
the rate and percentage of dye degradations increased from 0.029 min~! to 0.051 min~!
and 82.62% to 94.52%, respectively, for MB. In parallel, the same parameters grow from
0.004 min~! to 0.0102 min~! and 50% to 79% for CV (Figure 11c—e). Since the ZnO NPs
suspension is stirred in solution, the light intensity directly affects the light intensity, which
illuminates the surface of the catalyst. The increase in degradation rates and efficiencies can
be explained by the higher generation of ROS on the ZnO NP surface under stronger light
illumination. As expected, in the dark, the ZnO NPs were unable to efficiently eliminate
the dyes (Figure 11) [72,73].
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Figure 11. Photocatalyst degradation of MB and CV dye solutions using green-synthesized ZnO NPs
under UV light illumination of different intensities. (a,b) Ratios (C/Cyp) for MB and CV, respectively;
(c,d) the plots of In(C/Cy) as a function of illumination time for MB and CV, respectively, and (e) the
degradation efficiencies.

3.10. Identification of Main Reaction Oxygen Species

To understand the photocatalytic process in molecular detail it is important to identify
the ROS involved in the breakdown of dyes. When MB is photodegraded using ZnO,
four different radical scavengers, EDTA, DMSO, BQ and IPA were separately added to the
reactions to capture holes (h"), electrons (e™), superoxide (°O; ") and hydroxyl radicals
(*OH) respectively [74-76]. All scavengers were tested at the same concentration (1.0 mM)
but BQ (0.5 mM). A total of 5 ppm of aqueous MB solution at pH = 12 and 12.5 mg of
ZnO catalyst were used. The plots (C/Cp) and the percentage of dye degradation in the
presence and absence of scavengers are given in Figure 12a,b. The photodegradation
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efficiency of MB was significantly reduced upon addition of BQ (40.1%), DMSO (61.7%)
and EDTA (60.2%), while the addition of IPA (86.9%) had relatively little effect. According
to the effects of scavengers on the efficiency of MB removal, their inhibitor effect can be
ranked as BQ > DMSO > EDTA > IPA > No scavenger. This means that *“OH can have a
certain influence on the reaction, whereas h*, e~ and *O,~ radicals play crucial roles
in the photocatalysis of MB dye. Although it is known that DMSO, particularly at high
concentrations and high pHs, is capable of also capturing *OH radicals [77,78], and the
influence of DMSO can be partially ascribed to this effect, the fact that IPA has modestly
affected the photocatalytic activity practically rules out a predominant role of hydroxyl
radicals under the studied conditions. The impact of the scavengers on the efficiency
of photocatalytic degradation of CV is represented in Figure 12c [69]. The strongest
suppression of the photocatalytic reaction was observed for acid ascorbic (AA), revealing
that superoxide plays a leading role in the CV photodegradation. IPA and EDTA also
caused suppression of the rate of the CV photocatalytic degradation, but their impacts
were somewhat more limited. This indicates that H" and *OH also play important roles
but they are less important than superoxide ions for this particular photocatalytic reaction.
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Figure 12. (a) Impacts of BQ, DMSO, EDTA, AA and IPA addition during the ZnO-mediated
photocatalytic degradation of MB; (b) the maximum percentage of observed degradation in the
presence of different scavenging agents; (b,c) the corresponding degradation efficiencies.

3.11. Mechanism of MB Dye Degradation

Based on the experiment data the following mechanism may be proposed for the
degradation of MB dye (Figure 13). Upon exposure to UV irradiation, photons having
energy equal to or greater than the band gap energy of the ZnO NPs (3 eV) excite e™
from the valence band (VB) to the conduction band (CB), creating electron-hole pairs. The
electrons and photogenerated holes on the surface of the NPs react with O, and H,O,
leading to the formation of radicals with high oxidative power, such as superoxide (~O;)
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and hydroxyl (TOH) that degrade dyes down to the final H,O and CO, molecules and
other non-polluting sub-products [75,79,80].

Lich ve
UV Light e

Figure 13. Schema of the photocatalytic degradation routes: Schematic illustration of the photocat-
alytic degradation mechanism of MB dye using ZnO under UV light irradiation. Upon UV exposure,
electrons (e ™) are excited from the valence band (VB) to the conduction band (CB), leaving behind
holes (h*). These charge carriers generate reactive oxygen species such as ¢OH and O, ", which
contribute to dye degradation. Solid arrows indicate the primary charge transfer and redox reac-
tions, while dotted arrows represent the diffusion and interaction of reactive species with MB dye
molecules. Different colored arrows distinguish between oxidation (red) and reduction (brown)
pathways involved in the photocatalytic process.

In this study, we decided to directly measure the availability of particular ROS pro-
duced by the ZnO NPs. We have chosen to measure H,O, because it is the most biologically
stable ROS and also the most quantifiable by biochemical means. To measure H, O, release,
we used the samples of ZnO NPs biosynthesized using Licania tomentosa and Annato tree
leaves [25] suspended at 0.25 mg/mL in a solution of water exposed to 24 W UVA light
for 4 h with continuous stirring. During the experiment, 1 mL aliquots were taken every
one hour in duplicate. The supernatant was obtained by centrifugation at 13,300 rpm for
10 min. To measure the production of HyO,, a 49 uL kit consisting of a mixture of 200 uM
Ampliflu red 5 U/mL of horseradish peroxidase and 50 mM Bis-Tris buffer pH = 6, was
mixed with 51 uL of each type of nanoparticle, followed by an absorbance measurement at
A =560 nm using spectrophotometer M200 Pro (TECAN) (Figure 14a).

Figure 14a indicates a steady increase in HO, content over time, with a production of
39.96 uM and 27.08 uM of H,O,, respectively, with ZnO NPs from Oiti (Licania tomentosa)
and Annatto tree leaves extract.

ROS are inherently unstable and degrade over time. Some, such as hydroxyl radical
(-OH), are highly reactive and consequently short-lived, having only an in vivo half-life of
102 s~ 1 [81]. H,O, is the most stable of the ROS making it more suitable for quantification.
ZnO NPs frequently have a number of crystalline defects at the surface allowing electron
hole pairs (e~ h") to form upon excitation in the UV or visible spectrum [82,83]. Water
suspending these particles can be split forming H,O, and other ROS through the following
possible reactions [82,84]:

ZnO+hv — e +h' (11)
h*H,O - OH +H" (12)
e” +0; = 0y (13)
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Figure 14. (a) H,O, generated and (b) degradation efficiencies of MB dye by the ZnO NPs synthesized
using Licania tomentosa and Annatto tree leaves extract during UV irradiation.

Moreover, the quantity of HO, generated by the ZnO NPs synthesized using Licania
tomentosa leaf is greater than that produced by Annatto tree leaf extract. This could explain
the difference in the photocatalytic performance obtained by these two types of ZnO NPs
(Figure 14b). Indeed, Figure 14b shows that the ZnO NPs biosynthesized using Licania
tomentosa leaves, which produce a higher amount of H,O,, offer superior degradation
efficiency compared to the NPs biosynthesized with Annatto tree leaves (93.54% vs. 70.07%,
respectively) under the same conditions (25 mg of ZnO NPs catalyst, 100 mL of 5 ppm MB
in initial pH, 48 W UVA light during 7 h). This is consistent with the results obtained by
Yangsi Liu et al. [85].

Under UV light, H,O, supports the generation of hydroxyl radicals leading to im-
proved treatment efficiency. This occurs either by interaction of HyO, with radiation,
superoxide anion (formed by the reaction of dissolved oxygen with the catalyst under
irradiation) or by accepting the electron from the catalyst conduction band, according to
the reactions shown below [86,87]. In general, an increase in HyO, concentration leads to
improved color removal [88-90].

H,O; + hv — 2HO' (16)
H,O, + 0'27 — OH +O0OH +0, (17)
H,O, +e7 — OH™ + OH (18)

3.12. Reusability of Photocatalyst

The recyclability of ZnO nanoparticles for the photodegradation of MB was investi-
gated to check the practical application of the catalysts in photocatalytic applications. In our
experiments, the photocatalyst can be recycled up to four cycles and their photocatalytic
results are shown in Figure 15a. After each photocatalysis experiment, the catalyst was
thoroughly rinsed with ethanol and water then vacuum dried at 100° C and reused another
time. The efficiency of photodegradation of MB by ZnO NPs has been observed to be intact
for at least four cycles.
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Figure 15. (a) The reusability of the ZnO NPs and (b) XRD before and after 4 photodegradation cycles.

To investigate what happens with the photocatalyst in the course of the photocatalytic
process, the ZnO NPs after four photocatalytic cycles were subjected to XRD analysis. The
XRD profile demonstrated a well-defined crystalline order (Figure 15b). Structural param-
eters of the biosynthesized ZnO NPs prior to and post four cycles of the photocatalytic
degradation process are given in Table 1. Our results demonstrate that continuous UV
illumination led to an increase in the average crystallite size (from 15.9 to 23.8 nm) and
a significant decrease in the dislocation density (Table 1), consistent with the previous
studies [4]. One possible explanation of this phenomenon is the heating up of the NPs in
the process of UV irradiation during photocatalytic cycles and cooling them down between
the cycles. This might lead to an annealing effect, which would promote the collapse of
the individual crystallites leading to a bigger crystallite formation, accompanied by partial
elimination of dislocations. This could impact parameters of the NPs, such as, for example,
the nature and concentration of electronic defects which are known to have significant
impacts on the NP photocatalytic performances [91]. However, additional studies of the
structural parameters of photocatalytic NPs will be needed to fully confirm this hypothesis.

Table 1. Structural parameters of the ZnO NPs before and after 4 photocatalytic cycles.

Average Crystallite Size (nm) Dislocation Density (8) (nm—2) Strain
Before 15.9 3.94 x 1073 2.55 x 1073
After 23.8 1.76 x 1073 4.75 x 1073

4. Antimicrobial Activity

The antimicrobial activity of the biosynthesized ZnO NPs was evaluated through
the determination of their MIC, MBC and ICs (Table 2; Figure 16). The NPs exhib-
ited broad-spectrum inhibitory effects against all tested species, although with vari-
able potency depending on the microorganism. Among Gram-negative bacteria, E.
coli ATCC 35218 showed the lowest ICs5 value (7.74 ug/mL), indicating high suscep-
tibility to ZnO NPs. K. pneumoniae ATCC 700603 exhibited an intermediate response
(IC50 =128.91 ug/mlL). P. aeruginosa ATCC 27853 also demonstrated strong sensitivity to
ZnO NPs (ICsg = 12.57 pg/mL), whereas the clinical isolate P. aeruginosa B3 displayed a
markedly higher IC5( (283.14 ug/mL). The MIC values for Gram-negative strains were in
the range from 1000 to 2000 pg/mL, and MBC values were >1000 pg/mL, suggesting that
high nanoparticle concentrations are required to achieve bactericidal activity.
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Figure 16. Dose-response inhibition curves of ZnO nanoparticles against Gram-negative and Gram-
positive bacterial strains. (a) E. coli ATCC 35218, (b) E. faecalis ATCC 29737, (c) K. pneumoniae ATCC
700603, (d) P. aeruginosa ATCC 27853, (e) P. aeruginosa B3, (f) S. aureus ATCC 29213, and (g) S. aureus
SA01. Data represent the mean inhibition percentage relative to untreated controls.
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Table 2. Antimicrobial activity of green-synthesized ZnO nanoparticles against clinical and reference
bacterial strains.

. IC50 MBC
Bacteria (ng/mL) MIC (ug/mL) (ng/mL)
E. coli ATCC 35218 7.74 1000 2000
E. faecalis ATCC 29737 41.86 250 2000
K. pneumoniae ATCC 700603 128.91 1000 1000
P. aeruginosa ATCC 27853 12.56 1000 1000
P. aeruginosa B3 283.14 2000 >2000
S. aureus SAQ1 130.53 1000 2000
S. aureus ATCC 29213 10.98 1000 2000

ICs0: half maximal inhibitory concentration; MIC: minimum inhibitory concentration; MBC: minimum bacterici-
dal concentration.

Among Gram-positive bacteria, S. aureus ATCC 29213 showed a low ICsy value
(12.56 pg/mL), comparable to the more susceptible Gram-negative strains. In contrast, S.
aureus SA01, a multidrug-resistant bloodstream isolate [92], showed reduced susceptibility
(IC50 = 130.53 png/mL). This strains E. faecalis ATCC 29737 exhibited moderate suscepti-
bility with an ICsg of 41.86 pg/mL and an MIC of 250 pug/mL, the lowest MIC observed
among all tested species. Consistent with the behavior of other strains, bactericidal activity
required elevated concentrations (MBC = 2000 pg/mL).

These results demonstrate that ZnO NPs possess measurable antimicrobial activity;
however, complete growth inhibition and bactericidal effects required higher doses. This
is a typical behavior of metal-oxide nanoparticles, whose antimicrobial action is known
to involve multiple mechanisms, including ROS generation, membrane disruption, and
Zn%* jon release. Indeed, evidence from mechanistic studies confirms that ZnO NPs induce
oxidative stress, damage cytoplasmic membranes, and release Zn?* ions, three central
pathways contributing to their bactericidal activity [93-95].

Unlike previous studies with the use of the biosynthesized NPs, most works use the
agar diffusion method based on halo formation, whereas the results of this study were
obtained using the microdilution method. Furthermore, differences in the chemical compo-
sition of the extracts used, the synthesis conditions, or the particle morphology can signifi-
cantly influence the antimicrobial response. Considering these factors, Gharbia et al. [96]
observed strong antimicrobial activity of ZnO nanorods produced from Olea europaea leaf
extract, with inhibition zones > 30 mm against S. aureus, Streptococcus mutans, and E. coli.
Similarly, Manojkumar et al. [30] and Francis et al. [90] synthesized ZnO nanoparticles from
Brassica oleracea var. botrytis (BO) leaf extract and reported inhibition zones against S. aureus
(13 mm), K. pneumoniae (13 mm), and E. coli (9 mm). Francis et al. [97], using the microdi-
lution method, report MICs between 125 and 250 ng/uL (equivalent to 125-250 ug/mL)
for biogenic ZnO NPs, with microbicidal activity equal to these MICs. These values are
lower than those obtained in this study (250-2000 pug/mL). This difference could be related
to partial aggregation of the nanoparticles in the liquid medium, reducing their specific
surface area, or to the specific physicochemical characteristics of the extract used, which
influence their bioavailability and their ability to interact with bacterial cells.

5. Antibiofilm Activity

The antibiofilm effects of ZnO nanoparticles were evaluated against E. faecalis ATCC
29737, P. aeruginosa ATCC 27856, and S. aureus SA01 using crystal violet staining to quan-
tify biofilm biomass. ZnO NPs inhibited biofilm formation in a concentration-dependent
fashion, although the magnitude and pattern of inhibition varied across species (Figure 17).
For E. faecalis, ZnO NPs achieved 84.80 + 4.74% inhibition at MIC, with inhibition decreas-
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ing to 64.91 £ 6.30% at 0.5 x MIC and 22.82 + 4.62% at 0.25 x MIC, indicating a clear
dose-dependent response.
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Figure 17. Inhibition of biofilm formation by green-synthesized ZnO nanoparticles. (a) Enterococcus
faecalis ATCC 29737, (b) Pseudomonas aeruginosa ATCC 27856, and (c) Staphylococcus aureus SA01.
The percentage of inhibition was calculated relative to untreated biofilm controls. ** p < 0.01;
***%* p < 0.0001. MIC: minimum inhibitory concentration.

Importantly, the biofilm of S. aureus SAO01 was completely inhibited by all tested
concentrations. In contrast, P. aeruginosa ATCC 27856 displayed similar levels of biofilm
inhibition across all three concentrations tested. No statistically significant differences in
the resulting values (p > 0.05) have been observed, which ranged from 57.75 4 7.13% to
69.62 £ 12.63%. Comparable behavior has been described in other nanoparticle-biofilm sys-
tems, particularly under sub-inhibitory NP concentrations, where bacterial stress responses,
extracellular polymeric substance (EPS) reorganization, or enhanced NP penetration into
the biofilm matrix may modulate the extent of inhibition [92].

The green ZnO NPs characterized in this research demonstrated enhanced CV and
MB dyes degradations under UV irradiation and antimicrobial MIC values as compared to
other ZnO NPs (Table 3). The recent studies on green-synthesized ZnO NPs are compared in
Table 3. While bulk ZnO has a band gap of about 3.37 eV, green-synthesized nanoparticles
often show slightly reduced value (~2.9 eV, likely due to lattice defects such as oxygen
vacancies formed during synthesis). This band gap narrowing enables activation under UV
and visible light and improves photodegradation efficiency. Additionally, the nanoscale
morphology of ZnO NPs enhances their interaction with bacterial cells, while defect-
induced reactive oxygen species contribute to their antimicrobial activity [98,99].
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6. Disk Diffusion

We also conducted additional studies of antimicrobial activities of the green ZnO
NPs using disk diffusion assays using representative Gram-positive and Gram-negative
bacterial strains. Table 4. presents the results obtained in the disk diffusion assay for
Staphylococcus aureus 03 and Escherichia coli 1TCC 25922.

Table 4. Antibacterial activity of ZnO NPs against Staphylococcus aureus (03) and Escherichia coli 1TTCC
25922, expressed in inhibition zones (mm).

Zone of Inhibition (ZOI) (mm)

Concentration of ZnO NPs

Bacteria Controle (+) 10 mg/mL
10 mg/mL 5 mg/mL 2.5 mg/mL 1.25 mg/mL
Staphylococcus aureus 03 (24 h) 20£038 135+ 0.5 12£0.8 9.7+£05 8+05
Escherichia coli 25922 (24 h) 18+ 1.1 5+1 3+1 No No
Escherichia coli 25922 (48 h) 19+1 6+05 4405 No No
30 mg/mL 15 mg/mL 7.5 mg/mL 3.75mg/mL
Escherichia coli 25922 (24 h) 18+1.1 8+11 5405 46+05 1+£1.7

The ZnO NPs synthesized demonstrated an inhibitory effect on the bacterial growth,
with greater antibacterial activity observed at a concentration of 10 mg/mL and 30 mg/mL,
which resulted in inhibition zones of 13.5 mm and 8 mm, respectively, for Staphylococcus
aureus SA03 (Figure 18A) and Escherichia coli 1TCC 25922 (Figure 18C). On the other hand,
the concentration of 2.5 mg/mL and 1.25 mg/mL NPs did not produce any inhibition zones
(Figure 18B) for Escherichia coli 1TCC 25922 indicating a directly proportional relationship
between the concentration of the NPs and antibacterial activity [107-109]. The positive
control (ampicillin, 10 mg/mL) produced an inhibition zone of 19 mm, confirming the sen-
sitivity of the strain to the standard antibiotic, while negative controls showed no inhibition
activity for either bacterium. These results are consistent with early studies [83,110], which
reported that Gram-positive bacteria tend to be more susceptible to ZnO NPs, likely due to
structural differences in their cell walls that facilitate NP penetration. The higher concen-
tration of NPs required to inhibit E.coli can be attributed to the structural composition of
this bacterium’s cell walls, which consists of a thin layer of peptidoglycan associated with
an outer membrane rich in lipopolysaccharides [111,112]. This can reduce the penetration
and action of the nanoparticles.

Figure 18. (A) Inhibition zones produced by the ZnO NPs against Staphylococcus aureus SA03.
(B,C) Inhibition zones produced by ZnO NPs against Escherichia coli ATCC 25922.
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7. Conclusions

Here, the ZnO NPs have been produced in an efficient, uncomplicated and environ-
mentally friendly way utilizing Licania Tomentosa Benth leaf extracts. The Tauc plot, based
on UV-Vis spectra of the ZnO NPs, reveals a relatively small band gap of 3.0 eV. EDX anal-
ysis demonstrated only Zn and O in the NPs’ elementary composition. X-ray diffraction
studies showed that the biosynthesized ZnO NPs have a hexagonal wurtzite structure.
Scanning electron microscopy confirmed that the ZnO NPs have a spherical shape with an
average diameter of 25.5 = 1.1 nm. An average crystallite size of 15.9 nm was estimated,
based on X-ray diffraction data using the Scherrer equation and 10.83 using the Williamson—
Hall approach. Moreover, the ZnO NPs exhibited elevated antimicrobial activity against
all tested strains, including isolates with multidrug resistance phenotypes. Their MICs
range from 250 to 2000 pg/mL, notably demonstrating efficacy against E. faecalis ATCC
29737 (MIC = 250 ug/mL). The nanoparticles also exhibited significant antibiofilm activity,
effectively inhibiting biofilm formation in E. faecalis ATCC 29737, P. aeruginosa ATCC 27856,
and S. aureus SAQ1. In addition, photodegradation experiments showed that 12.5 mg and
25 mg of green ZnO NPs at pH 12 and 10 resulted in the highest equilibrium elimination
of MB and CV (94.52% and 81%, respectively). Collectively, the biosynthesized ZnO NPs
using Licania tomentosa Benth leaf extracts show a great promise as multifunctional material
with applications in antimicrobial treatments, biofilm control, and photocatalytic reme-
diation, making them potentially attractive for medical, environmental, and wastewater
management technologies.
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Abstract

Biodegradable nanocomposite materials possessing self-healing behavior are emerging as
an attractive option of being used in advanced mechatronic systems. The current study is
focused on a thorough examination of the micromechanical properties of graphene-reinforced
polylactic acid (PLA)/polycaprolactone (PCL) composite samples, followed by estimation of
their self-healing behavior upon heating. Polymer blend-based nanocomposite materials were
prepared using the green and reliable in terms of good nanofiller dispersion melt extrusion
method. 3D printed nanocomposite specimens with impeccable flatness were subjected to fine
microscratch testing by applying a constant force experimental mode. The surface resistance
of the three-component polymer materials against the lateral movement of the stylus fulfilling
the scratch and the impact of the dual-phase PLA /PCL ratio on the nanocomposite mechanical
performance were estimated by calculation of the coefficient of friction (COF = F, /F,). COF
values in the range of 0.8-1.4 indicated excellent nanocomposite resilience against scratch.
Creating a heterogeneous polymer system that combines phase-separated soft and hard
domains with close melt and glass transition temperatures, respectively, may facilitate the
physical flow of macromolecular chains into voids or free volume areas. This aspect can
be critical in the achievement of thermally—induced self-healing properties of the composite
material. Scanning electron microscopy (SEM) imaging of the microscratches, made before and
after Joule heating of the polymer samples, revealed a significant degree of surface recovery
and a sensible reduction in the width of the adjusted scratch grooves.

Keywords: polymer nanocomposites; graphene nanoplatelets; microscratch testing; coetfi-
cient of friction; self-healing; SEM imaging

1. Introduction

Over the last decades, the tendency of development in self-healing polymer compo-
sitions, inspired by biological systems, woke up the interest of the scientific community.
As a function of their specific physico-chemical properties, stimuli-responsive composite
materials may play a key role in a wide range of technological innovations [1]. It could be
summarized that the research activities on self-repairing synthetic materials are strictly mo-
tivated by the purpose of endowing them with sustainability and long service lifetime [2,3].
Self-healing polymers have the intrinsic capability to restore their conformation under
certain external impact when altered by physical cut or any other mechanical damage [4-6].
The mobility of polymer chains taking part in the mechanism of self-repairing is highly
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dependent on the presence of free volume [7]. This can be facilitated by designing a het-
erogeneous network consisting of well-dispersed hard and soft domains being able to
rearrange upon superficial microscratch. The implementation of surface approach and
the formation of a polymer—polymer interface, that would assist in filling the voids, are
crucial in the achievement of diffusion of molecular segments or composite recovery in
the wounded area [8]. Graphene nanoplatelets (GNPs) are well-known for their high
mechanical strength, large specific surface area, and m-7 conjugated structure [9], which
makes them a good option to impart a reinforcing effect and integrated properties when
used as a nanofiller in a polymer matrix [10]. The expected appearance of Van der Waals
forces and 7-7t interactions amid graphene nanoparticles, entangled in a multi-component
composite die, could have a positive role in the interfacial flow during self-healing of
generated microscratches [11].

Polylactic acid (PLA) and polycaprolactone (PCL) are aliphatic polyesters susceptible
to biodegradation, with increasing worldwide application as biomedical and packaging
materials [12-14]. They are considered to be a green perspective for the replacement of
petrochemical-based polymers [15]. It has been ascertained that melt mixing of PLA and
PCL led to a phase-separated composite structure with excellent mechanical and shape
memory behavior [16]. These properties of the polymer blend can make it capable, under
definite conditions, to heal scratches by employing the conformational entropic energy
storage [17] and the lack of chain slippage that is critical for getting a high efficiency of
wound closure [18]. Thermally activated self-healing ability has been demonstrated with
respect to 4D-printable smart material based on PCL containing a supramolecular structure
whose surface was scratched by a razor blade [19]. Similar rough damaging approach
has been applied regarding PLA-PCL-PLA triblock copolymers possessing properties of
thermoplastic elastomers [20]. In both works, the self-repairing process has been observed
by low-resolution optical microscopy at the sub-macroscopic scale. A dual-functional
polymeric system based on the phase separation phenomenon between epoxy resin and
polycaprolactone was found to possess a self-healing capacity when subjected to a single
notched bending test upon temperature higher than the glass transition of the hard seg-
ment [21]. The effect of localized free volume at micro level, caused by mechanical scratch
on the surface of polymer crosslinked networks, has been explored in the aspect of favoring
chain rearrangements in the course of self-repairing process [22]. A common description
of diffusion-driven rebonding by linear PCL chains interpenetrating a crosslinked PCL
network [23] is being amplified by interface wound mending in a phase-separated polymer
system consisting of electrospun PCL fibers locked in an amorphous epoxy matrix [24]. In
these studies, the self-healing mechanism was enabled upon heating the damaged samples
to 80 °C or above the PCL melting temperature.

The aim of the current paper is to demonstrate the effect of graphene nanofiller
on the surface scratch resistance and self-repairing behavior of nanocomposite phase-
separated polymer architectures with various PLA/PCL molecular ratios. Performing
ultrafine microscratch grooves over a smooth composite sample, followed by their partial
or complete removal through thermally-induced self-healing, could be of significant matter
in the field of mechatronics and smart devices. The novelty in this study is completed by
the use of Joule heating method, which was selected as an advanced physical approach to
trigger and investigate the self-repair properties of the melt blended materials.

2. Materials and Methods
2.1. Materials

Polylactic acid (PLA) with formulated grade Ingeo™ 3D850, possessing a melt mass
flow rate of 9-15 g/10 min (210 °C/2.16 kg), was delivered by Nature Works (Plymouth,
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MN, USA). The second biodegradable polymer material, polycaprolactone (PCL), possess-
ing a molecular weight Mn of 70,000-90,000 g/mol and a melt flow index of 24 g/10 min
(160 °C/5.00 kg), was purchased from Sigma Aldrich (St. Louis, MI, USA). Both output
biopolymers were obtained in the shape of pellets. Graphene nanoplatelets (GNPs) with
purity >97 wt%, a particle size diameter of <50 um, and a specific surface area (SSA)
of 400-600 m?/g, used as a 2D carbon nanofiller, were supplied by The Sixth Element
(Changzhou, China).

2.2. Nanocomposite Samples Preparation Method

Graphene nanoplatelets-containing composite blends, based on PLA and PCL, were
prepared by the reliable and low-cost melt extrusion method whose details were described
in a previous article related to the topic [25]. In order to remove the adsorbed humidity
that would have a negative effect on the extrusion process, all nanocomposite components
were dried in advance for a couple of hours in a vacuum oven. Four PLA/PCL/GNPs
compositions with different polymer ratio but the same graphene content of 4 wt% were
received in the shape of a filament with a diameter suitable for 3D printing (see Table 1).

Table 1. List of melt-blended nanocomposite samples.

Nanocomposite

PLA, wt% PCL, wt% GNPs, wt%
Sample
95PLA5SPCLAGNP 95 5 4
70PLA30PCLAGNP 70 30 4
60PLA40PCLAGNP 60 40 4
30PLA70PCLAGNP 30 70 4

The flat upper-face side of each one 3D-printed nanocomposite specimen has been
used for precise microscratch testing, whereat the wounded sample area has been observed
by high-resolution SEM twice—before and after the self-healing process.

2.3. Methods

Microscratch experiments were performed using a universal mechanical tester (UMT-2,
Bruker, Billerica, MA, USA) using a low-force sensor operating in the range of 5-500 mN. 3D-
printed nanocomposite samples were scratched in constant load control mode by applying
forces of 5 mN up to 200 mN. The microscratching tool was selected to be a diamond stylus
with a diameter of 5 um mounted to the sensor by means of soft suspension. Carefully
designed experimental setup of the microscratch testing equipment can be seen in Figure S1.

SEM analysis of the superficial scratch grooves was carried out with the aid of a tabletop
scanning electron microscope (SH 4000M, Hirox, Oradell, NJ, USA) employing a secondary
electron detector at magnifications up to x2.0 K. The instrumental software allowed the
measurement of the width of the scratch tracks before and after the thermal treatment, which
was critical for the right assessment of the nanocomposite’s self-healing behavior.

Thermally-induced self-healing of the scratched polymer compositions was conducted
in a vacuum oven for 60 min at a fixed temperature of 85 °C (T}). The effectiveness of
the self-healing process was considered by calculating the efficiency of the nanocomposite
materials to repair the surface wounds made by the stylus, using the following equation:

w1 — W

Healing Ability (%) = x 100% (1)

w1

where w; and w; are the widths of the scratch groove (in pm) measured before and after
the self-repair heating process.
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Another method to perform a self-healing procedure was held on rectangular speci-
mens having dimensions of 30 x 10 x 1 mm whose ends were tentatively painted by silver
paste prior to start an electrical heating. Then, each one microscratched composite sample
was attentively connected to an external DC power source and subjected to Joule heating
under constant voltage conditions. The applied voltage level was selected according to the
initial electrical resistance of the nanocomposite formulation and was set in the range of
30 V=80V, depending on the specific polymer composition. A GW-INSTEK PSW160-7.2
360 W DC power supply was used as the voltage source. In the course of electrical loading,
the specimens were heated resistively until reaching of 100 °C surface temperature that
took approximately 50 s of time. The accuracy of temperature evolution and the spatial
heat distribution over the specimen surface were monitored in real time using a HighSense
thermal imaging camera (Laserliner, Arnsberg, Germany). The Joule heating cycle was
applied twice per specimen under identical conditions for all polymer compositions.

3. Results and Discussion
3.1. Microscratch Analysis

The microscratch testing of the graphene-containing polymer compositions was con-
ducted in load controlled scratch mode by applying four distinct constant forces in the
range of 50-200 mN. Plotting the received values of the coefficient of friction (COF) in
function of the exerted scratch load revealed an intriguing surface mechanical behavior of
the nanocomposite samples in two principal aspects—the weight content ratio between
both polymers in the composite mixture and the normal force (F,) set in the script during
the movement of the stylus over the sample surface (see Figure 1). An apparent scatter
of the COF values when the constant force of the microscratch was set to 50 mN can be
seen. It means that the superficial scratch resistance of the samples is more sensitive to the
PLA/PCL ratio in the polymer compositions when a 50 mN normal force was applied to
the diamond stylus. In that case, the lower COF value of the nanocomposite containing
70 wt% polycaprolactone should be noted, which was reflected in a lower lateral force in
the course of the scratch test, meaning easier penetration of the stylus into the material.
Upon 100 mN and 150 mN microscratch constant loads, the mechanical behavior of the
nanocomposite samples seemed to be similar except the COF of the polymer composition
60PLA40PCL4AGNP, whose value was found to stand a little bit above the other coefficients.
The increment of the normal force over the stylus up to 200 mN led to sensitively lower
COF value of the specimen 95PLASPCL4GNP. It could be explained with the sample’s
higher ultimate strength due to the combination of carbon nanofiller and uppermost weight
content of the PLA [16]. This strength is likely to impede the formation of material pile-up,
reducing the sinking of the stylus into the solid polymer nanocomposite and facilitating
the lateral movement on the surface. Another experimental approach, closely related to
the estimation of the self-healing ability of the samples, was the implementation of micro-
scratch testing by setting extremely low constant forces of 5 mN and 10 mN. In order to
better reproduce the received raw instrumental data, an exponential nonlinear fit of the
COF vs. Time curves was performed (see Figures 2 and 3).

Apparently, when applying a 5 mN normal load of scratch over the surface of the
polymer samples, the superficial mechanical response of the composite materials has
slightly changed compared to the scratch behavior registered for the higher loads. The
impact of the PLA content on the position of the curves depicting the ratio between the
lateral and the constant forces during the time of the scratch test should be noted. The
harder nature of the specimens with a higher weight percent of PLA in the composite
matrix may be the reason for shallower penetration and easier motion of the stylus on the
sample surface, resulting in a lower value of Fy, and, respectively, in a lower coefficient
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of friction (Figure 2). In the opposite case, where the PCL as a soft segment is the main
nanocomposite phase, the greater COF value suggested for a deeper subsidence of the
diamond stylus in the material’s upper layer, even at 5 mN exerted normal force.

—m—95PLA5PCL4GNP
14— Microscratch with Diamond Stylus | —@—70PLA30PCL4AGNP
—4&— 60PLA40PCL4GNP
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Figure 1. COF values of GNPs-containing polymer compositions as a function of the applied normal

force (Fy).
—— 70PLA30PCL4GNP
167 —— 60PLA30PCL4GNP
——— 95PLASPCL4GNP
—— 30PLA70PCL4GNP
1.2
- |
L
é 0.8 1
L
O
O
0.4
0.0
I % | L T . I ¥ T ¥ T 5 |
0 10 20 30 40 50 60
Time (sec)

Figure 2. Exponential fit of COF vs. Time curves from microscratch testing of nanocomposite

specimens by applying a constant force of 5 mN.
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Figure 3. Exponential fit of COF vs. Time curves from microscratch testing of nanocomposite
specimens by applying a constant force of 10 mN.

Similar tendency in the microscratch resistance of the graphene-reinforced polymer
compositions can be noticed in Figure 3, where the curves outlining the coefficient of
friction in function of the experimental time are obtained by setting 10 mN constant load
over the conical tip of the stylus. A sharp transition of the initial linear part of the graph
to the steady-state section of the coefficient of friction was observed with respect to the
nanocomposite sample 30PLA70PCL4GNP. This distinct mechanical behavior could be
unraveled with the ductility of the specimen, allowing the stylus to get in the material
more rapidly, compared to the other samples, before to start its scratching move on the
surface. Overall, the conducted microscratch analysis disclosed that the surface mechanical
properties of the polymer composite materials depend on the applied constant force whose
specific value may alter the friction resilience of the samples as a function of the variation
in penetration depth during the scratch process.

3.2. Thermally-Induced Self-Healing

Self-healing investigation of the microscratched nanocomposite materials was con-
ducted in few stages, encompassing SEM-assisted observation and fine measurement of
the thin surface wounds, made before and after the thermal treatment. Representative SEM
images of surface scratch grooves, serving to estimate with high accuracy the shrinking
of the tracks as a result of the nanocomposite samples” heating, are presented in Figure 4.
The focus in the thermally-induced self-healing was over the specimens possessing more
than 30 wt% polycaprolactone in the nanocomposite matrix and subjected to microscratch
with a constant force in the range of 50-200 mN. For statistical purposes and because of the
presence of pile-up in some cut sections, the width of each one measured nick was taken at
several points of the scan, whereafter the averaged values were employed in the estimation
of the nanocomposite’s healing ability (Equation (1)). Using this approach of measuring
the reduction in the scratch width enabled the assessment of the nanocomposite’s self-
repairing behavior by calculating the healing efficiency of the polymer samples according
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to Equation (1). The obtained values designate the importance of the PCL as a soft segment,
ensuring the chain mobility within the nanocomposite structure at the achievement of

high-level surface recovery, even in case of wounds caused by scratch constant loads of
150 mN and 200 mN (see Figure 5).

(d)

Figure 4. SEM images of scratch wounds measured by means of the instrumental software before
(a,c), and after thermal treatment (b,d) of the specimen 60PLA40PCL4GNP.

It should be emphasized that the selected T}, being more than 20 °C above the PCL
melting temperature (T};) [25], can be considered as a prerequisite for low viscosity and bet-
ter liquidity of the PCL phase that is crucial in the process of self-healing [26]. This may be
the reason of sensitively higher self-repairing properties of the sample 30PLA70PCL4GNP
compared to the other two polymer compositions, especially with regard to the scratch
tracks received by exerting a normal constant force of 50 mN (Figure 5). An interesting
inference about the degree of surface recovery can be made by a more general look over
the entire length of the microscratches, scanned with lower magnification before and after
the thermal heating (Figure 6). The image in Figure 6a represents a scratch performed with
a 100 mN constant load, while the scratch track shown in the SEM image in Figure 6¢c was
made by applying a 50 mN constant force.
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Figure 5. Healing ability of the nanocomposite samples being scratched with constant force in the
range of 50-200 mN.

(d)

Figure 6. SEM micrographs of full-length microscratches over the polymer nanocompos-
ites 60PLA40PCL4GNP and 70PLA30PCL4GNP, made before (a,c) and after (b,d) thermally-
induced self-healing.
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The established significant surface recovery, demonstrated by the noticeable pile-up
reduction and the presence of spots in the wounds where the gap is almost fully closed, can
be related as well to the interfacial regions in the nanocomposite structure where is the most
probable location of the reinforcing graphene nanoparticles. Good dispersion of GNPs in the
dual-phase polymer system may contribute to integrated properties of the nanocomposite
material, facilitating key processes, such as polymer chain re-entanglement in the damaged
interfaces and segmental surface rearrangements during self-repair activated by thermal
heating [4,27].

3.3. Self-Healing of Nanocomposite Samples by Joule Effect

As an alternative method of self-healing estimation, the Joule heating effect on the
self-repair capacity of low-force microscratched polymer nanocomposites has been studied.
It turned out that the electrical heating allowed to trigger more efficiently the self-healing
properties of the PLA /PCL/GNPs composites. This fact could be explained by the spe-
cific function of the carbon nanofiller in the improvement of the electrical and thermal
conductivity of the samples, which is critical in terms of the diffusion of Joule energy into
the nanocomposite matrix [28,29]. The calculated values of the nanocomposite healing
efficiency, displaying the relative increment in self-repair capability of the specimens treated
by Joule heating in comparison to those that underwent thermal treatment in an oven, are
summarized in Table 2. There shouldn’t be missed the ascertained fraught self-recovery of
the surface of the sample 30PLA70PCL4GNP with respect to the scratch grooves formed by
applying a 5 mN constant load. In practice, the trend of healing ability is headed upward
for the whole set of polymer compositions as the weight content of the soft phase ren-
dered a definite sway on the overall self-repair performance of the nanocomposite samples
(see Figure S2).

Table 2. Self-healing properties of low-force microscratched nanocomposite samples subjected to
Joule heating.

Nanocomposite Sample Healing Efficiency at Healing Efficiency at
5 mN Scratch Load, % 10 mN Scratch Load, %
95PLA5PCL4GNP 439 52.4
70PLA30PCL4GNP 62.2 50.1
60PLA40PCL4AGNP 64.0 72.0
30PLA70PCL4GNP 100 69.0

Another factor influencing the boosted conversion of electrical energy into Joule
heating is likely to be the presence of 4 wt% GNPs as nanofiller in the nanocomposite
structure [30]. Selection of SEM images illustrating the Joule effect on the self-healing
properties of the graphene-containing composite materials can be seen in Figure 7.

A substantial decrease is noticed not only with respect to the scratch width but as well
regarding the depth of the grooves, though the latter can’t be measured straight by the
instrumental software. The observed fade off may signify good mobility and rearrangement
of the polymer chains induced by the Joule energy when implemented in the nanocomposite
matrix (Figure 7b,d). Apparently, the mechanism of Joule heating turned out to assign
more effectiveness in the process of samples’ self-repair contrasted to the thermal treatment
committed in an oven.
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Figure 7. High-resolution SEM images of the sample 60PLA40PCL4GNP before (a) and after (b)
performing Joule Heating on microscratches made with 10 mN constant force, and low-resolution
SEM images of the sample 30PLA70PLA4GNP before (c) and after (d) performing Joule Heating on
microscratches made with 5 mN constant force.

4. Conclusions

A novel nanocomposite material, based on PLA, PCL, and GNPs, was successfully
designed and elaborated, forming a heterogeneous phase-separated polymer system con-
taining interfacial regions whose presence is beneficial in the achievement of integrated
mechanical and self-healing properties. Fine microscratch testing of the nanocomposite
samples uncovered significant surface resistance against the lateral movement of the dia-
mond stylus, which was found to be dependent on the weight content ratio between the
hard and the soft polymer segments. High-resolution SEM images, focused on the surface
wounds of thermally and electrically treated composite specimens, were used to designate
the distinct impact of the PCL as a soft phase on the self-repair ability of the materials. The
established healing efficiencies, especially upon low constant force microscratches, seemed
as a potential overcoming of the substantial challenge to convert the molecular mobility on
damaged solid surface during a self-healing process into microscopic volume changes. It
should be underscored the role of the graphene nanoparticles which, being rather located
at the interface between both polymer phases, may have facilitated the partial recovery
of the heavily scratched sample surface where the geometry of the diamond stylus has
left its imprint. Joule heating was found to be a promising physical method for fast and
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effective healing of nanocomposite surface damages in a microscopic scale. The outstand-
ing mechanical and self-repair behavior of the new composite material could open many
technological options in the field of its future industrial application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr14060956/s1, Figure S1: Experimental set-up of microscratch
testing equipment; Figure S2: Healing ability of the nanocomposite samples subjected to scratch
constant force in the range of 5-10 mN.
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Abstract

As semiconductor devices continue to scale down and integrate more densely, the atomic-
level planarization of metal interconnects and dielectric layers is critical. Consequently, the
development of chemical mechanical planarization (CMP) materials must address both
high polishing performance and environmental sustainability. In this study, y-Fe;O3@SiO,
core-shell abrasive particles were designed to overcome the performance and recyclability
limitations of conventional SiO, abrasives. The y-Fe,O3 core enables an efficient magnetic
separation from spent slurry, while the tunable SiO, shell enhances the dispersion stability
and modulates the polishing characteristics. When applied to the CMP of tungsten (W)
thin films, the optimized y-Fe,O3@SiO, abrasives achieved a higher removal rate and
lower surface roughness than commercial SiO,-based slurries. Notably, the abrasives
maintained a high performance even after 10 reuse cycles through simple magnetic recovery.
This demonstrates a highly efficient and sustainable design strategy for next-generation
CMP materials.

Keywords: chemical mechanical planarization; y-Fe;Os; core-shell nanoparticles;
synthesis; recycling

1. Introduction

With the continuous scaling and miniaturization of semiconductor devices, the opti-
mization of surface planarization processes has become increasingly crucial. In particular,
the linewidth of integrated circuits (ICs) is now approaching the nanometer scale. At
this scale, even minor surface topographies can induce misalignments in subsequent pho-
tolithography or degrade electrical properties. Consequently, atomic-level surface flatness
is essential for reliable device fabrication. To meet these stringent requirements, chemical
mechanical planarization (CMP), a hybrid technique that combines mechanical abrasion
and chemical reactions, has been established as a critical process in semiconductor manu-
facturing. CMP removes residual surface roughness and produces a uniformly flat surface,
thereby ensuring both device performance and yield reliability [1].

A typical CMP slurry contains abrasive particles, oxidizers, complexing agents, disper-
sants, and pH adjusters. Among these components, the physicochemical properties of the
abrasives play a decisive role in determining key process parameters such as the removal
rate (RR), surface roughness, and polishing selectivity. Colloidal SiO; nanoparticles are
currently the leading abrasives in commercial CMP. This is due to their excellent chemical
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stability and high dispersibility in aqueous media [2]. However, conventional SiO, abra-
sives exhibit limitations in terms of post-processing slurry recovery, leading to significant
waste generation. In fact, recent environmental impact assessments have emphasized that
the production and disposal of CMP slurries contribute significantly to the semiconduc-
tor industry’s ecological footprint [3]. Therefore, the development of advanced abrasive
particles that ensure both a superior polishing performance and efficient reusability is
critical [4].

To address the limitations of pure silica, which have been extensively documented over
the past six decades [5], we propose a novel CMP abrasive system based on Fe;O3@SiO;
core-shell nanoparticles, employing y-Fe,O3 as the magnetic core. This superparamagnetic
iron oxide allows for facile magnetic separation from spent slurries. Unlike Fe3Oy, it
exhibits enhanced chemical stability in oxidative environments, making it highly suitable
for long-term CMP without significant degradation. Furthermore, the SiO; shell improves
the surface stability and dispersibility of the particles by preventing agglomeration, while
modulating the mechanical and chemical interactions during polishing.

In this study, Fe,O3@S5iO; nanoparticles with various SiO; shell thicknesses were
synthesized by controlling the dosage of tetraethyl orthosilicate (TEOS). The synthesized
particles were evaluated for the planarization of tungsten (W) thin films, systematically
investigating the effects of shell thickness on the removal rate and surface roughness. Along-
side polishing performance, a comparative analysis with conventional SiO,-based slurries
was conducted to evaluate their magnetic recoverability and reuse efficiency. By tailoring
the SiO, shell thickness, our design successfully fine-tunes the polishing characteristics
while simultaneously reducing slurry waste. These findings highlight the potential of y-
Fe;O3@SiO; core-shell nanoparticles as next-generation CMP abrasives capable of meeting
key industrial demands for process optimization and environmental sustainability.

2. Materials and Methods
2.1. Surface Modification of y-Fe;O3 Nanoparticles

Maghemite nanoparticles (y-Fe;O3, 99+%, Cosmo AM & T Co., Ltd., Chungju, Repub-
lic of Korea), 7.5 g total mass, were initially purified via ultrasonication in distilled water
three times to remove residual impurities. Next, the superparamagnetic y-Fe,O3 nanoparti-
cles were magnetically separated from the solution using an external magnet. The collected
nanoparticles were then transferred to a 3 L round-bottom flask containing 2 N ammonia so-
lution (NH4OH, 28-30 wt% stock solution, Junsei, Tokyo, Japan). The mixture was heated to
80 °C for 1 h with continuous stirring at 300 rpm. Subsequently, the mixture was allowed
to cool naturally to room temperature under continuous stirring, and the nanoparticles
were washed repeatedly to remove residual chemicals. This surface modification step
was designed to introduce hydroxyl groups and enhance the hydrophilicity of y-Fe,O3
nanoparticles, facilitating subsequent silica shell formation.

2.2. Fabrication of Core=Shell Structure of y-Fe; O3@SiO, Nanoparticles

The surface-modified y-Fe;O3 nanoparticles were dispersed in a 1:1 mixture of deion-
ized water (DIW) and ethanol (500 mL total volume). To this dispersion, 75 mL of NH;OH
was added and the resulting mixture was homogenized by magnetic stirring at 300 rpm for
30 min. Subsequently, a solution of TEOS (95.0%, Samchun, Seoul, Republic of Korea) in
ethanol was added dropwise using a syringe pump at a controlled rate of 0.08 mL/min.
Upon completion of the TEOS/ethanol addition, the reaction mixture was stirred contin-
uously for 18 h to facilitate the formation of Fe,O3;@SiO, core—shell nanoparticles. The
nanoparticles were magnetically separated from the reaction medium by applying an exter-
nal magnetic field (5000 g) to the flask. To remove any residual reactants or by-products,

49 https:/ /doi.org/10.3390/pr14060902



Processes 2026, 14, 902

the separated nanoparticles were subjected to several cycles of magnetic washing with
distilled water and ethanol. Finally, the purified Fe,O3@SiO; nanoparticles were dried in
an oven at 80 °C for 6 h to remove residual solvents and obtain the dry powder form of
core-shell particles.

2.3. Characterization of Fe,O3@SiO, Particles

The crystal structure of the Fe,O3@SiO, particles was analyzed using X-ray diffraction
spectroscopy (XRD; UltimalV, Rigaku, Tokyo, Japan). Fourier transform infrared spec-
troscopy (FT-IR; IRAffinity-1S, Shimadzu, Kyoto, Japan) was used to investigate the func-
tional groups present on the particle surfaces after silica synthesis. The zeta potentials of
the prepared samples were measured using dynamic light scattering (DLS; Zetasizer Nano
ZSP, Malvern Instruments, Westborough, MA, USA) to estimate the surface charge changes.
The morphology and shell thickness of the particles were studied using high-resolution
transmission electron microscopy (HR-TEM; Tecnai G2 F30 S-Twin, FEI, Eindhoven, The
Netherlands). The changes in the magnetic properties post-coating were quantified using
a vibrating sample magnetometer (VSM; Lake Shore 7400, Lake Shore Cryotronics, Inc.,
Westerville, OH, USA) with an applied field range of 10 kOe to measure the magnetic
hysteresis behavior.

2.4. Preparation of CMP Slurry Using Fe;O3@SiO, Particles

Fe,O3@S5i0; core-shell nanoparticles with varying SiO, shell thicknesses were dis-
persed in 1 L of DIW at a concentration of 5 wt%, followed by ultrasonication for
20 min to ensure colloidal stability. To regulate the chemical interactions during pol-
ishing, 1 wt% 2-picolinic acid (C¢HsNO;, Sigma-Aldrich, St. Louis, MO, USA) was added
as a corrosion inhibitor, and 1 wt% glycine (NH,CH,COOH, Sigma-Aldrich, St. Louis,
MO, USA) was introduced as a dispersant. The pH of the slurry was adjusted to 2.5 using
nitric acid (HNOj3, Sigma-Aldrich, St. Louis, MO, USA), and hydrogen peroxide (H,O,
Samchun Chemicals, Seoul, Republic of Korea) was added as an oxidizing agent to promote
the oxidation of the W film surface. The prepared slurry was subsequently used for the
CMP evaluation.

2.5. W CMP Evaluation

A 6-inch silicon wafer coated with a 5000 A thick W film via chemical vapor deposition
(CVD) was diced into 6 x 6 cm? coupons for polishing experiments. CMP performance was
evaluated using a coupon-scale polisher (POLI-400, G&P Technology, Busan, Republic of
Korea) equipped with an IC1010 polishing pad (Suba IV, Dupont, Wilmington, NC, USA).
During the process, the platen and head rotation speeds were set to 89 rpm and 91 rpm,
respectively, and a downward force of 2 psi was applied. The slurry was delivered at a
flow rate of 100 mL/min for a polishing time of 60 s.

The material RR was calculated based on measurements at five different points using
a four-point probe (CMT-SR5000, AIT Co., Ltd, Suwon, Republic of Korea), and the average
was used to calculate the RR. To ensure data reliability, measurements were taken from
five different positions on each coupon, and the average value was reported. The surface
morphologies of the polished W films were further analyzed using field-emission scanning
electron microscopy (FE-SEM; JSM-6330F, JEOL, Tokyo, Japan) and atomic force microscopy
(AFM; XE-150, Park Systems, Suwon, Republic of Korea).

2.6. Recovery and Reuse of Fe;O3@SiO, Abrasive Particles

Immediately after the CMP process, the slurry was collected, and the Fe,O;@SiO,
abrasive particles were separated from the waste slurry using an external magnetic field.
The recovered particles were sequentially washed three times with ethanol (EtOH) and DIW
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under ultrasonication to remove any remaining residues. After purification, the particles
were reused to formulate fresh CMP slurries under identical preparation conditions, and
subsequent polishing evaluations were conducted. The recovery efficiency of the abrasive
particles was determined by comparing the initial mass of the particles used in the slurry
with the mass of particles recovered from the post-CMP waste slurry.

3. Results and Discussion

XRD analysis (Figure 1) was carried out to evaluate the changes in the atomic and
crystalline structures of as-received y-Fe; O3, NH4OH-treated y-Fe; O3, and TEOS-modified
v-Fe;O3 nanoparticles. The TEOS-modified samples were synthesized at varying molar
ratios of y-Fe,O3 to TEOS (1:1, 1:3.5, and 1:7) and are hereafter referred to as FS_(1:1),
FS_(1:3.5), and FS_(1:7), respectively.
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Figure 1. XRD spectra of (a) as-received y-Fe,O3, NH;OH-treated Fe,Os, (b) FS_(1:1), FS_(1:3.5)
and FS_(1:7).

All samples exhibited diffraction peaks corresponding to the (220), (311), (400), (422),
(511), and (440) planes at 20 values of 30.36°, 35.64°, 43.36°, 53.84°, 57.34°, and 62.98°,
respectively [6]. These peaks are characteristic of the inverse spinel structure of y-Fe;O3, in
accordance with the JCPDS Card No. 39-1346 [7]. It is known that y-Fe;O3 consists solely
of Fe3* ions and possesses a defective spinel structure in which some Fe3* ions are absent
from octahedral sites, resulting in the formation of vacancies. This structural feature leads
to a disordered distribution of Fe>* ions and vacancies within the octahedral sites.

The XRD pattern of the NH,OH-treated y-Fe;O3 sample revealed no newly developed
peaks or shifts in existing reflections, suggesting that the surface modification occurred
without altering the crystalline structure or the internal crystalline framework.

In the case of the TEOS-modified y-Fe,O3 nanoparticles, all major diffraction peaks
associated with y-Fe,O3 remained unchanged, suggesting that the core crystal structure
was preserved regardless of the shell thickness. However, an increase in baseline intensity
at low angles (26 < 40°) was observed in the low-angle region (26 < 40°), which is attributed
to the presence of an amorphous SiO, phase generated via the hydrolysis and condensation
of TEOS during shell formation [8]. The baseline shift and subtle slope changes in this
region further corroborated the formation of an amorphous silica coating. This result
confirms that the silica shell is amorphous and does not induce a phase transformation in
the magnetic core.

Taken together, these results confirm that neither NH4OH surface treatment nor
TEOS-based silica coating induced any significant modifications to the crystalline structure
of the y-Fe,O3 core, while the presence of amorphous silica was clearly identified in
TEOS-treated samples.
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Figure 2 shows the FT-IR spectra of as-received y-Fe, O3, NH4OH-treated y-Fe; O3,
and TEOS-modified y-Fe,O3 nanoparticles, highlighting the evolution of surface functional
groups resulting from chemical treatments. A broad absorption band centered at approxi-
mately 600 cm ™! is observed in all samples and is attributed to the stretching vibration of
the Me-O (Fe-O) bonds, which is a characteristic of the spinel ferrite framework.
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Figure 2. FT-IR spectra of as-received y-Fe;O3 NH;OH-treated y-Fe,O3, FS_(1:1), FS_(1:3.5)
and FS_(1:7).

The broad band appearing in the 3000-3700 cm ! range corresponds to O-H stretch-
ing vibrations, indicative of surface hydroxyl groups, whereas the absorption peak near
1600 cm ! is ascribed to the H-O-H bending mode of physisorbed water. Notably, both
the O-H stretching and H-O-H bending vibration intensities progressively increased with
increasing TEOS concentration, suggesting enhanced hydroxylation and water association
on the particle surface.

This trend is attributed to the hydrolysis of the TEOS molecules, as described by the
following reaction [9]:

SI(OC2H5)4 + 4H20 — SI(OH)4 + 4C2H5OH (1)

Hydrolysis results in the formation of silanol groups (5i-OH), which exhibit vibrational
characteristics similar to those of O-H bonds. As the TEOS content increases, the formation
of silanol groups is promoted, leading to an increase in the intensity of the O-H-related
absorption bands. Furthermore, because each TEOS molecule requires four water molecules
for complete hydrolysis, a higher TEOS concentration inevitably alters the hydration
environment, contributing to the amplification of the H-O-H bending peak.

In addition to hydroxyl-related features, two distinct absorption bands attributed to Si—
O-Si stretching vibrations were observed at approximately 1220 cm ! and 1070 cm ™~ [10].
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The intensities of these peaks increased with increasing TEOS concentration, indicating the
progressive formation of siloxane (Si-O-5i) networks through the condensation of silanol
groups. These results collectively confirm that increased TEOS content not only enhances
surface hydroxylation but also facilitates the development of an amorphous silica network
via siloxane bond formation [11].

TEM was employed to examine the correlation between TEOS concentration and the
resulting thickness of the SiO; shell on y-Fe,O3 nanoparticles. The as-received y-Fe,O3
particles (Figure 3a) exhibited a spherical morphology with slightly uneven surfaces, and
their average particle diameter was measured to be approximately 274 nm. Following
surface treatment with aqueous ammonia, the particle size was slightly reduced to 259 nm
(Figure 3b), which is attributed to surface etching or modification [12].

Figure 3. TEM images of (a) as-received Fe,O3, (b) NH4OH-treated Fe,O3, (c) FS_(1:1), (d) FS_(1:3.5),
(e) FS_(1:7) and (f) HR-TEM of FS_(1:3.5).

Representative TEM images of y-Fe,O3@SiO; core-shell nanoparticles synthesized
with varying amounts of TEOS (0.0369, 0.168, and 0.336 mol) are shown in Figure 3c-e.
In all cases, successful and uniform shell formation was observed to encapsulate the
v-Fe,O3 core completely. The corresponding shell thicknesses were 14, 45, and 63 nm,
respectively, confirming a clear trend of increasing shell thickness with increasing TEOS
concentration [13].

This increase in shell thickness is attributed to the hydrolysis and condensation of
TEOS in the presence of ammonia. Specifically, TEOS undergoes hydrolysis to form silanol
(5i-OH) groups, which subsequently condense to form a Si-O-5i network comprising
a silica shell. As the TEOS concentration increases, a higher concentration of silanol
intermediates is generated, which accelerates the condensation reaction, resulting in a
thicker SiO; layer.

Figure 3f presents a high-resolution TEM (HR-TEM) image of the y-Fe;O3@SiO,
nanoparticles synthesized with 0.168 mol of TEOS, corresponding to the sample in Figure 3d.
The image clearly reveals the crystalline nature of the y-Fe,O3 core, as evidenced by the
visible lattice fringes and the amorphous character of the surrounding SiO, shell, which
lacks long-range ordering. The interplanar distance of the observed lattice fringes was
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Absolute value of zeta potential (mV)

measured to be 0.296 nm, corresponding to the (220) crystallographic plane of y-Fe;Os3,
consistent with the XRD results presented in Figure 1.

These findings confirm that the thickness of the amorphous SiO, shell can be precisely
modulated by controlling the TEOS precursor concentration during synthesis and that the
v-Fe;O3 core retains its crystalline structure throughout the coating process.

Figure 4 presents the zeta potential, particle size distribution (PSD), and polydisper-
sity index (PDI) of as-received y-Fe,O3, NH;OH-treated y-Fe,O3, and TEOS-modified
v-Fe;O3@Si0, nanoparticles to evaluate their dispersion stability and particle uniformity.
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Figure 4. (a) Zeta potential, (b) particle size distribution (PSD), and (c) mean size and polydispersity
(PDI) of as-received y-Fe,O3, FS_(1:1), FS_(1:3.5) and FS_(1:7).

As shown in Figure 4a, the as-received y-Fe,O3 nanoparticles exhibited a zeta potential
of —8.46 mV, indicating a relatively low surface charge. Upon treatment with aqueous
ammonia, the zeta potential decreased to —13.52 mV, implying an enhancement in surface
charge density. This change is attributed to the increased presence of surface hydroxyl
groups (-OH) introduced during the ammonia treatment. This trend is consistent with the
FT-IR results (Figure 2), where an increase in the O-H stretching band was observed for
NH4OH-treated samples.

Further modification with TEOS resulted in a gradual increase in the absolute value
of the zeta potential, which was positively correlated with the TEOS concentration. This
behavior is attributed to the formation of silanol groups (5i-OH) via TEOS hydrolysis,
which are chemically analogous to hydroxyl groups and contribute to an increase in the
negative surface charge. Accordingly, the enhanced electrostatic repulsion between the
particles led to improved dispersion stability, as reflected in the zeta potential values [14].

Figure 4b shows the PSD profiles of the nanoparticles. The as-received y-Fe,O3
displays a bimodal distribution with peaks centered at approximately 368 nm and 995 nm
and a mean hydrodynamic diameter of 845.7 £ 16.3 nm. This value is significantly larger
than the particle diameter observed in the TEM images (Figure 3), which is attributed to
the agglomeration of nanoparticles owing to van der Waals interactions and their high
surface energies.

In contrast, the y-Fe;O3@SiO, core-shell nanoparticles exhibited unimodal PSD
curves, indicating that thicker SiO; shells improve colloidal stability by increasing surface
charge repulsion. The average hydrodynamic diameters for the nanoparticles synthesized
with 0.0369, 0.168, and 0.336 mol of TEOS were 301.4 + 7.4 nm, 327.8 + 9.3 nm, and
355.2 &= 8.5 nm, respectively.

As shown in Figure 4c, the corresponding PDI values are 0.597, 0.294, and 0.213.
These results indicate that an increase in the TEOS concentration not only contributes to an
increase in particle size due to shell thickening but also leads to a significant narrowing of
the particle size distribution [15]. This is attributed to the enhanced colloidal stability arising
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from the higher surface density of -OH groups, which generates stronger interparticle
electrostatic repulsion and reduces aggregation.

Collectively, these findings demonstrate that both the hydrodynamic size and dis-
persity of y-Fe;O3@SiO, nanoparticles can be modulated by controlling the TEOS con-
centration, with improved dispersion stability and size uniformity achieved at higher
TEOS levels.

Figure 5 presents the magnetic hysteresis curves of y-Fe;O3 and y-Fe, O3@SiO; core—
shell nanoparticles with varying shell thicknesses, measured using a vibrating sample
magnetometer (VSM) to evaluate the effect of SiO, coating on their magnetic properties.
All samples exhibited typical superparamagnetic behavior, as evidenced by the absence
of remanent magnetization and coercivity in the hysteresis curves, indicating that the
nanoparticles did not retain magnetization after removal of the external magnetic field [16].
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Figure 5. Magnetization curves of as-received y-Fe;O3 and NH;OH-treated y-Fe,O3 FS_(1:1),
FS_(1:3.5) and FS_(1:7).

The as-received y-Fe,O3 nanoparticles exhibited a high saturation magnetization (Ms)
value of 121.48 emu/g. Upon treatment with ammonia solution, the M value slightly
decreased to 117.71 emu/g while retaining the superparamagnetic property, suggesting
that the surface modification did not significantly affect the magnetic core [17].

In contrast, a noticeable decrease in Mg was observed as the SiO, shell thickness
increased with increasing TEOS concentration. Specifically, when the TEOS-to-y-Fe,O3
molar ratios were adjusted to 1:1, 1:3.5, and 1:7, the corresponding saturation magnetization
values were reduced to 93.02, 74.15, and 62.48 emu/g, respectively. This reduction is
primarily attributed to the increase in the nonmagnetic SiO, shell thickness, which leads to
the dilution of the magnetic core content per unit mass of the composite particles [18].

These results confirm that, while the superparamagnetic behavior is preserved regard-
less of SiO; shell thickness, the saturation magnetization of y-Fe,O3@SiO, nanoparticles is
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inversely related to the volume fraction of the magnetic core, controlled by the TEOS con-
centration during synthesis. Furthermore, this result suggests that Fe,O3;@SiO, abrasives
can be effectively recovered using magnetic separation without residual magnetization,
which is beneficial for repeated reuse.

Figure 6a illustrates the removal rates of W films polished using CMP slurries contain-
ing as-prepared SiO; particles and y-Fe,O3@SiO; core—shell nanoparticles with different
shell structures (FS_(1:1), FS_(1:3.5), and FS_(1:7)). All the slurries were formulated under
identical chemical conditions, consisting of 5 wt% abrasive particles, 1 wt% 2-picolinic acid,
1 wt% glycine, and HyO, as an oxidizing agent, with the pH adjusted to 2.5 [19]. A slurry
containing the prepared SiO, abrasives exhibited a removal rate of 191 A /min. In contrast,
the y-Fe,O3@SiO; abrasives demonstrated enhanced polishing performance, with removal
rates of 277, 262, and 212 A /min for FS_(1:1), FS_(1:3.5), and FS_(1:7), respectively. A
clear decreasing trend in the removal rate is observed with increasing 5iO; shell thickness,
indicating that thinner shell particles are more effective for material removal during W

CMP [20].
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Figure 6. (a) W removal rates obtained using CMP slurries containing 5 wt% as-prepared SiO, and
v-Fe;O3@SiO; core—shell particles (FS_(1:1), FS_(1:3.5), and FS_(1:7)). (b) Surface roughness (Rq) of
the bare (unpolished) W wafer and W films after CMP using different abrasive particles. (c) Top-view
SEM images of W films: (c-1) bare W wafer before CMP, (c-2) W film polished with FS_(1:1), and
(c-3) W film polished with FS_(1:7).

Figure 6b shows the surface roughness (Rq) of the W films after polishing, as measured
by AFM, together with that of the bare (unpolished) W wafer for comparison. The bare W
wafer exhibits a relatively high surface roughness of 38.52 A. Polishing with as-prepared
SiO, particles slightly reduced the roughness to 35.28 A, indicating a limited planarization
efficiency. In contrast, the use of y-Fe,O3@SiO; core—shell abrasives led to a substantial
reduction in surface roughness. The Rq values were measured to be 15.74 A for FS_(1:1),
26.49 A for FS_(1:3.5), and 32.26 A for FS_(1:7), corresponding to roughness reductions
of approximately 59%, 31%, and 16%, respectively, relative to the bare W wafer. Among
the investigated samples, FS_(1:1) exhibits the most pronounced improvement in surface
planarity, which is consistent with its superior removal rate.

Figure 6¢ presents top-view SEM images of the W films before and after CMP. The bare
W wafer before CMP (c-1) exhibits a rough and heterogeneous surface morphology with
clearly distinguishable grain structures, reflecting the inherent surface irregularities of the
as-deposited W film. After polishing with y-Fe,O3@SiO, abrasives, a marked improvement
in surface uniformity is observed. In particular, the W film polished with FS_(1:1) (c-2)
showed a significantly smoother and more homogeneous surface with suppressed grain
contrast, indicating the effective removal of surface asperities. In contrast, the surface
polished with FS_(1:7) (c-3) exhibits relatively less smoothing and discernible residual
surface features. These SEM observations are in good agreement with the AFM roughness
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results and removal rate trends shown in Figure 6a,b, confirming that thinner-shell -
Fe,03@Si0O,; abrasives provide superior surface planarization during W CMP.

To elucidate the origin of the observed dependence of CMP performance on the shell
structure of y-FepO3@SiO, nanoparticles, the relationship between particle mechanics and
polishing behavior must be considered. CMP proceeds through cyclic processes involving
surface oxidation, mechanical abrasion, and chemical dissolution. Because all the slurries in
this study were prepared with identical chemical compositions, the differences in polishing
performance can be primarily attributed to variations in the physical and mechanical
properties of the abrasive particles.

The mechanical behavior of y-Fe,O3;@SiO, core-shell particles is strongly governed
by the thickness of the amorphous SiO; shell, which modulates the effective stiffness of
the composite particle. Crystalline y-FepOs cores possess a relatively high stiffness, with
reported Young’s modulus values of approximately 150-200 GPa, whereas amorphous SiO;
shells exhibit lower Young’s moduli in the range of ~60-75 GPa. As the SiO; shell becomes
thicker, the overall stiffness of the particle decreases, leading to a reduced contact stress
at the particle-wafer interface. Consequently, thicker shell particles tend to distribute the
applied load over a larger contact area, thereby lowering the effective polishing pressure
and reducing the removal rates.

Conversely, thinner shell particles, such as FS_(1:1), retained a higher effective stiffness
and generated greater localized contact stress during polishing, thereby facilitating the
efficient removal of surface asperities and enhanced surface planarization [21]. Although
excessively thin shells may raise concerns regarding mechanical durability, the present
results demonstrate that FS_(1:1) achieves an optimal balance between polishing efficiency
and structural stability under the applied CMP conditions. These findings highlight the
critical role of SiO; shell engineering in optimizing the CMP performance of magnetically
recoverable y-Fe, O3@SiO, abrasives.

Figure 7a illustrates the change in recovery rate of y-Fe,O3@SiO, abrasive particles
with varying SiO; shell thicknesses over multiple reuse cycles. Initially, all the samples
exhibited similar recovery rates of approximately 99%. However, a gradual decrease
was observed as the number of reuse cycles increased. Specifically, the particles with a
14 nm shell maintained a high recovery rate of 96.8% after 10 cycles, whereas those with
45 nm and 63 nm shells exhibited slightly lower rates of 95.1% and 94.6%, respectively.
This trend is attributed to the weakening of the magnetic properties of the y-Fe,O3 core
as the SiO, shell becomes thicker, thereby reducing the separation efficiency under an
external magnetic field. This observation is consistent with the magnetic characteriza-
tion results shown in Figure 5, in which a decrease in magnetization is observed with
increasing shell thickness. Nonetheless, the overall loss of recovery remained within 5.4%
under all conditions, confirming that a high recovery efficiency was maintained even after
repeated reuse.

Figure 7b shows the variations in the W removal rate and surface roughness (Ra) of the
FS_(1:1) sample over ten reuse cycles. After each cycle, the used particles were recovered
from the slurry using an external magnetic field, sequentially washed with EtOH and DIW,
and then redispersed in a fresh slurry of identical composition. The removal rate decreased
slightly from 277 A/min to 262 A/min after 10 cycles. This reduction is likely due to
minor particle loss during recovery and microstructural damage, such as surface cracking
induced by repeated polishing. Despite this, the overall removal rate remained consistently
high with no statistically significant deterioration in performance. Similarly, the surface
roughness showed a mild increase with repeated reuse, but no substantial degradation
in the polishing quality was observed. These findings indicate that the y-Fe,O3@SiO,
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abrasive particles exhibit excellent durability and performance stability under repeated use
in the CMP process [22].
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Figure 7. (a) Recovery rates of y-Fe,O3@SiO, NPs after CMP evaluation, (b) W removal rates and
roughness R, values after CMP evaluation for varying reuse cycles of FS_(1:1) particles.

4. Conclusions

In this study, y-Fe;O3@SiO, core—shell abrasive particles were synthesized and sys-
tematically evaluated for W CMP processes. The evaluation focused on how SiO; shell
thickness influences physicochemical properties and polishing performance. The SiO, shell
thickness was precisely controlled by varying the amount of the TEOS precursor during
synthesis. FI-IR analysis confirmed the successful coating of silica through characteristic
Si—O-Si and Si—-OH bonding vibrations, whereas TEM imaging clearly revealed a distinct
core-shell structure and uniform shell growth.

Zeta potential, PSD, and PDI measurements revealed that increasing shell thickness
enhanced the surface negative charge due to additional -OH groups. This enhancement
subsequently improved the dispersion stability. VSM analysis indicated that the superpara-
magnetic nature of the particles was retained, whereas the magnetic saturation decreased
with thicker shells.

CMP performance tests demonstrated that the particles with a 14 nm thick SiO, shell
achieved the highest W removal rate and lowest surface roughness among the tested
samples. Furthermore, magnetic separation enabled the efficient recovery and reuse of
the particles without noticeable degradation in the polishing performance over repeated
cycles.

This study presents a promising design strategy for environmentally sustainable CMP
abrasives by integrating superparamagnetic cores with tunable silica shells. These findings
provide practical insights for the development of high-performance recyclable abrasive
materials suitable for advanced semiconductor manufacturing.
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Abbreviations

The following abbreviations are used in this manuscript:

CMP  Chemical mechanical planarization
IC Integrated circuit

RR Removal rate

TEOS  Tetraethyl orthosilicate

PSD Particle size distribution

PDI Polydispersity index
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Abstract: Adsorption is a frequently used technique for pollutant removal due to its
efficiency and versatility. Mathematical modeling of these processes enables understand-
ing of adsorbent and adsorbate interactions and prediction of system dynamics, espe-
cially when experimental data are limited. Among adsorption isotherm models, the
Langmuir model is one of the most applied; however, its formulation does not explic-
itly consider temperature variation, limiting predictive capability in practical applica-
tions. This article proposes an adaptation of the Langmuir model by incorporating
temperature dependence, enabling inference of isotherms at temperatures without ex-
perimental data. The model was first validated using data from the literature at dif-
ferent temperatures, considering the adsorption of amoxicillin, phosphate, methylene
blue, and caffeine. Subsequently, it was applied to experimental data of copper ion
adsorption by 5A zeolite obtained in this work, allowing estimation of Qmax and K.
Based on these estimates, hypotheses regarding their temperature dependence were for-
mulated, and isotherms at 55 °C, 65 °C, and 75 °C were inferred and compared with
experimental data. Finally, the model was applied to infer isotherms from 25 °C to
95 °C, demonstrating its ability to represent experimental dynamics and predict adsorption
at temperatures without available data, contributing to the analysis and optimization of
adsorption processes.

Keywords: batch adsorption; Bayesian inference; Markov Chain Monte Carlo; model proposal

1. Introduction

The removal of different types of organic and inorganic compounds, such as heavy
metals and pharmaceuticals present in industrial and domestic effluents, represents
a major environmental challenge due to the high toxicity of these compounds and their
adverse impacts on both the environment and public health. From this perspective, there is
a continuous pursuit of effective technologies for the removal of these contaminants.
Among the different existing techniques, adsorption stands out as a viable method em-
ployed for the removal of various types of compounds, in which adsorbent solids retain
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molecules on their surface through molecular interactions, enabling the separation of
components [1-4].

In adsorption isotherms, knowledge of the mechanisms governing the interaction
between adsorbent and adsorbate, such as monolayer formation, surface heterogeneity of
the adsorbent, and the strength of interaction forces, is essential to understanding system
performance and to determining ideal conditions for the process. In this context, the use of
isotherm models becomes fundamental to describe these mechanisms, as they allow the
interpretation of the process using experimental data [5,6]. Several studies have applied
such models to estimate parameters in different systems; however, isotherms obtained
at different temperatures are usually fitted independently, without explicitly considering
temperature dependence in the equations [7-10].

Din et al. (2024) [7] and Gyawali et al. (2023) [8] applied parameter estimation of
isotherm models to experimental data of arsenic adsorption with biochar and pomelo peel,
respectively. Hung et al. (2023) [9] and Rasheed et al. (2024) [10] investigated the adsorption
dynamics of metal ions (Co?*, Sr?*, and Cs?*) and cobalt with Fe;O4 nanoparticles and
quartz rock, respectively, by means of parameter estimation of the Langmuir, Freundlich,
and Temkin models.

However, the isotherm models employed do not include temperature as a parameter
in their equations, which prevents the prediction of isotherms at different temperatures
based on the available data. A predictive model allows optimization of processes under
different operational conditions [11,12]. In adsorption processes, estimating isotherms
at different temperatures can contribute to greater efficiency in pollutant removal, fa-
cilitating the adaptation of effluent treatment systems to different environmental and
industrial scenarios.

In this context, this study proposes an adaptation of the Langmuir isotherm model
by incorporating a temperature term into the equation. This proposal consists of the
formulation of hypotheses derived from isolated estimations of model parameters us-
ing experimental data from different adsorption dynamics, encompassing the stages of
calibration, model validation, and inference of isotherms over a wide temperature range.

2. Methodology

The present study was developed through the following two main stages: the proposal
and calibration of the model using experimental data from the literature (Table 1), followed
by the application and validation of the model using experimental data of copper ion
adsorption by zeolite 5A obtained in this work.

Table 1. Experimental data used in the proposal and calibration of the predictive model.

Adsorbate Adsorbent Temflecr;\ture References
Adsorption of Amoxicillin Bentonite 30, 40 and 50 [13]
Adsorption of Phosphate Dolomite 25,35 and 45 [14]
Adsorption of Methylene Blue Residue Char 30, 35 and 40 [15]
Adsorption of Caffeine Activated Carbon 15, 25 and 40 [16]

The first stage consisted of the use of four sets of experimental data from the literature,
whose isotherms, obtained at different temperatures, showed an increase in the amount
adsorbed as a function of increasing temperature. These are presented in Table 1.

Subsequently, the parameters of the Langmuir model were estimated using the experi-
mental isotherm data of each system (Table 1), considering the steps outlined in Figure 1.
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Figure 1. Steps performed for the Langmuir model adaptation.

For each system, the classical Langmuir model was considered, for which an initial
estimate of the constant K, was used, based on the order of magnitude of the original
estimations. The maximum adsorption capacity (Qmax) was estimated for each temperature,
restricted to a range between the highest experimentally adsorbed amount in each isotherm
and up to 50% above this experimental limit. From these estimations, a sensitivity analysis
of the model parameters was carried out, and the hypotheses that Qmax depends linearly
on temperature while Ky, is considered constant with respect to temperature were proposed.
Subsequently, linear regression was applied between the estimated values of Qmax and the
respective temperatures (in Kelvin) to obtain the coefficients of the proposed adaptation.

Thus, the parameters Ky, a, and b obtained were used as initial estimates in a new
simulation via Markov Chain Monte Carlo (MCMC). In this stage, the calibration was
conducted considering all the isotherms of each system simultaneously, since the incorpo-
ration of temperature into the model made it possible to perform the joint estimation of the
parameters Ky, a, and b.

2.1. Proposed Adaptation of the Langmuir Model

The Langmuir model is based on principles involving the presence of a fixed number
of adsorption sites, where the energy of the sites is uniform and the adsorbed molecules
do not interact with each other, so each site has the same capacity to attract adsorbate
molecules; adsorption occurs in a single layer, meaning that only one layer of adsorbed
molecules can form on the adsorbent surface; and finally, each site accommodates only one
molecule, with no interaction between already adsorbed molecules [17].

When a solution comes into contact with the adsorbent and the system reaches equi-
librium, this state is characterized by the equality of the adsorption and desorption rates
of molecules or ions on the adsorbent surface. This suggests that if the adsorption rate is
directly proportional to the adsorbate concentration in the fluid and to the fraction of the
adsorbent surface area that remains vacant, the adsorption and desorption rates can be
defined [18-20], as follows:

Adsorption rate = K1C, (1 — 0) 1)

Desorption rate = K6 (2)

where K; is the adsorption constant, K, is the desorption constant, Ce is the adsorbate
concentration in the fluid, and 6 is the fraction of the surface occupied.

Assuming that all sites on the adsorbent surface have the same energy, the parameter
K; assumes a uniform value, and assuming that adsorption occurs in a monolayer, the
adsorption rate is directly proportional to 1 — 0, indicating that adsorption will be complete
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when 6 = 1. Once the system is at equilibrium, the two rates can be equated according to
Equation (3).
KiCe (1 —6) =Ky0 (©)]

Isolating 8 and considering Ky, as the ratio between K; and K;, Equation (4) is obtained.

KL Ce

9:1+1<Lce

@)

Since 0 represents the fraction of the surface occupied by the adsorbate, qe is the
amount of adsorbate retained at equilibrium per unit mass of adsorbent, and Qmax is the
maximum adsorption capacity (when all sites are occupied), the following relationship can
be established:

e
6 = —-——— 5
Qumax ©)

Finally, expressing the process in terms of the amount of solute adsorbed (qe) per unit
mass of adsorbent and considering that q and 0 are proportional, the Langmuir equation is

obtained, as follows:
_ QmaxKLCe
= 717KC

In Equation (6), ge represents the amount of solute adsorbed per gram of adsorbent at

(6)

equilibrium (mg/g), Qmax is the maximum adsorption capacity of the adsorbent (mg/g), Ky,
represents the adsorbate/adsorbent interaction constant (L/mg), and Ce is the equilibrium
concentration of the adsorbate (mg/L).

In the Langmuir model, temperature is not included as a parameter in the equation,
which hinders the prediction of isotherms at temperatures not experimentally studied.
Therefore, considering the experimental data of the isotherms and based on the sensitivity
analysis of the parameters Ky, and Qmax, hypotheses were formulated within the tempera-
ture range in which experimental data were obtained: the parameter K; was considered
constant, that is, independent of temperature, and the maximum adsorption capacity was
expressed as a linear equation as a function of temperature (Equation (7)).

Qumax =aT +b 7)

where a is the angular coefficient (mg/g.K) and b (mg/g) is the linear coefficient, de-
termined by linear regression of the estimated Qmax data as a function of temperature
in Kelvin (K).

Sensitivity analysis is essential to evaluate how parameter variations influence the
model response. In this context, sensitivity coefficients with large magnitudes indicate that
small variations in the parameters lead to large changes in the response. On the other hand,
coefficients with low magnitude suggest that the response variable is not significantly
affected by parameter variations [21]. The sensitivity coefficient was calculated according
to Equation (8), as follows:

X, = p i
) p].

®)

where X;; represents the reduced sensitivity coefficient, P; is the parameter, and qfxﬁ is the
observable state variable.

As part of the formulation of the proposed model, hypotheses of a linear dependence
of the parameter Qmax on temperature and of a constant Ky throughout the thermal range
were adopted based on the trends observed in the individual estimates obtained for each
isotherm of each studied system, including both the literature datasets and the experimental
data obtained in this work. These trends indicated systematic variations for Qmax and no
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apparent trend for Ky . These hypotheses are later evaluated and confirmed in the Results
and Discussion section, where the parameter sensitivity and the experimental dynamics
reinforce their adequacy.

2.2. Bayesian Techniques—Markov Chain Monte Carlo (MCMC)

The Langmuir model is defined by two parameters, PT = [K}, Qmax]- Among these,
the constant Ky, cannot be determined directly through experimental observation, and if
the system does not reach equilibrium or saturation, the value of Qmax will also not be
experimentally obtained. Similarly, in the adaptation proposed in this work, the parameters
PT = [K; a b], inherent to the formulation that incorporates the dependence of Qmax on
temperature, also cannot be determined directly by experimentation, and must be estimated
using appropriate methods.

Due to the difficulty of direct observation of the parameters, the Bayesian technique
Markov Chain Monte Carlo (MCMC) was chosen, as it is an approach capable of integrating
prior information about the problem and because of the effectiveness of Bayes’ theorem in
updating the model with such information, resulting in a more accurate solution [22]. In Bayes’
theorem, presented in Equation (9), 71 (P|qexp ) is the posterior probability distribution, and
the information from the experimental data is inserted into the likelihood function 7'(( Gexp |P) ,
while 7t (P) represents the prior probability distribution of the parameters [22-25].

7(P|Gexp ) & 7T(Gexp|P) 7t(P) €)

It is assumed that the likelihood follows a Gaussian distribution for the experimental
data, under the assumption that the measurements are independent, as expressed in
Equation (10). Thus, 02 represents the variance associated with measurement uncertainty;
qsim 1s the solution of the forward model calculated with the parameters to be estimated;
{exp is the measured value; and P is the value of the parameters of interest.

T
, (_ (e — s (P)) " (dexp — sim(P) ) 10)

2
207

1
7 (qexp|P) = ———=ex

obs
(2m02) 2
In the application of the MCMC method, the Metropolis-Hastings algorithm proposed
by Metropolis et al. (1953) [26] and Hastings (1970) [27] was used. This algorithm is based
on the acceptance-rejection method and adheres to the following steps [28-30]:
1. The number of states of the Markov chain (n) is chosen, indicating the number
of simulations;
2. The chain iteration counter is initialized (i = 0) and an initial value P©) is chosen;
3. A candidate value P* is generated from the distribution P(P* | P)), obtained according
to Equation (11), as follows:

P" =P (1 + we) (11)

where w is the search step and ¢ is a random variable resulting from a Gaussian
distribution N(0,1).

4. The acceptance probability oc(P®) | P*) of the candidate value is obtained using Hast-
ings’ equation (Equation (12)), as follows:

T (P*
s (P(i)

%im) p(P(i) P*>

qsim) p(P*‘P(i)>

*

zx(P

P<i>) — min |1, (12)

65



Processes 2025, 13, 4036

where 71(P*|q4in, ) is the posterior probability distribution.

5. An auxiliary random sample is generated from a uniform distribution u~U(0,1).

6. Ifu < o (P9 |P*), the new value is accepted and one sets Pl+1) = P* Otherwise, P* is
rejected and one sets P(+1) = PO,

7. The counter is incremented (i to I + 1) and the procedure returns to step 3.

Figure 2 presents a flowchart illustrating the operation of the Metropolis—Hastings
algorithm used in this study for the parameter estimation of the adapted Langmuir model.

Define the number Initialize the iteration Propose new parameter
of simulations N counter i=0 and set values P* (a*,b*, K1 *)
(number of states an initial value P(9) from the proposal
of the chain) for the parameters distribution (P*|P()
[ i=N
Q ,(%mfsl::h and Ifu < o(POP+)
ma = _

obtain the simulated z;)rimp;th; ]n:_:'l)"_’ll':f

isotherm via Langmuir Ancs -
[ b

c o ’ Generate an auxiliary I“U:::mt \\

opRie eAcEplan e random sample from —

probability a(PYPs) a uniform diilsl'il]lltioll lteration i /
based on the likelihood u~T@O,1) =i+l /

,1).
Ifu = u(Pﬁ)'Pz) i=N
—* Reject the new value
i) —
P* and set P& =P® [ .
END \
__/

After N iterations:
Discard the burn-in
period and obtain the
posterior distributions of

the parameters rr(P | q,xp) 4

Figure 2. Metropolis—Hastings algorithm flowchart.

The quality of the simulated data relative to the experimental data was assessed using
classical statistical metrics, such as the coefficient of determination (R?) and the root mean
square error (RMSE), as described in Equations (13) and (14). Accordingly, R? values close
to 1 indicate a good agreement of the model in relation to the experimental data, while
lower RMSE values reflect smaller residual dispersion and, therefore, better fit.

SSE _, _ Y% (Gexp — Gsim)

B SST o Z”obs

R*=1 e
25 (Gexp — Texp)

(13)

1 Mops 2
RMSE = ( Y (Gexp — Gsim) > (14)
Mobs ;=1
In Equations (13) and (14), SSE represents the sum of squared errors, SST is the total
sum of squares, gexp is the observed data up to the number of sample observations (72,ps),
qsim is the estimated data, and g,y is the mean of the observed data.

2.3. Application of the Model to Copper lon Adsorption by Zeolite 5A

In this section, the same numerical methodology is applied to the process of copper ion
adsorption by zeolite 5A, now using experimental data obtained in this study, complement-
ing the previous stage in which data from the literature were employed. The isotherms
were conducted at temperatures of 25 °C, 35 °C, 45 °C, 55 °C, 65 °C, 75 °C, 85 °C, and
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95 °C. To obtain these experimental data, the adsorbent material was first produced, fol-
lowed by the performance of experimental adsorption isotherm tests.

In the preparation of the adsorbent, zeolite 5A was obtained by ion exchange of zeolite
4A with a calcium chloride solution (2.6 N) for 8 h at a temperature of 100 °C, under
constant stirring at 700 RPM. For the isotherm tests, the adsorbent was calcined in a muffle
furnace at 400 °C for 2 h to release the sites and remove moisture.

The copper ion solution was prepared from a copper sulfate solution with a concen-
tration of 2.5 g /1, with pH adjusted to 5 to prevent Cu®* precipitation and to promote its
interaction with the negatively charged sites of the adsorbent [31,32]. The solution was
conditioned to obtain different concentrations ranging between 150 ppm and 2500 ppm,
corresponding to the adsorption isotherm points, and for each adsorption test, standard
solutions were prepared in the same concentration range. The batch experiments were
carried out in 250 mL Erlenmeyer flasks containing 0.1 g of zeolite 5A and 100 mL of the
copper sulfate solution, kept on a shaker table (at 150 RPM) for 2 h. After equilibrium was
reached, the samples were filtered and analyzed by UV-Vis spectrophotometry, with copper
absorbance readings taken at a wavelength of 800 nm.

Subsequently, the experimental data were used to estimate the model parameters
following the same steps described previously (Figure 1), with the addition of validation
and later prediction of isotherms at different temperatures, using the following steps:

(a) Step 1: Five experimental isotherms of copper ion adsorption (25 °C, 35 °C, 45 °C,
85 °C, and 95 °C) were selected for model calibration. Based on the estimated values
of Qmax at these temperatures, a linear regression was performed to estimate the
coefficients a and b. The parameter K was considered constant according to the
previously performed sensitivity analysis.

(b) Step 2: Using the parameter estimates obtained in Step 1, isotherms at 55 °C, 65 °C,
and 75 °C were simulated to evaluate the agreement between the simulated data
from the calibrated model and the experimental data, noting that the simulated data
did not include the experimental data in the inference process, being used only for
later comparison.

(c) Step 3: The proposed model was used for the prediction of isotherms in the tempera-
ture range from 25 °C to 95 °C.

3. Results and Discussion

In this section, the results obtained from the calibration, validation, and application
of the proposed model are presented. Four sets of experimental data were fitted to the
Langmuir model, enabling the individual estimation of the parameters Qmax and Kt
at different temperatures. Then, the hypotheses of K, being constant and Qmax being
a linear function of temperature were adopted. Taking these assumptions into account,
an adaptation to the Langmuir model was proposed, explicitly incorporating temperature,
which allowed the joint calibration of all isotherms of each system. Subsequently, this
methodology was applied to the experimental data of copper ion adsorption by zeolite 5A,
obtained at different temperatures in this work, integrating validation with data not used
in calibration, as well as predictions for the studied temperature range, demonstrating the
applicability of the model to simulate isotherms under untested conditions.

In the application of the parameter estimation method, a variance of 1% of the maxi-
mum experimental measurement (qexp) Was considered for the experimental uncertainty,
related to the amount of adsorbate adsorbed in the isotherms. The number of states of the
Markov chain (N) was set to 10,000, and the search step (w) used was 0.003, ensuring the
stabilization of the chains.
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Thus, for parameter estimation by the MCMC method using the Metropolis—-Hastings
algorithm, based on the acceptance/rejection method, a uniform prior probability dis-
tribution was employed. The lower bound was established at zero, since physically, all
parameters must be positive, and for the upper bound, a value considered sufficiently high
was chosen, where it is expected that the probability of the value lies within this interval.

The choice of a uniform prior probability distribution (Equation (15)) is justified by
the lack of prior knowledge about the parameters, allowing all values to have an equal
probability of being chosen.

Prior = Uniform (O, 10P”f) (15)

The definition of the posterior probability distribution was carried out after verifying
the convergence of the chains for the determination of the burn-in states. Thus, a burn-in
period corresponding to 90% of the number of Markov chain states was considered, so
that only the final 10% were used in the analysis of the posterior probability distributions.
Moreover, the credibility interval, used to provide an estimate of the uncertainty in the
adjusted parameters, indicating the probability that the true value of the parameters lies
within this interval, was set at 95%. Table 2 presents the elements employed for the
application of MCMC in parameter estimation.

Table 2. Fundamental elements employed in parameter estimation.

Parameter Estimation by MCMC

Variance (Uncertainty) 1% max (qexp)

States of the Markov chain (N) 10,000

Search Step (w) 0.003
Credibility Interval 95%

Prior Prior = Uniform (0,10P™f)

The four datasets from the literature were initially fitted to the classical Langmuir
model (Equation (6)) individually for each temperature. For each system (Table 1),
an initial estimate of the K, constant was adopted, based on the order of magnitude
of the estimates originally reported in the respective studies. The maximum adsorption
capacity (Qmax) at each temperature for each system was estimated using the Markov Chain
Monte Carlo (MCMC) method, considering that this parameter is restricted to an interval
between the value corresponding to the highest experimentally observed adsorbed amount
in each isotherm and, at most, 50% above this value. This choice is justified because, in
some systems, the experimental isotherms did not reach the saturation region, making it
impossible to directly identify Qmax. Thus, defining an upper limit 50% above the highest
experimental value ensures that the MCMC explores a physically plausible region, pre-
venting estimates that are incompatible with the observed dynamics. This value proved to
be sufficiently broad to allow variability in the estimates without compromising physical
plausibility or the stability of the Markov chains.

In addition, a sensitivity analysis of the parameters Qmax and K, was performed
for each isotherm of each system. The graphs corresponding to the sensitivity coeffi-
cients (Equation (8)) are presented in the Supplementary Materials (Figure S1), allowing
assessment of the influence of each model parameter.

In general, it was observed that Qmax presented a high magnitude in relation to the
experimental data, evidencing a significant influence on the isotherm dynamics. On the
other hand, the model constant (K1) exhibited a low magnitude, indicating little influence
on the response, which justifies the hypothesis of being considered constant. This behavior
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was consistent across all datasets, supporting the hypothesis that K, can be considered
constant within the evaluated temperature range.

From the individual fittings of the isotherms and the sensitivity analyses, it was
possible to establish the hypotheses adopted in the proposed model. For the parameter
Qmax, the estimated values exhibited a monotonic and linear increase with temperature
across all evaluated systems, including both the literature datasets and the experimental
results obtained in this work. The linear regressions presented coefficients of determination
confirming that this relationship is sufficient to represent the system dynamics within the
studied temperature range.

Regarding the parameter K , its reduced sensitivity was low in all analyzed systems,
as evidenced by the low magnitude of its reduced sensitivity coefficient, indicating minimal
influence on the isotherm dynamics across the evaluated temperatures. Thus, no variation
was observed that would justify formulating an explicit temperature dependence for
this parameter. Therefore, the assumption of a constant K, emerged directly from the
experimental dynamics, providing consistency to the calibration process.

Table 3 presents the Qmax and Kp values estimated through MCMC for each
system, while the equilibrium curve fittings obtained for the evaluated systems of
amoxicillin, phosphate, methylene blue, and caffeine adsorption are shown in the
Supplementary Materials (Figure S2). According to the studies used in the model proposal,
and as reported by Wu et al. (2022) [33], Liu et al. (2024) [31], Hung et al. (2023) [9], and
Rasheed et al. (2024) [10], the adsorption capacity (Qmax) estimated by the Langmuir model
showed relevant variations as a function of temperature. This dynamic reinforces the
importance of strategies that explicitly incorporate temperature into model equations, as a
means to improve the descriptive and predictive capability of the model under different
operational conditions.

Table 3. Estimates of Qmax and Ky, obtained through MCMC for each system, with Qmayx estimated
individually for each temperature and the same K .

Adsorption of Amoxicillin Adsorption of Phosphate Adsorption of Methylene Blue Adsorption of Caffeine
Temp.  Qmax 2 Temp. Qmax 2 Temp. Qmax 2 Temp.  Qmax 2
RMSE RMSE RMSE RMSE
€O  (mgly K SE O mgg R SE 0 (mgy R SE o (mgyp R s
30°C  34.69 0.96 112 25°C 212 0.99 0.07 30°C 89.26 0.74 392 15°C 1324 0.96 0.82
40°C  57.64 0.99 1.03 35°C 222 0.98 0.09 35°C  90.83 0.89 2.18 25°C  19.95 0.95 1.42
50°C  78.52 0.97 2.39 45°C 2.29 0.96 0.13 40°C 9725 0.87 2.66 40°C 2411 0.93 1.77

Ky (L/mg) =0.02

Kp (L/mg) =0.14

Ky, (L/mg) =245

Ky, (L/mg) = 0.03

From the sensitivity analysis, in the first stage, it was established in the estimation
process that the parameter Ky, should remain constant for all isotherms at different tem-
peratures. Furthermore, it was verified that the Qmax values estimated in this study were
consistent with those reported experimentally in the original articles. For example, at
higher temperatures, Jurado Davila et al. (2023) [14] observed about 2.3 mg/g (R?=0.97)
for phosphate, Cheng et al. (2020) [15] reported 95.24 mg/g (R? = 0.96) for methylene blue,
and Oliveira et al. (2024) [16] indicated approximately 20.26 mg/g (R? = 0.98) for caffeine.
This occurred partly due to the range defined for the estimates (between the experimental
value and up to 50% above it), which provided flexibility to the model to accommodate
variations arising from the stochastic nature of the MCMC process.

It is worth noting that the coefficients of determination (R?) obtained in the individual
fittings of each isotherm were, in some cases, lower than the values reported in the original
studies. This difference was expected, since the present work imposed restrictions on
the Qmax values to ensure physical consistency among the isotherms and reduce the risk
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of inconsistencies, whereas in the original fittings, the models had complete freedom to
fit exclusively to the experimental data. For instance, for the phosphate system, the R?
values were 0.99 and 0.97 (25 and 45 °C), while in this study, they were close, ranging
between 0.98 and 0.96. For methylene blue, the original values were 0.95 and 0.94 (30 and
35 °C), whereas the estimates obtained here presented lower values, such as 0.75 and 0.88,
reflecting the greater dispersion in the experimental data of this system. In the case of
caffeine, R? reached up to 0.988 (40 °C), while in this work, it ranged between 0.96 and 0.93.

After the initial estimates, based on the Qmax values estimated (Table 3), linear regression
as a function of temperature (in Kelvin) was performed for each dataset (Qmax = aT + b), as
presented in the Supplementary Materials (Figure S3), which shows the relationship between
the individually estimated Qmax values and the line obtained by regression. The model
proposed in this article was calibrated for each system, obtaining the coefficients a and b by
regression, which are presented in Table 4.

Table 4. Estimates of parameters a, b, and Ky, obtained through MCMC in the calibration step of the
model with simultaneous fitting of the isotherms.

Adsorption of Adsorption of . Adsorption of
Amoxicillin Phosphate Adsorption of Methylene Blue Caffeine
K (L/mg) = 0.0182 K (L/mg) = 0.1440 Ky (L/mg) = 2.4718 K (L/mg) = 0.0313
a (mg/g.K) = 2.2101 a (mg/g.K) = 0.0085 a (mg/g.K) = 0.7919 a (mg/g.K) = 0.4245
b (mg/g) = —633.3110 b (mg/g) = —0.4208 b (mg/g) = —151.6459 b (mg/g) = —108.4988
Temp. 2 Temp. 2 Temp. 2 Temp. 2
RMSE RMSE RMSE RMSE
co X S ¢o R B o R B g R >
30°C 0.96 1.18 25°C  0.99 0.07 30°C 0.74 3.92 15°C 094 1.02
40°C 0.98 1.20 35°C  0.98 0.09 35°C 0.83 2.69 25°C 092 177
50 °C 0.97 1.29 45°C 0.96 0.13 40 °C 0.87 271 40 °C 0.94 1.71

The regressions showed coefficients of determination (R?) ranging between 0.89 and
0.99, which indicates a good degree of fit to the experimental data. Even in cases where
R? values were slightly lower (0.89 for methylene blue adsorption and 0.94 for caffeine
adsorption), the linear function was considered adequate to represent the trend of Qmax
variation as a function of temperature, maintaining physical consistency and coherence
among the isotherms. In the study of Cheng et al. (2020) [15] (methylene blue adsorption),
for example, the fittings reported in the original article already presented relatively modest
R2 values for each temperature (0.95 for 30 °C, 0.94 for 35 °C, and 0.96 for 40 °C), indicating
that the experimental data already showed greater dispersion, which naturally influences
the results of the joint regression of these data performed in this study.

Considering the adopted hypotheses and the coefficients a, b, and Ky, previously ob-
tained, the calibration step was performed for each dataset, aiming to infer prior knowledge
of the process dynamics. In this step, the parameters were used as initial estimates in a new
simulation using MCMC with the Metropolis—-Hastings algorithm, allowing the posterior
distributions to be obtained and the estimated values to be refined based on the simulta-
neous fitting of the isotherms at different temperatures. The simulated curves, presented
in the Supplementary Materials (Figure 54), were then generated from this calibration,
considering the dependence of Qmax on temperature and Ky, as constant.

According to the comparison between the simulated and experimental curves
(Figure S4), the results indicated a good fit of the adapted model to the isotherms, even
with the adopted hypotheses. This reinforces the capability of the model to describe the
system dynamics with a reduced number of parameters. The consideration of Qmax as a
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linear function of temperature and Ky, as constant enabled the simultaneous calibration of
all evaluated isotherms, unlike the conventional approach, in which each isotherm is fitted
individually. This strategy reduces the risk of inconsistencies and enhances the predictive
capability of the model, since the influence of temperature is explicitly incorporated into
the equation.

Furthermore, although the coefficients of determination (R?) and the root mean square
error (RMSE) obtained in the joint calibration step showed slightly lower and higher values,
respectively, compared to the individual fittings, this is expected due to the constraints
imposed on the model. While the isolated estimation of each isotherm provides greater
freedom for the parameters to adjust to the experimental data, the adapted model in-
troduces restrictions grounded in physically consistent hypotheses, promoting a more
coherent representation of the overall system dynamics. These results demonstrate that the
proposed methodology is potentially applicable to other adsorption systems that exhibit
thermally dependent dynamics.

It is important to highlight that the differences between the R? values obtained in the
individual fittings and those obtained in the joint fittings arise directly from the constraints
introduced by the adapted model. In the individual fittings, the parameters have full
freedom to be estimated and to adjust the simulation to the experimental data, which tends
to result in higher R? values. In contrast, in the joint fitting, the parameters a and b, which
describe the linear dependence of Qmax (T), are shared across all temperatures, reducing the
model’s degrees of freedom and consequently lowering the overall R?. This reduction does
not indicate inadequacy of the model, but is instead the natural consequence of imposing
such restrictions and ensuring physical coherence among all evaluated isotherms, enabling
the model to simultaneously represent the adsorptive dynamics of the system and provide
predictive capability across the entire temperature range studied.

Application of the Model to Copper lon Adsorption by Zeolite 5A

The same approach was applied to the experimental data obtained in the present work
for copper ion adsorption by zeolite 5A. Initially, the Langmuir model parameters were
estimated individually for each temperature, as is commonly addressed in the literature.
Table 5 presents the estimates of the model parameters (Qmax and Ky ), obtained individually,
at temperatures of 25 °C, 45 °C, 55 °C, 65 °C, 75 °C, 85 °C, and 95 °C.

Table 5. Estimation of Langmuir isotherm parameters at different temperatures.

Parameter 25°C 35°C 45 °C 55°C 65 °C 75 °C 85 °C 95 °C
Qmax (mg/g) 236.99 271.70 368.34 432.08 524.63 704.77 784.19 965.60
Ky, (L/mg) 0.01 0.018 0.006 0.009 0.007 0.005 0.005 0.005
R? 0.97 0.89 0.94 0.93 0.96 0.94 0.97 0.98
RMSE 7.81 16.06 21.96 26.74 24.11 36.61 30.19 36.09

According to Table 5, the Langmuir model exhibited good agreement with the ex-
perimental data, as most of the determination coefficients (R?) assumed values above 0.9,
indicating that the model represents more than 90% of the variability observed in the
copper ion sorption isotherms under the established conditions. In parallel, the relatively
low values of the root mean square error (RMSE), ranging between approximately 7.8 and
36.1 mg/g, reinforce the quality of the individual fittings. These results indicate that the
average differences between the values predicted by the model and the experimental data
were small, showing that the estimates of Qmax and Kj, properly represented the system
dynamics at all analyzed temperatures.
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In addition, from the data in Table 5, an increase in the maximum sorption capacity was
observed with an increasing temperature, indicating an endothermic process, which can be
attributed to the greater kinetic energy of the molecules as temperature rises, facilitating
the interaction between copper ions and the sorption sites [7,8].

The K|, constant represents the interaction between adsorbate and adsorbent, but it
did not show a clear trend with respect to temperature, suggesting that the affinity between
the ions and the sorption sites is not directly influenced by this parameter. Thus, due
to the analysis of the dynamics and the sensitivity analysis of Ki and Qmax at the five
temperatures (25 °C, 35 °C, 45 °C, 85 °C, and 95 °C), as shown in the Supplementary
Materials (Figure S5), the premises for the predictive model of isotherms at temperatures
not experimentally tested could be adopted.

According to the sensitivity coefficients (Figure S5), in general, it was observed that
Qmax presented a high magnitude, evidencing a significant influence on the dynamics of
the isotherms. On the other hand, the model constant (K ) showed a low magnitude, indi-
cating a minor influence on the response, which supports the same hypotheses previously
adopted. Since the maximum adsorption capacity (Qmax) exhibits a linear dynamic with
respect to temperature, the premise that the parameter is established by a linear equation
(Equation (7)) to describe this dependence is justified.

Based on the definition of the hypotheses, a linear regression was applied to the Qmax
data, once again estimated through MCMC (Table 6), respecting the previously adopted
limits in which the parameter could not be lower than the experimental value observed for
each isotherm nor greater than 50% above this value. Simultaneously, the Ky, parameter
was also estimated, using a value of the same order of magnitude as that obtained in the
individual fittings of each isotherm as an initial guess (Table 5).

Table 6. Estimates of Qmax and K, with Qmax of zeolite 5A estimated individually for each temperature.

@) Omax (mg/ g) 262.00
?Nn R2 0.89

RMSE 15.74
O Qmax (mg/g) 326.64
i;n R2 0.71

RMSE 45.06
@) Omax (mg/ g) 376.95
" R? 0.94
L0

RMSE 2231
@) Omax (mg/ g) 746.76
N R2 0.96
[¢0]

RMSE 32.49
@) Omax (mg/g) 921.90
i R? 0.97

RMSE 38.17

Ky, = 0.059

The regression was performed as a function of temperature (Figure 3), expressed
in Kelvin (K), to obtain the angular (a) and linear (b) coefficients of Equation (7), which
assumed the values of 9.15 mg/g.K and —2.54 x 10% mg/g, respectively, with Ki_ estimated
at 0.006 L/mg. The determination coefficient (R?) obtained was 0.98, indicating that the

72



Processes 2025, 13, 4036

linear regression adequately describes the dynamics of the adsorption capacity as a function
of temperature. Thus, the determination of the coefficients made it possible to estimate
Qmax at different temperatures.
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Figure 3. Linear regression of Qmax data as a function of temperature.

Considering the previously established hypotheses, a new joint estimation of the
parameters a, b, and Ky, was carried out through the Markov Chain Monte Carlo (MCMC)
method. At this stage, the parameter values obtained in the previous steps were used as
initial estimates. Figure 4a—e present the simultaneous fitting of the Langmuir model to the
experimental isotherm data at 25 °C, 35 °C, 45 °C, 85 °C, and 95 °C, which were used for
model calibration, adopting Qmax as a linear function of temperature and Ky, as constant.

From the curves estimated individually and those obtained considering the model
assumptions, a reduction in the determination coefficients (R?) of the predicted curves
with respect to the formulated hypotheses (Table 6) was observed, in comparison with the
results estimated individually (Table 5). However, when Qmax was treated as a random
variable without restrictions for estimation, the model tended to supply a better fit to the
experimental data. From a physical standpoint, this may indicate an invalid result, since the
hypothesis that Qmax depends on temperature was confirmed by the experimental data. By
supplying this additional information to the model (incorporated into the prior probability
distribution), the reliability of the response variable was increased, better reflecting the
reality of the studied system.

In the model validation stage, assuming that Qmax varies linearly with temperature
(Equation (7)), isotherms at intermediate temperatures of 55 °C, 65 °C, and 75 °C, which
were not included in the fitting stage, were predicted to evaluate the predictive capability of
the model. Figure 5 presents the experimental and simulated isotherms at the intermediate
temperatures generated from the predictive model.

According to the validation estimates, the model proved effective in predicting
isotherms, enabling the extension of predictions to temperatures not experimentally as-
sessed. Figure 6 shows the adsorption equilibrium curves across the temperature range of
25 °C to 95 °C, including conditions not experimentally performed, in which the amount
of adsorbate (copper) adsorbed per gram of zeolite (mg/g) is expressed as a function of
temperature (°C) and equilibrium concentration (mg/L).
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Figure 4. Fitting of the isotherms used for model calibration at temperatures of 25 °C (a), 35 °C (b),
45 °C (c), 85 °C (d), and 95 °C (e).

As shown in Figure 6, the proposed model allowed the estimation of adsorption

capacity throughout the entire evaluated temperature range (25-95 °C), including interme-

diate isotherms not experimentally obtained. This approach enhances the understanding

of system dynamics under different thermal conditions without the need to perform ad-

ditional experiments for each temperature, which has practical implications, especially

in industrial contexts, where it is often desirable to know adsorbent performance under

varying operating conditions.
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Figure 5. Estimation of the isotherms used for model validation at temperatures of 55 °C (a), 65 °C

(b), and 75 °C (c).
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Figure 6. Prediction of adsorption isotherms at different temperatures.

Thus, the prediction provided by this model enables a continuous analysis of the
process over a wide temperature range, enabling the practical application of the model
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under different conditions, supporting the planning and optimization of processes in which
thermal control is a critical factor.

The linear relationship proposed for Qmax (T) proved to be adequate within the
temperature range studied, showing strong consistency with the individually generated
experimental values for the different systems evaluated. This formulation reflects an
empirical behavior consistently observed in the analyzed data, allowing the isotherms to
be integrated into a single model representative of the adsorptive dynamics within the
evaluated temperature interval. However, because this linearity does not derive from
a fundamental relationship based on mass and energy balances, extending this trend
to temperatures substantially different from those investigated is avoided, as additional
effects related to adsorption energy and adsorbent behavior may become relevant outside
the experimental range. Thus, the conclusions obtained with the model are valid for the
temperature interval in which this trend was verified for the systems studied.

In parallel, the assumption of a constant Ky, proved adequate within the temperature
range studied, since the values individually estimated for the different systems exhibited
low sensitivity, remaining within the same order of magnitude and showing no clear trend
of variation with temperature. Thus, within the considered interval, no significant variation
in Ki was observed that would allow for the development of a mathematical formulation
incorporating temperature into this parameter. This behavior allowed K, to be adopted
as constant in the formulation of the proposed model, ensuring mathematical coherence
without introducing unnecessary degrees of freedom.

However, because this constancy does not arise from a thermodynamic relationship
but rather from a pattern observed in the experimental systems evaluated, its applica-
tion to temperatures markedly different from those investigated should be approached
with caution, making predictions within the studied temperature range more appropriate.
Therefore, the validity of this hypothesis is restricted to the temperature range studied and
to the systems for which this trend was experimentally verified.

4. Conclusions

The adaptation of the Langmuir isotherm model with the inclusion of temperature as
a variable, developed through the computational methodology presented in this work, was
initially formulated based on isotherms involving different adsorbent-adsorbate systems
and subsequently applied to experimental data obtained from copper ion adsorption by
zeolite 5A. This approach enabled the prediction of isotherms within a temperature range
of 25 °C to 95 °C.

The assumptions formulated and the methodology employed to calibrate and validate
the model were fundamental for the prediction stage. In this way, the predictive model
contributed to the understanding of the adsorption process dynamics as a function of
temperature, which is particularly important in scenarios where experimental data are
limited. Thus, it is not only possible to assess the adequacy of an experiment to a model, but
also to simulate conditions and optimize adsorption processes, highlighting the potential
applicability of the methodology to different cases of isotherms under operating conditions
for which no experimental data are available.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr13124036/s1, Figure S1: Sensitivity analysis of the parameters
Quuax and K with respect to the adsorbed amount g, for the systems: amoxicillin (S51.1), phosphate
(S1.2), methylene blue (51.3), and caffeine (S1.4); Figure S2: Langmuir model fittings to the experimen-
tal adsorption data for the evaluated systems: amoxicillin (52.1), phosphate (52.2), methylene blue
(52.3), and caffeine (S2.4); Figure S3: Linear regressions of the individually estimated Qmax values as
a function of temperature (in Kelvin) for each experimental dataset: amoxicillin (a), phosphate (b),
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methylene blue (c), and caffeine (d); Figure S4: Simulated curves generated from the calibration of
the Langmuir model for the evaluated systems: amoxicillin (54.1), phosphate (S4.2), methylene blue
(S4.3), and caffeine (S4.4), considering Qyx as a linear function of temperature and K as constant.
Figure S5: Sensitivity analysis of the parameters Ki and Qmax at temperatures of 25 °C (a), 35 °C (b),
45 °C (c), 85 °C (d), and 95 °C (e).
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Abstract: Alumina nanoparticles have broad applications in catalysis, electronics, and the
construction sector, and are widely incorporated as additives in coating formulations to
enhance mechanical durability and functional performance. This work focuses on the
green synthesis of aluminum oxide (Al;O3) nanoparticles using lemongrass (Cymbopogon
citratus) extract. Aluminum nitrate [AI(NO3)3] and aluminum chloride (AICl3) were used
with extract. The reaction was carried out at 70 °C for 1 h at 250 rpm and then thermal
treatments at 700 °C and 900 °C were applied. The results showed that nanoparticles
synthesized from the AICl; and calcined at 700 °C exhibited a smaller particle size (36
£ 14 nm) as compared with those synthesized from the [AI(NO3)3] and calcined at 700
°C (49 £ 25 nm). Despite both precursors yielding nanoparticles, the peaks related to the
v-Al,Oj3 crystal phase were observed in the AlCl3 at 700 °C calcination. Conversely, the
nanoparticles synthesized from the [AI(NO3)3] required a high temperature treatment at
900 °C to display this stable crystal phase. This study reports an easy and cost-effective
green chemistry route to obtain y-Al,O3 nanoparticles, highlighting the importance of the
selection of precursors as a critical step to achieve a sustainable and low-energy process,
suggesting the potential applications in paints with multifunctional properties.

Keywords: green synthesis; nanoparticles; aluminum nitrate; aluminum chloride; coatings

1. Introduction

Metal oxide nanomaterials stand out for their remarkable physicochemical proper-
ties, such as high catalytic activity, thermal stability, and adsorption capacity [1]. Their
reduced size (10-100 nanometers) and high surface-to-volume ratio mainly account for
these features. Moreover, they can be used to improve mechanical and thermal resistance
in ceramic materials; to fabricate semiconductors and electronic devices [2] due to their
dielectric nature; to provide protective coatings against friction and high temperatures
in the aerospace industry; to serve as antimicrobial agents and drug carriers in medicine;
to enable the controlled release of nutrients in agriculture; and to develop chemical sen-
sors for gas detection [3]. Among all known metal oxide nanomaterials, aluminum oxide
(Al,O3) nanoparticles have attracted considerable interest in the design and formulation
of antimicrobial agents for sustainable biomedical applications, since they are chemically
bio-inert and exhibit good hydrolytic stability [4]. Additionally, the AlO3 nanoparticles
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can be used as additives for paints and coating materials to provide functional proper-
ties, such as antifungal activity [5,6], self-cleaning [7,8], and UV protection by generating
a reflective effect [4].

The synthesis of nanoparticles through green chemistry [9] has become a sustainable
alternative to traditional methods, which often require the use of toxic reagents and high
energy consumption. In this green approach, plant extracts containing active components
such as flavonoids, polyphenols, enzymes, and terpenes are used as ion chelators, reducing
agents, and stabilizers during the nanoparticle formation [10].

Several studies have reported the green synthesis of alumina nanoparticles using
plant extracts such as Coffea (coffee), Camellia sinensis (tea), and Triphala (Indian goose-
berry), under microwave irradiation, producing nanoparticles with spherical or oval mor-
phologies and sizes ranging from 50 to 100 nm [11]. Lemongrass (Cymbopogon citratus) is
an herbaceous plant rich in phytocomponents such as terpenoids, flavonoids, and phenolic
acids. These secondary metabolites exhibit high chelating and antioxidant capacities, which
are useful for the nucleation and stabilization of nanomaterials when a green synthesis
approach is applied. Ansari and coworkers [12] reported the effectiveness of lemon-
grass extract for the synthesis of spherical Al,O3; nanoparticles with an average size of
34.5 nm and a strong antibacterial activity against Pseudomonas aeruginosa by using
a minimal inhibitory concentration of nanoparticles ranging from 1600 to 3200 ug/mL [12],
in contrast with the current study, we employ a simpler and energy-efficient method that
does not require microwave-assisted equipment. This approach improves scalability and
reproducibility, while also underscoring the critical role of precursor selection in nanopar-
ticle production. In other work, Rashid and coworkers evaluated the synthesis of Al,O3
nanoparticles using red onion peel extract and aluminum chloride as the precursor. They
observed the formation of spherical to rod-like nanoparticles with a hexagonal crystal
phase after calcination at 450 °C [13].

Several recent studies have demonstrated that the choice of aluminum precursor plays
a decisive role in determining the final structure of alumina as well as the temperature
required for the formation of specific crystalline phases. Wen et al. compared different
aluminum precursors including chlorides, nitrates, and sulfates and showed that the an-
ion type governs the thermal decomposition pathway and, consequently, the formation
of phases such as y-Al,O3. Their results indicated that nitrates decompose rapidly and
violently, leading to materials with lower crystallinity, whereas chlorides promote a more
defined formation of the gamma phase at relatively lower temperatures. These findings
highlight the relevance of comparing AlICI3 and Al(NO3)3 in our synthesis, as they explain
the marked differences in crystallinity observed between both precursors [14]. Comple-
mentary evidence was provided by Zheng et al. who demonstrated that the chemical
nature of the precursor or catalyst can modify nucleation kinetics and the final structural
order of alumina. In their study, the presence of anhydrous aluminum chloride during
the hydrolysis of aluminum isopropoxide acted as a nucleation modulator, producing
more uniform particles and better-ordered phases after calcination. This reinforces that
even subtle variations in precursor chemistry directly affect the structural quality of the
resulting alumina [15].

This research was focused on synthesizing aluminum oxide (Al,O3) nanoparticles pre-
pared by green chemistry using lemongrass (Cymbopogon citratus) extract as a reducing and
stabilizing agent. Moreover, the influence of the aluminum precursor on size distribution
and crystal structure was analyzed. For this purpose, two different inorganic aluminum
salts were evaluated: aluminum nitrate nonahydrate [AI(NO3)3.9H,0] and aluminum
chloride hexahydrate [AICl3.6H,O]. Additionally, the synthesized Al,O3; nanoparticles
were submitted to thermal treatments at 700 °C and 900 °C to encourage the gamma crys-
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tal phase, which is desirable for innovative paint-type coatings; thus, this study aims to
contribute to the development of suitable methods for obtaining nanomaterials applicable
to multifunctional coatings.

2. Materials and Methods
2.1. Materials

Lemongrass leaves (Cymbopogon citratus) were collected at Gambote, Bolivar, Colom-
bia. Aluminum nitrate nonahydrate [AI(NO3)3.9H,0, 99%] and ethyl alcohol (C,H5O0H,
99.5%) were purchased from Merck KGaA (Darmstadt, Germany). Aluminum chloride
hexahydrate [AICl3.6H,0, 99%] and sodium hydroxide (NaOH, 99%) were acquired from
Loba Chemie (Mumbai, India) and Sigma-Aldrich (Burlington, MA, USA).

2.2. Extract Preparation of Cymbopogon citratus

Lemongrass extract was prepared using fresh biomass, as illustrated in Figure 1. In
a typical procedure, the lemongrass leaves were washed with distilled water and then
placed in an oven at 60 °C for 6 h. The dried biomass was ground, and 100 g of this
biomaterial was used to prepare the lemongrass extract in 600 mL of distilled water at
80 °C for 20 min. Afterward, the aqueous extract was filtered and stored in a glass bottle at
4°C[16]

Dried lemongrass Grinding and

Lemongrass Classification and leaf homogenization

recollection leaf cleaning

‘ - -
‘ v e T

L A a am an §
A -

Lemongrass final
extract

Extract preparation

Filtered extract

Figure 1. Preparation of the lemongrass aqueous extract.

2.3. Synthesis of Al;O3 Nanoparticles

Figure 2 shows the methodology employed to obtain aluminum oxide (Al,Os)
nanoparticles using lemongrass extract. The presence of terpenes and terpenoids in the
extract prevents uncontrolled agglomeration of the aluminum hydroxide formed during
synthesis. These phytochemicals as 6-Methyl-5-hepten-2-one and B-Myrcene could interact
through their functional groups, effectively contributing to size control. This extract has
also proven effective in the green synthesis of TiO, nanoparticles in previous studies of this
group [17]. Initially, 10 g of the inorganic aluminum salt precursor (aluminum nitrate or
aluminum chloride) was dissolved in 100 mL of the lemongrass extract. This mixture was
heated at 70 °C for 1 h at 250 rpm, with a 6 M NaOH solution added dropwise; the total
volume added was 14 mL for the aluminum nitrate precursor and 21 mL for the aluminum
chloride, corresponding to addition rates of 0.22 mL-min~! and 0.35 mL-min~?, respectively.
The resulting nanoparticles were washed twice with deionized water and once with ethanol
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via centrifugation at 5800 rpm for 10 min. Finally, the nanomaterials were calcined at
700 °C and 900 °C for 4 h [3,18]. Samples were labelled according to the precursor and the
calcination temperature, as follows: for aluminum nitrate (N-Al,O3-700, N-Al,O3-900) and
for aluminum chloride (C-Al,O3-700, C-Al,03-900).

[ Lemongrass extract ]

\4
Aluminum nitrate Aluminum chloride

Stirring 250 rpm, 1h, 70°C, 6M
NaOH solution dropw1se addition

[ Centrifugation, 5800 rpm, ]

v

Calcination
\4

700°C, 4h 900°C, 4h

Figure 2. Schematic representation of alumina oxide nanoparticles synthesized in the presence of

lemongrass extract and two aluminum salt precursors.

Compared with conventional chemical synthesis, green nanoparticle production offers
a lower environmental footprint. Studies report substantial reductions in emissions and
toxicity based on the use of green routes under mild heating instead of the high-temperature
stages of chemical methods, which may exceed 800-1500 °C [19]. Life Cycle Assessment
data shows that green synthesis eliminates carcinogenic impacts and significantly decreases
air-pollution-related indicators, largely due to the absence of corrosive precursors and
hazardous reducing agents [20]. Additionally, the use of plant extracts and renewable
biomass aligns with the principles of safer and less toxic industrial chemical processing [21].

2.4. Characterizations

Aluminum oxide nanoparticles were characterized by scanning electron microscopy
(SEM) coupled with energy-dispersive X-ray spectroscopy (EDS) using a Thermo Fisher
Scientific (ThermoFisher Scientific, Waltham, MA, USA) Scios 2 LoVac Dual Beam Field
Emission Electron Microscope equipped with an UltraDry 129 eV 30 mm2 EDS microanal-
ysis system (SDBX-30PM-B). Samples were analyzed at a resolution of 0.7 nm, 30 kV in
STEM mode, and 1.4 nm at 1 kV in FESEM mode [22,23]. Furthermore, X-ray diffraction
(XRD) was used to analyze the crystal structure of the synthesized nanoparticles. For these
measurements, a Malvern-PANalytical Empyrean 2012 diffractometer (Malvern Panalyt-
ical, Malvern, UK) was used with a Cu-K« radiation (A = 1.541 A) at 45 kV and 40 mA.
Measurements were performed in a 26 range between 10° and 80°, with a step of 0.05° and
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a counting time of 50 s per step [24,25]. This technique allows for the identification of the
crystalline phases present in the samples.

3. Results and Discussion
3.1. SEM-EDS

Figure 3 presents SEM images of the Al,O3; nanoparticles, in which the presence of
agglomerated nanoparticles with an irregular spherical shape can be observed. Particle size
distribution is displayed in Figure 4. Although a broad size distribution was observed for all
samples, the largest population of nanoparticles had a size smaller than 50 nm, suggesting
that for both precursors, aluminum chloride or aluminum nitrate, the phytocomponents
present in the lemongrass extract prevented the growth of the nanomaterials, acting as
capping and stabilizing agents. These results agree with the values reported in scientific
literature. Gharbi and coworkers obtained aluminum oxide nanoparticles with an average
size of 33 nm using a plant extract prepared from fire bush (Calligonum comosum L.) leaves
and aluminum nitrate as the precursor reagent [18]. Additionally, Ali and coworkers
reported the preparation of aluminum oxide nanoparticles by the coprecipitation method,
using aluminum chloride to obtain nanoparticles with a size ranging from 30 to 50 nm [26].

Figure 3. SEM images of the synthesized nanoparticles: (a) N-Al,O3-700; (b) N-Al,O3-900;
(c) C-Al,05-700, and (d) C-Al,O3-900.
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Figure 4. Particle size distribution of the synthesized nanoparticles: (a) N-Al,O3-700; (b) N-Al,Os-
900; (c) C-Al,03-700; and (d) C-Al,03-900.

It is important to note that nanoparticles synthesized from the AICl; precursor and
calcined at 700 °C exhibited a smaller particle size (36 = 14 nm) as compared with the
nanoparticles obtained from the [AI(NOj3)s] precursor at the same calcination temperature
(49 £ 25 nm). Moreover, no significant increase in particle size was determined after ther-
mal treatment at 900 °C for both aluminum precursors, despite slight evidence of sintering
initiation being observed in Figure 3b,d, reflected in partial particle agglomeration. Suae-
bah and coworkers reported a relevant size increase of Al;O3 nanoparticles synthesized
by the Sol-gel method from 374 nm up to 754 nm after submitting the nanoparticles to
a calcination temperature of 800 °C and 1000 °C, respectively. This size increase was totally
attributed to a sintering process due to grain boundary movements and material densifi-
cation at the higher temperature of 1000 °C, desirable for the formation of the x- Al,O3
crystal phase [27].

The elemental composition of the Al,O3 nanoparticles was analyzed from X-ray energy
dispersive spectroscopy (EDS). Figure 5 presents these results, from which it was observed
that all samples exhibited a high concentration of aluminum (Al) and oxygen (O), being
more notable this composition at the sample C- Al,O03-900, which displays an aluminum
content of 58.97% with an oxygen content of 37.5%. In addition, minimal traces of sodium
(Na) were detected in all samples, derived from the precipitating agent (NaOH) used in
the synthesis process. Similar results were reported by Manyasree and coworkers, who
prepared Al,O3 nanoparticles by the coprecipitation of the aluminum sulfate precursor
with sodium hydroxide [28].
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Figure 5. Elemental analysis by X-ray energy dispersive spectroscopy (EDS) for Al,O3 nanoparticles:
(a) N-Al,05-700, (b) N-Al,03-900, (c) C-Al,03-700, and (d) C-Al,03-900.

The results showed traces of Na and ClI in the nanoparticles. These species origi-
nated from residual products formed during the synthesis with NaOH, a phenomenon
also reported by Khine et al. [29], where NaCl may remain entrapped within hydroxide
surfaces of the nanoparticles or adsorbed on metal oxide nanoparticles after washing. The
detected levels are minimal, and their presence indicates that precursor and after synthesis
conditions influence its surfaces.

3.2. X-Ray Diffraction

The synthesized Al,O3 nanomaterials exhibited X-ray diffraction patterns characteris-
tic of the - Al,O3 phase (Figure 6), being more notable for the samples C-Al,03-700 and
C-Al,O3-900. These samples presented peaks at 32°, 38°, 46°, and 67° (Figure 6¢,d), which
are associated with the Miller indices (220), (311), (400), and (440), representatives of the
v-Al,Oj3 crystal phase (JCPDS card No. 10-0425) [18,30,31], confirming the formation of
this stable crystal phase for the nanoparticles prepared with the AlCl; precursor.

For the nanoparticles prepared from the aluminum nitrate precursor, the y-Al,O3
crystalline phase was only observed after calcination at 900 °C for 4 h (Figure 6b). In
the N-Al,O3-700 sample, no diffraction peaks corresponding to the gamma phase were
detected, indicating a predominantly amorphous material. Moreover, the diffraction peaks
of the N-Al,O3-900 sample were less intense and broader than those observed for the
C-Al;O3-700 and C-Al,O3-900 samples, suggesting lower crystallinity or a higher content
of amorphous material in the nanoparticles obtained from the [Al(NO3)3] precursor.

The average crystallite size was estimated using the Debye-Scherrer equation, where
D represents the crystallite size, 0 is the Bragg angle (0.5824 rad), A is the wavelength of
the Cu K« radiation (1.541 A), B is the full width at half maximum of the diffraction peak
(FWHM = 0.0332 rad), and k is the shape factor (0.9) [18]. For the calculation, the diffraction
peaks with the highest intensities corresponding to the (311), (400), and (440) planes were
selected. It is important to note that no instrumental broadening correction was applied in
this analysis; therefore, the calculated values should be considered approximate estimates
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of the crystallite size. The values obtained for the synthesized nanomaterials are presented
in Table 1, observing a crystal size of approximately 4 nm for these samples, independent
of the aluminum precursor or thermal treatment applied. This result agrees very well
with the values reported by Ali and coworkers in their study on the synthesis of y-Al,O3
nanoparticles from the hydrothermal method, in which crystal size values from 4 to 6.5 nm
were determined for the aluminum oxide nanoparticles prepared from aluminum nitrate
precursor and with a calcination temperature of 600 °C [32].
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Figure 6. X-ray diffraction patterns of the samples (a) N-Al,O3-700; (b) N-Al,O3-900; (c) C-Al,03-700;
and (d) C-Al,03-900.

Table 1. Crystal size of the Al;O3 nanoparticles.

Sample Crystal Size (nm)
N-Al,O3-700 3.87
N-Al,O03-900 4.61
C-Al,O3-700 4.05
C-Al,03-900 4.03

4. Conclusions

The main objective of this study was to develop a green synthesis route for aluminum
oxide (Al,O3) nanoparticles using lemongrass (Cymbopogon citratus) extract and to evaluate
the influence of different aluminum precursors and thermal treatments on their structural
and morphological properties. The aluminum precursor and thermal treatment significantly
influenced the size and crystal structure of the Al,O3 nanoparticles prepared by green
synthesis using lemongrass extract. In particular, the samples derived from AICl; exhibited
more defined diffraction peaks and a more uniform morphology, as compared to those
obtained from the AI(NOg3); precursor. These observations highlight that the choice of
aluminum precursor not only affects crystallinity and particle uniformity, but also governs
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the interaction between AI** ions and the bioactive metabolites in the lemongrass extract,
influencing nucleation, growth, and stabilization processes. Consequently, precursor
selection is a key factor for optimizing the structural quality and performance of y-Al,O3
nanoparticles synthesized via green routes.

Additionally, the presence of bioactive metabolites in the lemongrass (Cymbopogon cit-
ratus) extract (phenols, flavonoids, and aldehydes) might have reinforced these differences.
The CI™ ions released from the aluminum chloride precursor appear to play an active role
in stabilizing the transient complex between Al*3 and the functional groups of the extract,
thereby favoring the formation of more stable nanoparticles with higher crystallinity. In
contrast, the NO; ™~ ions from the aluminum nitrate precursor appear to compete with
the bioactive metabolites for coordination to aluminum, thereby limiting the efficiency
of the stabilization process and contributing to the irregular shape and poor crystallinity
of the aluminum oxide nanoparticles. These results are consistent with reports on the
synthesis of boehmite and alumina, which show that the type of precursor directly affects
the structure and properties of the nanoparticles [33-35]. In conclusion, the AICl; precursor
combined with the lemongrass extract provided a better route for synthesizing y-Al,Os3
nanoparticles by promoting crystallization at 700 °C, resulting in a lower energy cost than
the thermal treatments at 900 °C required for the alumina nanoparticles obtained with the
Al(NO3)3 reagent.

The green v-Al,O3 nanoparticles synthesized in this study show promising potential
for use as functional additives in advanced coating systems. Beyond their capacity to
enhance wear resistance and UV protection, these nanomaterials represent a prospective so-
lution for future applications in asbestos-cement products and protective coatings designed
to reduce fiber release from aging asbestos surfaces. Such applications are particularly
relevant in developing countries—such as Colombia—where asbestos has been recently
banned, and efforts are underway to identify effective mitigation strategies that limit envi-
ronmental dispersion while improving thermal comfort in housing. Accordingly, future
research by the authors will focus on exploring the integration of these green-synthesized
alumina nanoparticles into asbestos-cement rehabilitation systems and related coating
technologies to improve thermal comfort.
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Abstract: The development of photocatalyst material is vital for the practical application
of environmental purification, solar energy conversion, and chemical production. In this
work, a spherical Bi(C¢N7O3) photocatalyst is successfully prepared by replacing K* of rod-
shaped K3[CgN7O3] with Bi** ions through the ion exchange method, which demonstrates
an improved homogeneous photodegradation efficiency over antibiotics in water compared
to pristine K3[CsN7O3]. Under visible light irradiation, Bi(C4N7O3) degraded 81% of
tetracycline hydrochloride within 60 min, and the rate constant was 1.8 and 79.1 times
greater than K3[C¢N7O3] and bulk g-C3Ny, respectively. Scavenger experiments revealed
that superoxide radicals and holes are the primary active species in the photocatalytic
process. This study presents a promising route for designing high-performance visible-
light photocatalysts by a simple ion-exchange approach for environmental applications.

Keywords: antibiotic degradation; Bi(C¢N;Os3) sphere; visible-light photocatalysis;
homogeneous photocatalysis

1. Introduction

Environmental pollution caused by antibiotic misuse directly threatens human life
and health [1], which is one of the key problems around the world and needs to be
addressed urgently [2-6]. The traditional methods dealing with antibiotic pollution are
mainly physical adsorption and microbiological treatment [7]. However, these methods
have been labeled as insufficient due to the unconquerable drawbacks such as limited
choice of adsorbents, potential for secondary contamination, high cost, long treatment
time, and ineffective removal. Developing a green approach is vital for the efficient control
of antibiotic pollution. Photocatalytic oxidation directly employs solar energy as a light
source to drive catalysis [8], which has become a green and ideal approach to monitor the
antibiotic pollutants [9-13].

Graphitic phase carbon nitride (g-C3Ny) is a prospective polymer photocatalyst with
the advantages of strong visible-light response, ease of preparation, and chemical stability,
which has been intensively studied and broadly applied in visible-light photocatalysis, such
as hydrogen production via water splitting and degradation of the emerging pollutant [14].
However, the practical application is severely restricted due to the drawbacks, such as
a lack of active sites and a faint visible-light response. Great efforts have been made to
overcome these defects, and strategies such as constructing hollow or porous structures
have been developed to enlarge the specific area recently [15]. Nevertheless, most of the
currently reported g-C3Ny4 photocatalysts are heterogeneous phases. They are still suffering
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from the main insufficiencies such as limited specific surface area and active sites, which
hinder the practical applications of g-C3Ny4-type photocatalyst [14,16].

On the contrary, homogeneous photocatalysis deals with a photocatalytic reaction
where the catalyst and reactants exist in the same phase, facilitating the complete access of
reactants toward the active sites, which may be an alternative approach to optimize the
photocatalytic performance. The construction of homogeneous photocatalysts has thrived
in recent years. In 2018, Huang et al. successfully synthesized a homogeneous CN-based
photocatalyst, which demonstrated an improved photocatalytic activity in comparison
with that of the heterogeneous counterpart [17]. However, the prepared photocatalyst
is solely soluble in certain corrosive solvents, including CH3SO,0OH and H,SO4, which
limits its wide application in water. Given the urgent demand for water purification and
pollutant decomposition, the fabrication of water-soluble photocatalysts remains challeng-
ing. Recently, a series of CN derivatives such as basic cyanurate of K3[C¢Ny(NCN)3z] and
CsN7yO3Hj3 with distinct optical properties have been developed via alkali treatment, which
are water-soluble compounds [18,19]. In 2021, Yang et al. successfully prepared rod-shaped
K3[CsN70O3] compounds from top to bottom by reacting melon polymer with a hot strong
base and applied it as a homogeneous photocatalyst in removing antibiotic residues in wa-
ter for the first time [20]. The obtained photocatalyst showed 10-fold higher photocatalytic
activity than that of bulk g-C3N4. However, a further improvement of activity is necessary
for the practical application of homogeneous photocatalysis.

In this study, Bi(C4NyO3) was successfully synthesized by replacing the K* ion in
K;3[C¢N7O3] with the Bi** ion from an ion-exchange process under solvothermal conditions,
which showed improved photocatalytic activity and excellent stability toward the visible-
light degradation of antibiotic residue in aqueous solutions. The substitution of K* with Bi**
may introduce a high-valence metal center, effectively modulating the electronic structure
and facilitating charge carrier separation, which promotes the photocatalytic behaviors.
The as-prepared Bi(CsN7O3) shows 79.1 and 1.8-fold greater activity than those of g-C3Ny
and K3[CN7Os], respectively. Several techniques have been utilized to explore the factors
contributing to the enhanced properties and stability. The active species are identified,
and a reaction mechanism is proposed in the end. This work offers an easy strategy of ion
exchange to manipulate the photocatalytic properties, which may spur the development
and application of homogeneous photocatalysis.

2. Experimental
2.1. Chemicals and Materials

Melamine (C3N3(NHj)3, 99%) was bought from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Potassium hydroxide (KOH, 85%) was obtained from Aladdin Industrial
Corporation. (Shanghai, China). N,N-dimethylformamide (HCON(CHj3),, 99.5%) and
bismuth nitrate pentahydrate (Bi(NO3)3-5H,0, 99%) were obtained from Hangzhou Mick
Chemical Reagent Co., Ltd. (Hangzhou, China). Methanol (CH3OH, 99.7%) was obtained
from Hangzhou Gaojing Fine Chemical Industry Co., Ltd. (Hangzhou, China). All the
reagents were directly used after purchase.

2.2. Preparation

Preparation of rod-shaped K3[C¢N7O3]. The preparation of K3[C¢N7Os] is followed
by the previous report [20]. Typically, 14.0 g of KOH and 5.0 g of melon powder were
added to 50.0 mL of aqueous solution, mixed thoroughly, and transferred to a 150 mL
round-bottom flask. Subsequently, the flask was positioned in an oil bath and refluxed at
130 °C for 2 h under magnetic stirring until the yellow-colored solution turned transparent.
The hot solution was filtered, and the filtrate was stored in a refrigerator for 12 h. Finally,
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the precipitated solid was separated via vacuum filtration and washed repeatedly with
absolute ethanol, and then dried under vacuum at 70 °C for 6 h to yield the product of
potassium cyanurate K3[CsN7Os].

Preparation of Bi(C¢N7O3) nanospheres. 1.455 g Bi(NO3)3-5H,0 and 1.005 gas-
prepared K3[CsNyOs] were dispersed in 50 mL of mixed solution (DMF:CH30H = 3:1) and
stirred for 30 min to form a homogeneous solution. Subsequently, the solution was sealed
in an autoclave equipped with polytetrafluoroethylene and heated at 120 °C for 16 h ata
rate of 1 °C per minute. After that, the synthesized Bi(C¢N;O3) was washed with absolute
ethyl alcohol multiple times and dried at 70 °C for 12 h under vacuum.

2.3. Characterization

X-ray diffraction (XRD) pattern was detected on the a Panalytical X'Pert’3 Powder
instrument (Malvern Panalytical, Almelo, The Netherlands) applying Cu Ko (A = 1.5406 A)
as the source. Fourier transform infrared spectroscopy (FTIR) was performed on a Bruker
Tensor 27 spectrometer (Bruker Corporation, Billerica, MA, USA). Scanning electron mi-
croscopy (SEM) pictures and energy dispersive X-ray (EDX) patterns were carried out on a
ZEISS Sigma 300 microscope (Carl Zeiss AG, Oberkochen, Germany). X-ray photoelectron
spectroscopy (XPS) was recorded on a Thermo Scientific K-Alpha instrument (Thermo
Fisher Scientific, Waltham, MA, USA). UV-visible diffuse spectrum (UV-vis DRS) was
performed on a Shimadzu UV-3600 UV-visible spectrophotometer (Shimadzu Corporation,
Kyoto, Japan). Full-wavelength UV-visible absorption spectra were recorded on the UV-
2600 UV-visible spectrophotometer (Shanghai Sunny Hengping Scientific Instrument Co.,
Ltd., Shanghai, China).

2.4. Photocatalytic Degradation Measurements

TC-HCl was employed as the typical antibiotic residue to evaluate the photocat-
alytic activities of the prepared samples. For simulated visible light, a 300 W Xenon
lamp equipped with a 420-nm cut-off filter was employed, with a spectral irradiance of
272.0 mW /cm?. Moreover, a circulating cooling system was applied to maintain the re-
action temperature at around 20 °C. Briefly, 20.0 mg of the prepared photocatalyst was
dispersed in 100 mL of TC-HCl solution (10, 20, and 50 mg/L) using a 150 mL beaker as
the reactor. The solution was stirred in the dark for 30 min to reach adsorption-desorption
equilibrium. Then, the solution was positioned under the simulated light source, with the
bottom of the reactor positioned at a vertical distance of 13 cm from the lamp, and the
lamp was turned on for illumination with constant magnetic stirring (550 rpm). The initial
pH of the solution before the photocatalytic reaction was measured to be 6.76. 5.0 mL of
solution was collected every 10 min, and the supernatant after centrifugation was taken
for measurement on a UV-2600 spectrophotometer. All experiments were repeated at least
three times to ensure reproducibility.

3. Results and Discussion

The crystal structure of Bi(C¢N7O3) was analyzed using XRD, as shown in Figure 1a.
The diffraction pattern was compared to that of K3[C¢N7Os], considering the absence of a
reference XRD pattern for Bi(C¢N7O3). The prominent peak at 28.12° corresponded to the
interlayer stacking of aromatic units, while the diffraction peak at approximately 14.02°
was characteristic of the melon structure, which was ascribed to the cohesive and ordered
arrangement of cyanuric acid units [21]. A notable rightward shift in the diffraction
peak positions for Bi(C¢N7O3) was observed when compared to the JCPDS pattern of
K3[C¢N7O3]. This shift is attributed to the substitution of Bi®* ions, which have a smaller
ionic radius than K* ions. The introduction of smaller dopant atoms into the lattice leads
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Figure 1. (a) XRD patterns of Bi(C¢N;O3) and K3[C¢N;Os3], (b) Recorded FTIR spectra of
K3[CN7O3] and Bi(C4N7O3). The black and red lines correspond to the K3[CsN7O3] and Bi(CsN7O3)
samples, respectively.

As displayed in Figure 1b, the FTIR spectra of K3[C¢NyO3] and Bi(C4N7O3) were
consistent with previous studies [18]. The peak at 804 cm ™! corresponded to the bending
vibration associated with the S-triazine unit. In the range of 1000~-1600 cm !, the observed
band was attributed to the stretching vibration of the C-N heterocyclic ring [22]. The peaks
at 1624, 1534, and 1402 cm~! were associated with the stretching vibration of heptazine-
derived repeating units, respectively [23]. Additionally, the broad band between 3111 and
3456 cm~! was attributed to the stretching vibration of N-H bonds and the presence of
absorbed water [24]. These characteristic features collectively confirm the identity of the
prepared sample as Bi(C¢N7O3).

The chemical composition and valence states of Bi(C4N7O3) were investigated using
XPS measurement. As shown in Figure 2a, the presence of all constituent elements, in-
cluding carbon (C), nitrogen (N), oxygen (O), and bismuth (Bi), corroborated the above
discussion. No peak belonging to potassium (K) was observed, indicating the complete
substitution of K by Bi. The fine C 1s spectrum and its deconvoluted peaks, presented in
Figure 2b, revealed two principal peaks at 284.8 eV (C-C) and 288.6 eV (N-C=N), corre-
sponding to different carbon environments within Bi(C¢N7O3) [25]. In addition, the peak
at 286.5 eV is likely ascribed to the presence of C-O-Bi groups. Figure 2¢ displayed the N 1s
spectrum with a peak at 398.4 eV, characteristic of the sp2 hybridized N atom in C=N-C
bonds [26]. The peaks at 400.0 eV and 401.1 eV are tentatively assigned to N atoms in
N-(C)3 and N-H configurations, respectively [27]. The faint peak at 404.8 eV was related to
m-excitation [28]. The O 1s (Figure 2d) exhibited a peak at 531.2 eV, which corresponded
to C-O-Bi bonds in Bi(C¢N7O3) [29]. Figure 2e revealed two distinct peaks at 159.4 eV
(Bi 4f7 /) and 164.7 eV (Bi 4f5,,), which were indicative of the bismuth species present
within the compound. These XPS results confirm that the prepared Bi(C4NyOs3) has an
aromatic skeleton composed of heptazine units, suggesting the successful synthesis of the
target compound.

Figure 3a shows the SEM image of the Bi(C4N7O3) sample. The prepared Bi(C4N7O3)
had an irregular spherical shape with diameters close to 5 um. As seen in Figure 3b,
the chemical composition of Bi was via EDS and peaks at ~0.3, ~0.4, ~0.5, and ~2.4 keV
were detected in the EDS spectra, assigned to the elements C, N, O, and Bi, respectively,
indicating that C, N, O, and Bi atoms coexisted in Bi(C¢N7Os3) [30]. According to the
EDS analysis, the atomic contents of C and N were 31.53% and 36.28%, respectively. The
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ratio of C to N atoms was 0.87, which is consistent with the structural formula. The

EDS elemental mappings of Bi(C¢N7O3), as demonstrated in Figure 3c—f confirmed the

uniform distribution of all the elements within Bi(C¢N7O3). These results further confirm

the successful preparation of Bi(C4NyO3).
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Figure 2. XPS spectra of Bi(C¢N7O3): (a) survey spectrum, (b) C 1s spectrum, (c¢) N 1s spectrum,
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Figure 3. (a) SEM image of Bi(C¢N7O3), (b—f) EDS elemental mappings of Bi(CgN7O3).

Figure 4 presents the homogeneous degradation profiles of tetracycline hydrochlo-

ride (TC-HCI) in aqueous solution under visible-light irradiation using different dosages

of photocatalysts. As depicted in Figure 4a, g-C3Ny exhibited minimal degradation of

TC-HCl under visible light, with only a 2.4% reduction observed. In contrast, significant

degradation was achieved with K3[C¢IN7O3] and Bi(C4N7O3) as photocatalysts, resulting
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in efficiencies of 63% and 81%, respectively, within 60 min. Further investigation into the
photocatalytic degradation efficiency of Bi(C¢N7;O3) on TC-HCI solutions with different
concentrations was shown in Figure 4b. Photocatalytic degradation efficiencies of TC-HCl
solutions with initial concentrations of 20, 30, and 50 mg/L were 81%, 75%, and 55%,
respectively. These results confirm that the synthesized Bi(C4N7O3) is an effective photocat-
alyst for homogeneous processes, demonstrating its potential for practical applications in
water treatment.
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Figure 4. (a) Photocatalytic degradation efficiency of TC-HCI under the visible light irradiation
using g-C3Ny, K3[C4N7O3], and Bi(CgN7O3); (b) Degradation efficiency of TC-HCl solutions with
different concentrations (20, 30, and 50 mg/L) using Bi(C4N7O3); (c) Pseudo-first-order kinetic fitting
of TC-HCI degradation over the three photocatalysts.

The photocatalytic activity of the obtained samples was quantified using a pseudo-

first-order model, Equation (1).

_ —In(C/Co)
= )

where Cy represented the initial TC-HCI concentration, and C; represented the TC-HCI

k

concentration following ¢ min of irradiation. The optimum slope, corresponding to the
apparent rate constant kg, was obtained by the method of least squares [28]. In Figure 4c,
the calculated kg, values for g-C3Ny, K3[C¢N7O3], and Bi(C¢N7O3) photocatalysts were
0.00042 min~!, 0.01873 min !, and 0.03323 min !, respectively. Obviously, the kg, value of
Bi(CgN7O3) is 79.1 and 1.8-fold higher than that of g-C3N4 and K3[C4N7O3], demonstrating
the superior photocatalytic activity of Bi(C¢N7O3).

The photocatalytic performance of Bi(C4N7O3) was compared with that of the recently
reported photocatalysts. As summarized in Table 1, the Bi(C4N7O3) catalyst exhibits a
notably higher kg, than most of the compared materials, underscoring its superior activity
and reinforcing the advancement presented in this study.

95



Processes 2025, 13, 3535

Table 1. Comparison of the kg for various photocatalysts reported in recent studies.

Year Photocatalyst kapp (min—1)
2025 Bi(CgN7O3) 0.033
2025 Zn0, /Bi,O,CO3 [31] 0.012
2025 20SA-CN [32] 0.012
2% Ni-decorated melem
2025 hydrate/g-C3Ni [33] 0.032
2025 EG-BiOCl [34] 0.019
2025 Feo.1 C00_05Ni().05 /CdS [35] 0.031

The reusability and sustainability of photocatalysts are crucial for their practical
applications. The Bi(CsN7Oj3) photocatalyst in ethanol was collected and washed after
the initial photocatalytic run and then subjected to an additional three cycles of the same
procedure, as illustrated in Figure 5. A decline in photocatalytic activity with each cycle was
observed, which could be attributed to the gradual leaching of Bi* from the (C¢N7O3)3~
framework as the cycles progress. Additionally, Bi(C¢N7Oz3) has good solubility, readily
soluble in water, leading to noticeable mass loss during the recovery process in ethanol,
considering that ethanol contains a small amount of water.
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Figure 5. Cyclic stability tests of Bi(C4gN7Os3) for TC-HCI photodegradation.

The underlying mechanism of the enhanced photocatalytic property of Bi(C¢IN7O3)
was investigated. The UV-Vis diffuse reflection absorption spectra for the synthesized
photocatalysts were measured, as depicted in Figure 6a. Both K3[C4N7O3] and Bi(C¢N7O3)
demonstrated strong absorption across the UV-visible spectrum, with distinct absorption
edges observed at 438 and 486 nm. These edges suggest that the samples can capture
a fraction of the visible light. The bandgap of the K3;[C¢N7;O3] and Bi(CgNyO3) was
calculated using the Tauc plot, as shown in Figure 6b, yielding bandgap values of 2.8 eV
for K3[C¢N7Os] and 2.2 eV for Bi(C¢N7;O3). Compared to K3[CsN7Os], the band gap
of Bi(C4N7O3) was reduced, allowing it to absorb more light energy and generate more
electron-hole pairs, increasing its photosensitivity and photovoltaic effect.

96



Processes 2025, 13, 3535

28

1.2 (a) v (b)

o ——Bi(C¢N;05) | ——BI(CeN;05)

' —K3[CNO5] 20 K;[CeN;04]
,5: 0.8 SA T
5 0.6 E 2
4 =
2 0.4 N’ 0.8

0a 486 nm 4

438 nm 2.8 ¢V
0.0 \/ 0.0
300 400 500 600 700 800 2.0 2.5 30 35 4.0 4.5 5.0 55
Wavelength (nm) hv (eV)

Figure 6. (a) UV-vis absorption spectrum of K3[C¢N7O3] and Bi(C4N7O3); (b) Tauc plots derived
from UV-Vis spectra.

Photocurrent measurement upon light illumination is a robust indicator of the ef-
ficiency of photogenerated carrier separation and transport, which are key factors in
photocatalytic performance. Figure 7a showed the photocurrent responses of g-C3Ny,
K3[CsN7O3], and Bi(C¢N7O3) under visible light irradiation in ethanol, considering the
water solubility of the latter two compounds. Upon turning on the light source, both
K3[CN7O3] and Bi(C4N7Os3) exhibited significant photocurrent, with Bi(CgN7Oj3) exhibit-
ing the highest response. This suggests that Bi(C¢N;O3) might have a more efficient
separation and migration of photoexcited carriers compared to g-C3N, and K3[CgNyO3].
Furthermore, EIS was utilized to evaluate the electron transfer characteristics of the pre-
pared samples, as depicted in Figure 7b. Bi(C¢IN7O3) had the smallest arc diameter among
these samples, indicating the lowest electron transfer resistance. These results show that
Bi(C4N7O3) has a narrow band gap, a high charge separation capability, and a low electron
transfer resistance, which collectively improve its photocatalytic performance.
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Figure 7. (a) Transient photocurrent response under visible light irradiation and (b) Electrochemical
impedance spectroscopy (EIS) Nyquist plots of g-C3Ny, K3[CsN7Oz3], and Bi(C4N7O3).

As shown in Figure 8, radical trapping experiments were conducted to identify the
active substances involved in the photocatalytic reactions. Ethylenediamine tetraacetic acid
(EDTA-2Na), p-benzoquinone (BQ, 0.5 mM), and tert-butanol (TBA, 2 mM) were employed
as the scavengers of photogenerated holes (h*), superoxide radicals (-O, ™), and hydroxyl
radicals (-OH), respectively. The low concentration of BQ used (0.5 mM) is well-established
in the literature to specifically quench -O,~ without significant side reactions under stan-
dard photocatalytic conditions [36,37]. Similarly, TBA is a highly specific scavenger for
-OH, whose steric hindrance makes reactions with -O,~ or h* unlikely [37]. The addition
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of BQ and EDTA-2Na resulted in a significant decrease in photocatalytic activity, indicating
that both -O,~ and h* were primary reactive species in the photocatalytic process. In
contrast, the introduction of TBA did not affect the degradation efficiency, suggesting that
-OH had an insignificant effect in the photocatalytic process [38].
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Figure 8. Effects of different radical scavengers (TBA for -OH, EDTA-2Na for h*, BQ for -O, ™) on the
photocatalytic degradation of TC-HCI over Bi(C¢N7O3).

The photocatalytic performance of the Bi(C¢N;O3) nanospheres was compared with a
recently reported Fe-TiO, /biochar composite, similarly identifying -O,~ as the predomi-
nant reactive species [39]. The kg, of our Bi(CsN7O3) catalyst for TC-HCl degradation was
calculated to be 1.99 h~! (from 0.03323 min~!), which is higher than the kapp of 0.202 h-!
on Fe-TiO, /biochar composite.

The Mott-Schottky plot for Bi(C¢N7Os) displayed a positive slope, as illustrated
in Figure 9a, which indicates that the sample is an n-type semiconductor. With respect
to the normal hydrogen electrode, the conduction band (CB) energy level of an n-type
semiconductor is measured to be —0.62 V. Typically, the conduction band energy level
of an n-type semiconductor is approximately 0.1 eV less negative than the conduction
band energy level of the flat-band potential [40]. Consequently, the conduction band level
of Bi(C4NyO3) is estimated to be —0.72 V with respect to the normal hydrogen electrode
(NHE), and the position of the valence band(VB) is obtained according to Equation (2) [41]:

EZ)B = EcB + Eg (2)

Based on the above results, a plausible mechanism for the photocatalytic degradation
is proposed. As illustrated in Figure 9b, upon illumination with visible light, the electrons
(e7) in Bi(C4NyO3) are excited to a conduction band, leaving behind holes (h*) in the
valence band. This process results in the formation of electron-hole pairs, where the
holes possess sufficient positive potential to produce -OH radicals. However, the radical
scavenger test confirms that -OH radicals have an insignificant role in the photocatalytic
process. Rather, it is the holes at the surface of Bi(C¢N7O3) that are primarily engaged in
the photocatalytic activity. In conclusion, the active species, including superoxide radicals,
photogenerated electron-positive hole pairs, are crucially involved in the photodegradation
of TC-HCL
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Figure 9. (a) Mott-Schottky curve of Bi(C¢N7O3) and (b) schematic illustration of the proposed
mechanism for photocatalytic degradation of TC-HCI over Bi(CsN7O3) nanospheres under visible
light irradiation.

4. Conclusions

Bi (C4NyO3) nanospheres are successfully prepared by replacing K* of as-synthesized
K;3[C¢N;Os3] with Bi®* ions, which are applied as a prominent homogeneous photocatalyst
for dealing with the emerging pollutant in water for the first time. The as-prepared
compound can combine with three surroundings (CeNyO3)3~ ions because Bi** has three
positive charges. Therefore, metal ions and organic ligands can be connected by self-
assembly to form a category of crystalline materials with a periodic network structure.
Experiments with photocatalysis have shown that Bi (C4(N7O3) demonstrates a greatly
improved photocatalytic activity, which is 79.1- and 1.8-fold greater than that of g-C3N4 and
K3[CN7Os3], respectively. The enhancement may be attributed to the increased optimized
visible-light response and charge separation. This work offers a strategy to build high-
performance photocatalysts by simple ion substitution and broadens the application of
homogeneous photocatalysis in environmental control and other fields.

Author Contributions: Conceptualization, Z.C. and X.W. (Xiaojing Wang); methodology, R.J., Y.C.
and J.C.; validation, Y.C., JW., X.W. (Xiaozhuo Wang) and C.J.; formal analysis, H.X. and J.W.;
investigation, J.W., X.W. (Xiaozhuo Wang), ].C., L.L. and C.J.; resources, R.J., HX,, L.L.,C.J. and Z.C,;
data curation, M.T. and M.H.; writing—original draft preparation, R.J.,, M.T., M.H. and Z.C.; writing—
review and editing, R.J. and Z.C.; supervision, L.L. and Z.C.; project administration, Z.C. and X.W.
(Xiaojing Wang); funding acquisition, Z.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This work is financially supported by the National Key Research and Development
Program of China (2023YFF0612601), the Key Research and Development Program of Zhejiang
Province (2023C02038), the Key Research and Development Program of Ningbo (2022Z178), and the
Zhejiang Provincial Natural Science Foundation of China (LQ23B010003).

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

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

References

1. Thakur, S.; Mutreja, V.; Tomar, A.; Nainwal, S.; Kaur, K.; Kaur, R;; Li, Q.; Ataya, ES. Phytochemical-Assisted Fabrication of
ZrO, /ZnO Nanocomposites: A Sustainable Approach for Efficient Photodegradation of Tetracycline Hydrochloride. J. Mol.
Struct. 2025, 1330, 141350. [CrossRef]

99



Processes 2025, 13, 3535

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Zhou, D.; Chen, Z; Yang, Q.; Dong, X.; Zhang, J.; Qin, L. In-Situ Construction of All-Solid-State Z-Scheme g-C3N,/TiO, Nanotube
Arrays Photocatalyst with Enhanced Visible-Light-Induced Properties. Sol. Enerqy Mater. Sol. Cells 2016, 157, 399-405. [CrossRef]
Senthil, R.A.; Theerthagiri, J.; Selvi, A.; Madhavan, J. Synthesis and Characterization of Low-Cost g-C3N4/TiO, Composite with
Enhanced Photocatalytic Performance under Visible-Light Irradiation. Opt. Mater. 2017, 64, 533-539. [CrossRef]

Mohini, R.; Lakshminarasimhan, N. Coupled Semiconductor Nanocomposite g-C3Ny4/TiO, with Enhanced Visible Light Photo-
catalytic Activity. Mater. Res. Bull. 2016, 76, 370-375. [CrossRef]

Sun, M.; Shen, S.; Wu, Z; Tang, Z.; Shen, ].; Yang, J. Rice Spike-like g-C3N,4/TiO, Heterojunctions with Tight-Binding Interface by
Using Sodium Titanate Ultralong Nanotube as Precursor and Template. Ceram. Int. 2018, 44, 8125-8132. [CrossRef]

Liu, R.; Bie, Y.; Qiao, Y.; Liu, T.; Song, Y. Design of g-C3N,/TiO, Nanotubes Heterojunction for Enhanced Organic Pollutants
Degradation in Waste Water. Mater. Lett. 2019, 251, 126-130. [CrossRef]

Liu, C.; Tan, L.; Zhang, L.; Tian, W.; Ma, L. A Review of the Distribution of Antibiotics in Water in Different Regions of China and
Current Antibiotic Degradation Pathways. Front. Environ. Sci. 2021, 9, 692298. [CrossRef]

Chen, F; Zhang, Y.; Huang, H. Layered Photocatalytic Nanomaterials for Environmental Applications. Chin. Chem. Lett. 2023, 34,
107523. [CrossRef]

Qian, X.; Chen, Z.; Yang, X.; Zhao, W.; Liu, C.; Sun, T.; Zhou, D.; Yang, Q.; Wei, G.; Fan, M. Perovskite Cesium Lead Bromide
Quantum Dots: A New Efficient Photocatalyst for Degrading Antibiotic Residues in Organic System. J. Clean. Prod. 2020, 249,
119335. [CrossRef]

Ma, Z.; He, Y.; Li, X.; Zhou, C.; Deng, L. Ultrasonic-Assisted Efficient Degradation of Tetracycline over ZnO/BiOBr Heterojunc-
tions: Synergistic Effect and Role of Oxidative Species. Mater. Res. Bull. 2022, 146, 111591. [CrossRef]

Guo, S.; Luo, H.; Li, Y.; Chen, J.; Mou, B.; Shi, X.; Sun, G. Structure-Controlled Three-Dimensional BiOI/MoS; Microspheres for
Boosting Visible-Light Photocatalytic Degradation of Tetracycline. J. Alloys Compd. 2021, 852, 157026. [CrossRef]

Kandi, D.; Behera, A.; Sahoo, S.; Parida, K. CdS QDs Modified BiOI/Bi;MoOg Nanocomposite for Degradation of Quinolone and
Tetracycline Types of Antibiotics towards Environmental Remediation. Sep. Purif. Technol. 2020, 253, 117523. [CrossRef]

Jiang, W.; Li, Z.; Liu, C.; Wang, D.; Yan, G.; Liu, B.; Che, G. Enhanced Visible-Light-Induced Photocatalytic Degradation of
Tetracycline Using BiOI/MIL-125(Ti) Composite Photocatalyst. J. Alloys Compd. 2021, 854, 157166. [CrossRef]

Li, X.; Masters, A.; Maschmeyer, T. Polymeric Carbon Nitride for Solar Hydrogen Production. Chem. Commun. 2017, 53, 7438-7446.
[CrossRef]

Wang, D.; Huang, Y.; Yu, X.; Huang, X.; Zhong, Y.; Huang, X.; Liu, Z.; Feng, Q. Template-Free Synthesis of High Specific Surface
Area Gauze-like Porous Graphitic Carbon Nitride for Efficient Photocatalytic Degradation of Tetracycline Hydrochloride. ]. Mater.
Sci. 2020, 56, 4641-4653. [CrossRef]

Fang, L.J.; Li, YH.; Liu, P.F,; Wang, D.P.; Zeng, H.D.; Wang, X.L.; Yang, H.G. Facile Fabrication of Large-Aspect-Ratio g-C3Ny
Nanosheets for Enhanced Photocatalytic Hydrogen Evolution. ACS Sustain. Chem. Eng. 2017, 5, 2039-2043. [CrossRef]

Huang, C.; Wen, ].; Shen, Y.; He, F.; Mi, L.; Gan, Z.; Ma, |.; Liu, S.; Ma, H.; Zhang, Y. Dissolution and Homogeneous Photocatalysis
of Polymeric Carbon Nitride. Chem. Sci. 2018, 9, 7912-7915. [CrossRef] [PubMed]

Horvath-Bordon, E.; Kroke, E.; Svoboda, I.; Fuess, H., Riedel, R.; Neeraj, S.; Cheetham, A.K. Alkalicyamelurates,
M;3[CN7O3].xH,O, M = Li, Na, K, Rb, Cs: UV-Luminescent and Thermally Very Stable Ionic Tri-s-Triazine Derivatives. Dalton
Trans. 2004, 22, 3900-3908. [CrossRef]

Wang, Z.; Pei, G.X,; Qi, H.,; Zhang, S.; Liu, C.; Li, Z.; Han, K. Solar Hydrogen Generation over Carbon Nitride Photocatalyst
Promoted by Water-Soluble Carbon Dots. ChemPhotoChem 2022, 6, €202200176. [CrossRef]

Wang, W.; Chen, Z.; Yang, X.; Audebert, P; Sahoo, S.; Chen, J.; Liu, Y.; Pamir Alpay, S.; Xie, L.; Wei, G. Potassium Cyamelurate
K3[C¢NyOs] Rod: A New Visible-Light Photocatalyst for Homogeneous/Heterogeneous Degradation of Antibiotics. Appl. Catal.
A Gen. 2022, 641, 118669. [CrossRef]

Tian, Y,; Li, Q.; Zhang, M.; Nie, Y,; Tian, X.; Yang, C.; Li, Y. pH-Dependent Oxidation Mechanisms over FeCu Doped g-C3Ny for
Ofloxacin Degradation via the Efficient Peroxymonosulfate Activation. J. Clean. Prod. 2021, 315, 128207. [CrossRef]

Bao, J.; Jiang, X.; Huang, L.; Quan, W.; Zhang, C.; Wang, Y.; Wang, H.; Zeng, Y.; Zhang, W.; Ma, Y.; et al. Molybdenum disulfide
loading on a Z-scheme graphitic carbon nitride and lanthanum nickelate heterojunction for enhanced photocatalysis: Interfacial
charge transfer and mechanistic insights. J. Colloid Interface Sci. 2022, 611, 684-694. [CrossRef]

Preeyanghaa, M.; Erakulan, E.S.; Thapa, R.; Ashokkumar, M.; Neppolian, B. Scrutinizing the Role of Tunable Carbon Vacancies in
g-C3Ny Nanosheets for Efficient Sonophotocatalytic Degradation of Tetracycline in Diverse Water Matrices: Experimental Study
and Theoretical Calculation. Chem. Eng. J. 2023, 452, 139437. [CrossRef]

Wang, D.; Li, S.; Feng, Q. Supramolecular Self-Assembled Carbon Nitride for the Degradation of Tetracycline Hydrochloride. J.
Mater. Sci. Mater. Electron. 2018, 29, 9380-9386. [CrossRef]

Yu, H,; Shi, R.; Zhao, Y.; Bian, T.; Zhao, Y.; Zhou, C.; Waterhouse, G.I.N.; Wu, L.-Z.; Tung, C.-H.; Zhang, T. Alkali-Assisted
Synthesis of Nitrogen Deficient Graphitic Carbon Nitride with Tunable Band Structures for Efficient Visible-Light-Driven
Hydrogen Evolution. Adv. Mater. 2017, 29, 1605148. [CrossRef] [PubMed]

100



Processes 2025, 13, 3535

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Jin, R; You, J.; Zhang, Q.; Liu, D.; Hu, S.; Gui, J. Preparation of Fe-Doped Graphitic Carbon Nitride with Enhanced Visible-Light
Photocatalytic Activity. Editor. Off. Acta Phys.-Chim. Sin. 2014, 30, 1706-1712. [CrossRef]

Zhang, S.; Zou, Y.; Chen, Z.; Li, B.; Gu, P.; Wen, T. Visible-Light-Driven Activation of Persulfate by RGO/g-C3N4 Composites for
Degradation of BPA in Wastewater. |. Inorg. Mater. 2020, 35, 329-336. [CrossRef]

Zhou, Y,; Jiang, D.; Wang, Z.; Yi, L.; Sun, J.; Liu, D.; Yu, X.; Chen, Y. Bandgap Engineering of Carbon Nitride by Formic Acid
Assisted Thermal Treatment for Photocatalytic Degradation of Tetracycline Hydrochloride. Chem. Eng. J. 2024, 485, 149830.
[CrossRef]

Jourshabani, M.; Shariatinia, Z.; Badiei, A. Controllable Synthesis of Mesoporous Sulfur-Doped Carbon Nitride Materials for
Enhanced Visible Light Photocatalytic Degradation. Langmuir 2017, 33, 7062-7078. [CrossRef]

Zhang, A.; Guo, Y,; Xie, H,; Zhang, Y.; Fu, Y; Ye, C.; Du, Y.; Zhu, M. Green and Controllable Synthesis of Kelp-like Carbon Nitride
Nanosheets via an Ultrasound-Mediated Self-Assembly Strategy. J. Colloid Interface Sci. 2022, 628, 397-408. [CrossRef]

Fan, X.; Zhang, Y.; Liang, H.; Zhang, M.; Sun, X.; Bai, ]. Augmented Singlet Oxygen (10,) Production via ZnO,/BiyO,CO3
Heterojunction for Photodegradation of Tetracycline Hydrochloride through in-Situ Self-Fenton-like Mechanisms. Rare Met. 2025.
[CrossRef]

Ramteke, P; Bhoyar, T.; Umare, S.S. Sulfamic Acid Coupled Polymeric Carbon Nitride: An Efficient Photocatalyst for Degradation
of Tetracycline Hydrochloride and Supercapacitor Application. J. Nanoparticle Res. 2025, 27, 159. [CrossRef]

Nguyen, V.H.; Lee, T.; Nguyen, T.D. Synergistic Charge Separation via S-Scheme and Schottky Junctions in Ni-Decorated Melem
Hydrate/g-C3Nj5 for Enhanced Photocatalytic Tetracycline Hydrochloride Degradation. J. Mater. Sci. 2025, 60, 19675-19694.
[CrossRef]

Li, F; Cheng, Y.; Li, P; Yu, G. Study on the Performance of BiOCl Photocatalyst for Degradation of Tetracycline Hydrochloride.
Separations 2025, 12, 242. [CrossRef]

Yang, X; Li, Y.; Wang, ].; Li, M.; Zhang, H.; Yang, J.; Wei, L. Synthesis and Application of Transition Metal Ions Co-Doped CdS
Photocatalyst for Tetracycline Hydrochloride Degradation. Res. Chem. Intermed. 2025, 51, 5315-5388. [CrossRef]

Cao, H.; Shi, X.; Wang, Y. Construction of a Z-Scheme CoFe,0,/Bi;O; Heterojunction for Enhanced Photocatalytic Degradation
of Tetracycline Hydrochloride. Mater. Lett. 2025, 398, 138974. [CrossRef]

Feng, F.; Zhang, X.; Xu, X.; Huang, Q.; Yin, H.; Li, R.; Wu, G.; Xing, W. Construction of 2D /3D Biochar Modified g-C3Ny for
Efficient Removal of Tetracycline Hydrochloride via Photocatalytic PMS Activation. Opt. Mater. 2025, 167, 117246. [CrossRef]
Zhao, W,; Liu, X,; Yang, X.; Liu, C.; Qian, X.; Sun, T.; Chang, W.; Zhang, ].; Chen, Z. Synthesis of Novel 1T/2H-MoS; from MoOj3
Nanowires with Enhanced Photocatalytic Performance. Nanomaterials 2020, 10, 1124. [CrossRef]

Rosa, D.; Remmani, R.; Bavasso, I.; Bracciale, M.P.; Di Palma, L. Biochar Supported Fe-TiO, Composite for Wastewater Treatment:
Solid-State Synthesis and Mechanistic Insights. Chem. Eng. Sci. 2025, 317, 122076. [CrossRef]

Wang, D.; Yin, E-X.; Cheng, B.; Xia, Y; Yu, ].-G.; Ho, W.-K. Enhanced Photocatalytic Activity and Mechanism of CeO, Hollow
Spheres for Tetracycline Degradation. Rare Met. 2021, 40, 2369-2380. [CrossRef]

Liang, H.; Wang, A.; Cheng, R.; Chen, F.,; Kannan, P.; Molochas, C.; Tsiakaras, P. Bi, K Co-Doped Graphitic Phase Carbon Nitride
for Efficient Photocatalytic HyO, Production. Chem. Eng. J. 2024, 489, 151145. [CrossRef]

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.

101



processes ﬁw\p\py

Article

Effect of Storage Conditions on the Composition and Bioactivity
of Freeze-Dried Lemongrass Oil Nanoemulsions Stabilized by
Salt-Sensitive Cellulose Nanocrystals and Tween 80

Kaleb D. Fisher ! and Lingling Liu >*

Roy J. Carver Department of Biochemistry, Biophysics and Molecular Biology, lowa State University,
Ames, IA 50010, USA; kalebf@iastate.edu

School of Environmental, Civil, Agricultural and Mechanical Engineering, University of Georgia,
Athens, GA 30602, USA

*  Correspondence: linglliu@uga.edu; Tel.: +1-706-542-4018

Abstract: Oil-in-water emulsions are widely used to enhance the solubility, stability, and
bioactivity of essential oils in aqueous systems. Advancing the functionality and sustain-
ability of these emulsions using renewable, eco-friendly ingredients remains an important
research focus. This study developed and evaluated a lemongrass essential oil nanoemul-
sion stabilized by Tween 80, NaCl, and soybean stover-derived cellulose nanocrystals. After
freeze-drying, the nanoemulsion was redispersed in water and analyzed for particle size,
zeta potential, polydispersity index, and essential oil recovery. Freeze-drying led to signifi-
cant bioactivity losses, with antifungal and antioxidant activities reduced by 77% and 31%,
respectively. Antioxidant activity declined rapidly within the first two weeks of storage at
room temperature but was not significantly impacted by light exposure. Storage conditions
also altered the sample composition, with one new compound detected in samples stored
without light exposure and eleven new peaks observed in light-exposed samples. This
study provides insights into the effects of freeze-drying and storage on lemongrass essential
oil-loaded nanoemulsion stabilized by Tween 80, NaCl, and cellulose nanocrystals. The
findings highlight the challenges of preserving bioactivity and composition in lyophilized
essential oil-loaded emulsions and suggest avenues for optimizing drying processes and
formulations to improve storage stability and efficacy.

Keywords: nanoemulsion; cellulose nanocrystals; essential oil; lyophilization; antioxidant
activity

1. Introduction

Identifying renewable, eco-friendly products is a part of a growing body of research
set on improving the quality and environmental impact of food storage and agricultural
production and processes. Of these, many natural products are plant extracts known
as essential oils, which are plant products comprised of many compounds, including
terpenoid and non-terpenoid hydrocarbons, aromatic volatiles, fatty acids, and more [1].
Essential oils have been studied extensively and have been shown to exhibit antimicrobial
and antifungal properties [2,3]. Further, research has shown that specific compounds within
essential oils are responsible for antimicrobial activity [4]. These oils with components
shown to exhibit antimicrobial and antifungal behavior can be derived from lemongrass
and other plant sources [2,3,5-8].

Although shown to be effective, essential oils are restricted by certain factors such as
low solubility in water, low bioactivity, and high volatility, reducing storage stability [9].
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Further, storage conditions like temperature, light exposure, and time have a significant
effect on the composition and properties of pure oils and emulsions [10-13]. As a potential
solution to these limits, oil-in-water (O/W) nanoemulsions have been explored. Nanoemul-
sions are defined as mixtures of at least two liquids that result in droplets on the order of
100 nm and generally contain water, oil, and an emulsifier [14]. Nanoemulsions have been
shown to be effective in improving the antioxidant activity, antifungal activity, and storage
stability of essential oils [15-17].

In nanoemulsion research, green emulsion stabilizers such as cellulose nanocrystals
(CNCs) have been investigated for their potential to stabilize emulsions [18]. CNCs are
rod-shaped nanoparticles derived from renewable sources [19], making them an appealing
option for researchers developing innovative nanoemulsion systems. While nanoemulsions
are known to enhance various properties of oil-in-water mixtures, improving the stability
and functionality of nanoemulsions remains an active area of study. One proposed method
to enhance the stability of nanoemulsions is the removal of water through drying processes
such as freeze-drying or lyophilization [20]. Additionally, researchers have explored
various drying techniques to identify the most effective method for water removal that
preserves or enhances the emulsions’ original properties [21-24].

In our previous publications, we showed that the addition of NaCl and CNC to an
emulsion containing 10% Tween 80 and 5% lemongrass oil improved the thermodynamic
stability of the emulsions [25,26]. In this paper, we build upon the previous work and
explore a new method for further improving the storage stability of the nanoemulsion.
We hypothesize that freeze-drying an essential oil-loaded nanoemulsion stabilized by salt-
sensitive cellulose nanocrystals and Tween 80 will preserve the stability and bioactivity of
the essential oil by delaying degradation. To test the hypothesis, we examined the effect
that freeze-drying has on the antioxidant activity, antifungal activity, composition, and
concentration of volatiles in nanoencapsulated lemongrass essential oil. Additionally, we
explored the effect of room temperature storage and light exposure on the nanoemulsion
after freeze-drying to test how these conditions change the composition and concentration
of volatile components present in the nanoemulsions. As far as the authors are aware,
this paper presents the first research available discussing the effects of freeze-drying on a
nanoemulsion containing essential oil stabilized by cellulose nanocrystals.

2. Materials and Methods
2.1. Materials

Lemongrass essential oil (Cymbopogon Schoenanthus Oil, reagent grade, 100%) was
acquired from Spectrum Chemical MFG Corp. (New Brunswick, NJ, USA). Sodium chlo-
ride (NaCl) was purchased from VWR chemicals (Radnor, PA, USA). Tween 80 (T80) was
obtained from Research Products International (Mt Prospect, IL, USA). Organic solvents,
methanol and acetonitrile were purchased from Fisher Chemical (Pittsburgh, PA, USA).
Citral (cis and trans mixture) and 2,2-Diphenyl-2-picrylhydrazyl Free Radical were pur-
chased from Tokyo Chemical Industry Co., Ltd. (Chuo-Ku, Tokyo, Japan). Geraniol 99%
was obtained from Thermo Scientific (Waltham, MA, USA). Geranyl acetate was purchased
from Sigma-Aldrich, Inc. (St. Louis, MO, USA). Aspergillus flavus Link 200026 NRRL
3357 strain was purchased from ATTC (Manassas, VA, USA). Potato dextrose agar (PDA)
was bought from Becton, Dickinson and Company (Franklin Lakes, NJ, USA). Cellulose
nanocrystals derived from soybean stover (SBS-CNC) were made according to our previous
publication [25]. Namely, SBS was obtained on the farm, ground to below 1/8th of an
inch, and washed. Samples then underwent an alkaline and bleaching process to remove
hemicellulose and lignin, respectively. The final step included sulfuric acid hydrolysis
and sonication to obtain soybean cellulose nanocrystals. Additionally, in our previous
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publication [26], SBS-CNC was characterized, and the zeta potential, particle size, and
polydispersity index were measured to be -50 + 1 mV, 197 £ 6 nm, and 0.65, respectively.
The crystallinity index of dried SBS-CNC was found to be 82.29% as determined by X-
ray diffraction methods. Further, using transmission electron microscopy, images of the
nanocrystals were taken to determine the length and width of the nanocrystals, which were
measured to be 117 + 40 and 7.3 & 2 nm, respectively.

2.2. Nanoemulsion Preparation and Freeze-Drying

To prepare a fresh nanoemulsion, calculations were completed to ensure a final
lemongrass essential oil (LGEO) concentration of 5 wt%, soybean stover-derived cellu-
lose nanocrystals (SBS-CNC) concentration of 1 wt%, Tween 80 (T80) concentration of
10 wt%, and NaCl concentration of 40 mM. Deionized water was added to achieve a final
nanoemulsion mass of 10 g. Preparation began with mixing LGEO and T80 in a glass vial,
followed by preparing the aqueous phase containing SBS-CNC, water, and NaCl, which
was then gradually pipetted into the LGEO-T80 mixture with continuous stirring. After
complete addition, the mixture was set on a stir plate at ~1500 rpm for 5 min. Samples
were then sonicated, on ice, at 60% amplitude for 5 min (pulse: 5 s on/2 s off) using a
500 W ultrasonicator (Fisher Scientific, Hampton, NH, USA). After sonication, samples
were immediately used for testing.

The freeze-drying process included first creating nanoemulsion samples containing
deionized water, essential oil, NaCl, SBS-CNC, and Tween 80. Samples were then freeze-
dried at a pressure close to 0 bar and a temperature around —84 °C for 48 h using the
Labconco FreeZone freeze-drier (Kansas City, MO, USA).

2.3. Physicochemical Characterization of Redispersed Nanoemulsion

Following methods from our previous publications [25,26], we determined the zeta po-
tential and particle size of freshly redispersed nanoemulsion samples. First, the freeze-dried
nanoemulsion was dissolved in water and further diluted 100x using water. Approxi-
mately 1 mL of sample was then aliquoted into a folded capillary zeta cell. Particle size
and zeta potential were measured immediately after dilution using the Zetasizer Nano
ZS (Malvern Instruments Ltd., Worcestershire, UK). Further, the essential o0il recovery
percentage of redispersed nanoemulsion was determined. First, the peak of LGEO was
found by measuring the oil at a range of 200-800 nm on a UV-Vis spectrophotometer
(Azzota Scientific, Claymont, DE, USA). To measure the essential oil recovery, a standard
curve of LGEO was created using a UV-vis spectrophotometer at 243 nm, the wavelength
at which the LGEO peaked. The standard curve was made using pure LGEO and 95%
ethanol as a diluent at different concentrations, including 2, 5, 7, and 10 pg/mL. To quantify
the essential oil recovery after freeze-drying, the redispersed nanoemulsion was diluted to
a detectable value on the spectrophotometer, and the absorbance at 243 nm was recorded.
Lastly, the standard curve and measured absorbances of samples were used to calculate
the concentration.

2.4. Effect of Light Exposure and Room Temperature Storage on Essential Oil Composition

To test the effect of light on freeze-dried nanoemulsions, samples were prepared in
triplicate, freeze-dried, and the resulting powder was equally distributed between two
glass petri dishes. One glass petri dish was designated for light exposure, and the other for
no light exposure. For light exposure, a rectangular box was created using PVC plastic with
a polycarbonate door on one side. At the top, two 27-watt, 6500 K, compact fluorescent
light bulbs were attached to span most of the length of the box (Mandala Crafts, Inc.,
Cedar Park, TX, USA). For light exposure, samples were placed in a glass petri dish
and gently flattened into a homogenous layer. Samples were placed 42 cm away from
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the surface of the light bulbs, side by side. Inside the light box, at a distance of 42 cm,
there was a flux of 2950 = 50 lux measured at the three sample locations determined by
a 0-200,000 measurement range lux meter (Dr.meter, Newark, CA, USA). The door of the
box was left open during experiments, and it was determined that at 42 cm, no change
in the temperature of the samples would occur due to the light bulbs. Although the door
remained open during experimentation, this side of the box was facing a wall, and ambient
light was measured to be 0 lux in the box.

For samples receiving no light, they were similarly placed in a glass petri dish and
gently flattened into a homogenous layer. These samples were placed in a drawer near the
samples receiving light, and their location also received 0 lux. After 7 days, samples were
rotated every 3.5 days to achieve uniform light exposure. Around 0.1 g of samples were
collected from each petri dish for measurements on days 0, 7, 14, 21, and 30. A schematic
detailing the design and key characteristics of the light box used for the experiments was
created and included below (Figure 1).

Light Light

42 cm

Light intensity: 3000 lux

| —.

Petri dishes containing sample
Figure 1. Diagram of the experimental setup used to expose samples to light intensity.

2.5. Antioxidant Activity of Redispersed Nanoemulsion

2,2-diphenyl-1-picrylhydrazyl (DPPH) solution in methanol was prepared fresh and
diluted using methanol to a concentration of 0.0631 mM, following Jiménez-Escrig et al. [27].
Following Baliyan et al. [28], a ratio of 3 mL of DPPH to 100 uL of sample was used for
the assays. To test freeze-dried samples, a small amount of powder was added to a
20 mL scintillating vial. Then, DI water was added to achieve a sample with 5% EO
concentration as determined by earlier UV-vis measurements. This sample was mixed
with an appropriate amount of 0.0631 mM DPPH solution to achieve the previously stated
ratio. The sample labeled as pure EO refers to the essential oil diluted in methanol to
achieve a final concentration of 5% EO. For samples tested on days 0 and 30, the same vials
containing freeze-dried product were used. Additionally, equivalent amounts of powder
and water were used to redisperse the sample on days 0 and 30 to measure the degradation
of EO in samples over time. For samples that were not redispersed, 100 pL of the liquid
sample was pipetted directly into 3 mL of DPPH solution.

After the combination with DPPH, the samples were mixed well by swirling. After
swirling, the test tubes were stored at room temperature, away from light, for 30 min.
Following incubation, samples were removed from the cabinet and mixed by swirling
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again. Samples containing nanoemulsions (fresh and redispersed) were filtered using a

40 pm cell strainer. Then, 1 mL was removed from the solution and tested by UV-vis at

516 nm, the wavelength at which the spectrum of pure DPPH solution peaked. Lastly, to

quantify the antioxidant properties of the sample, the following equation was used.
(CAs16 — SAs16)

Percent Inhibition (%) = A x 100% (1)
516

where CAsqq is the absorbance of the control at 516 nm and SAsq4 is the absorbance of the
samples being tested at 516 nm [29].

2.6. Fungal Cultures

Aspergillus flavus (A. flavus) cultures were grown on potato dextrose agar (PDA) con-
taining 0.1% (w/v) Tween 80. Specifically, 14-day-old cultures were used to inoculate fresh
plates and create a new generation for future use. This procedure was conducted every
14 days to maintain fungal cultures. Additionally, 14-day-old fungal cultures were used to
create the spore suspension used in antifungal experiments. Specifically, sterile water was
applied to 14-day-old plates, and the spores were scraped from the surface using a sterile
glass microscope slide. The suspension was then diluted to 10°5 conidia/mL, counted
using a hemocytometer.

2.7. Antifungal Activity of Redispersed Nanoemulsion

Potato dextrose agar containing 0.1% (w/v) T80 was created and sterilized by auto-
claving. The media was then maintained at 55 °C in a water bath until use. For freeze-dried
samples, nanoemulsion powder was dissolved in DI water and measured using a UV-vis
spectrometer to determine concentration. The redispersed nanoemulsion was then added
to the media until the desired concentration in the media was achieved. For samples with
fresh nanoemulsion, the nanoemulsion was further diluted to a desired concentration. After
the addition of the nanoemulsion, the media was dispersed between four petri dishes and
then allowed to dry inside a biosafety cabinet until cool. Once the media cooled to room
temperature, 10 puL of A. flavus at a concentration of 10°5 conidia/mL was pipetted onto the
center of the plates and spread using a sterile plastic inoculation loop. A circular shape was
used to determine the inoculation area and was constant among all samples. Plates were
then incubated at 25 °C for 14 days. The growth diameter was measured vertically and
horizontally every two days over a two-week period. These values, along with the control
plates, were used to calculate the mycelial growth inhibition percentage (MGI%). Mycelial
growth inhibition was found using the following equation;

MGI (%) = (CDecg = SD) | 1009, 2)
CDayg

In the equation above, CDgyyq is the average growth diameter of control samples, and

5D is the respective sample growth diameter.

2.8. GC/Q-TOF Characterization and Quantification of Redispersed Nanoemulsion

Gas chromatography with quadrupole time-of-flight mass spectrometry (GC/Q-TOF)
(Agilent 7250 GC/Q-TOF, Agilent Technologies Inc., Santa Clara, CA, USA) was used to
determine chemical composition and concentration of essential oil in various samples. For
compound determination, Agilent’s Masshunter Qualitative Analysis B.08.00 software and
associated NIST molecular library were utilized.

For the determination of chemical compounds in LGEO, LGEO was diluted to
10,000 ppm and injected into the column (DB-5MS 30 m, 0.25 mm, 0.25 um). GC/Q-
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TOF experiments utilized a hold time and temperature ramp similar to previously reported
methods [30,31]. In our experiments, samples had a hold time of 3 min and a temperature
ramp of 15 °C/min starting at 45 °C and ending at 320 °C, occurring over a 21.33 min run
time. Because fresh and redispersed nanoemulsions containing LGEO were not suitable
for GC analysis, the samples underwent an oil extraction process. The extraction process
follows de Godoi et al. (2017) [32] with modifications. Specifically, 100 puL of nanoemulsion
sample was heated at 50 °C for 15 min in a water bath. Then, the sample was combined
with 1 mL of acetonitrile and centrifuged at 10,000 rpm for 10 min. Lastly, the supernatant
was filtered using a syringe and a 0.7 um membrane. Finally, to measure samples, 1 puL of
the filtered supernatant was injected into the GC column.

For quantification, four standards were selected following analysis of pure EO in-
jected into the GC column, including cis- and trans-citral, geraniol, and geranyl acetate.
These standards were diluted on each day of GC measurements to varying concentrations
and tested. The peak area was plotted against concentration and used to determine the
unknown concentration of compounds in various samples.

2.9. Statistical Analysis

For statistical analyses, the program JMP Student Edition 18 was utilized. One-way
ANOVA tests with Tukey post hoc tests were employed. Additionally, a significance
threshold of p < 0.05 was used.

3. Results and Discussion
3.1. Physico-Chemical Characterization of Redispersed Nanoemulsion

As shown in Table 1, the zeta potential of the freeze-dried nanoemulsion after redis-
persion in water was found to be —30.6 &+ 6.3 mV. In our previous publication [26], the
zeta potential of the same sample before freeze-drying (fresh nanoemulsion) had a zeta
potential of —39.2 &= 3.0 mV. The range for good physical stability is —30 to —60 mV, where
any absolute value larger than 60 is considered to have excellent stability [29]. Within error,
the redispersed sample fell within the range describing good physical stability on the day
of redispersion.

Table 1. Physico-chemical characterization of freeze-dried nanoemulsion redispersed in water.

Parameter Result

Zeta Potential (mV) —30.6 £6.3
Particle Size (nm) 158.4 +34.9
Polydispersity Index 0.6+0.2
Essential Oil Recovery Percentage (%) 68.7 £12.5

The particle size of redispersed nanoemulsion samples was 158.4 & 34.9 nm (Table 1).
In our previous publication, Liu et al. [26], the particle size of fresh nanoemulsion was
also determined and found to be smaller with a mean particle size of 137 + 11 nm. In
another paper, researchers noted a much larger increase in particle size of nanoemulsions
after spray-drying [21]. With the increase in particle size, resolubilizing the freeze-dried
nanoemulsion becomes more challenging. Further, aggregation and agglomeration that
may occur during freeze-drying could lead to a reduction in the zeta potential of samples.
The decreased zeta potential combined with the increased particle size suggests that the
redispersed lyophilized nanoemulsion reduces its stability. Furthermore, the polydispersity
index (PDI) of samples was found to be 0.6 & 0.2, as shown in Table 1, which is in a similar
range to those values of the fresh nanoemulsion, which were found to be 0.4 + 0.1 in our
previous publication [26]. Lastly, the essential oil recovery was determined to learn how
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freeze-drying affects the concentration of essential oil in the samples. To measure essential
oil concentration in samples, a standard curve of LGEO was developed (Figure 2).
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Figure 2. Standard curve of LGEO diluted in 95% ethanol.

Using the standard curve, fresh and redispersed nanoemulsions were diluted and
measured using a spectrophotometer. The recovery percentage was found by comparing
the concentration found for redispersed samples to that found in fresh nanoemulsion
samples. The essential oil recovery percentage was measured to be 68.7 & 12.5%. This result
indicates that essential oil concentration is decreased following freeze-drying. Similarly,
in another study, the encapsulation efficiency of nanoemulsions containing krill oil after
freeze-drying ranged from 51.9 to 58.2% [21]. The result is indicative of an initial loss
of oil after freeze-drying in different nanoemulsion systems and agrees with the results
presented here.

3.2. Effect of Freeze-Drying on the Antifungal Activity of Nanoemulsion Containing LGEO
Against Aspergillus Flavus

To determine the effect of freeze-drying on the antifungal activity of the nanoemulsion,
mycelium growth inhibition experiments were conducted. Fresh nanoemulsion with 0.1%
EO in media was able to completely inhibit mycelium growth over a 14-day period. In
contrast, redispersed freeze-dried nanoemulsion at 0.10% EO in media showed an initial
77% loss in antifungal activity after only two days. At day 10, no more antifungal activity
was observed (Figure 3). Additionally, images confirming the antifungal activity results are
displayed in Supplementary Figure S1.
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Figure 3. Antifungal activity of fresh nanoemulsion and freeze-dried nanoemulsion at 0.10%. Data
points represent averages (1 = 4) and error bars represent standard deviations. Data for “Fresh
nanoemulsion 0.10% EO” were reported in our earlier publication (Liu et al. [26]) and are presented
here again for comparison.

Many essential oils, including lemongrass, basil, Zatar, and others, have been tested
against various organisms [6,14,15]. In these studies, essential oils were shown to inhibit the
growth of specific fungal species. In particular, Martinazzo et al. [6] showed that Aspergillus
flavus growth was inhibited by lemongrass oil. Additionally, lemongrass essential oil
in nanoemulsion has shown complete growth inhibition and aflatoxin production in A.
flavus [16]. Further, nanoemulsions containing Ocotea indecora essential oil were shown to
inhibit the growth of multiple Aspergillus species, including A. flavus [33]. These results
are in line with the fresh nanoemulsion result reported here (Figure 3).

In freeze-dried nanoemulsion, dramatic loss of antifungal activity is a likely conse-
quence of vaporization of volatile components. Specifically, the loss of essential oil would
be associated with a loss of volatile compounds such as citral, which makes up the majority
of LGEO samples, as well as many other sources in the literature [5,34,35]. Additionally,
individual components of LGEO, namely citral and geraniol, have been shown to exhibit
antifungal activity when used alone [36,37]. With this, the significant loss of LGEO and its
volatile components could explain the decrease in antifungal activity of nanoemulsions
following freeze-drying.

Freeze-drying a nanoemulsion system containing cellulose nanocrystals can also result
in changes to the morphology and physico-chemical characteristics of the CNC [22]. Some
studies have shown that freeze-drying CNC results in dense agglomerates with particle
sizes greater than 100 nm and flaky morphology [23]. Additionally, another source reported
that after freeze-drying, CNCs were composed of large nonuniform flakes with highly
decreased porosity as compared to other drying methods [24]. Changes in the shape and
size of CNCs could affect the ability of the nanoemulsion to encapsulate the oil. Emulsion
stabilizers and surfactants present in the nanoemulsion could reduce EO degradation
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or losses. For instance, Aw et al. [38] reported that CNCs can encapsulate essential oils
by serving as both physical and chemical barriers, which the authors suggested was
responsible for reducing oil degradation in emulsions. The results from the literature, along
with the data presented in Figure 3, suggest that the barrier provided by CNCs, which
initially stabilized the nanoemulsions, was lost or damaged during freeze-drying. This loss
of the barrier appears to facilitate the vaporization of antifungal volatile components from
the samples.

3.3. Antioxidant Activity of LGEO, Nanoemulsion, and Redispersed Nanoemulsion over
30-Day Period

3.3.1. Antioxidant Activity of Pure Essential Oil, Fresh Nanoemulsion, and Freshly
Redispersed Freeze-Dried Nanoemulsion

To test the antioxidant activity or free radical scavenging behavior of LGEO, na-
noemulsion, and freeze-dried nanoemulsion, the DPPH assay was utilized. Essential oils,
specifically LGEO, contain phenolic compounds known to have antioxidant activity [39,40].
On the day samples were created, 5% pure EO exhibited about 53% antioxidant activity,
which was 9% lower than the 62% activity measured from fresh nanoemulsion samples
made and tested on the same day (Figure 4). Both pure LGEO and fresh nanoemulsion
had much higher activity than freshly redispersed nanoemulsion, which had about 33%
antioxidant activity.
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Figure 4. Antioxidant assay of pure EO, fresh nanoemulsion, and freeze-dried (i.e., lyophilized) na-
noemulsion on an initial date and 30 days later. Samples without shared letter(s) are significantly dif-
ferent. Note: Grey circles represent individual replicates, and error bars represent standard deviation.

Results from Figure 4 suggest that the addition of nanoemulsion components increases
the antioxidant activity of the sample. In other studies, nanoemulsion containing lemon-
grass oil, T80, ethanol, and water showed a similar result [17]. Specifically, nanoemulsion
samples had around 9% higher antioxidant activity than pure EO [17]. An increase in
radical scavenging activity may be attributable to a reduced loss of EO after the inclusion of
Tween 80. In another study, researchers found that incorporating T80 into films at 2 and 4%
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caused a slight increase in the radical scavenging activity of samples [15]. These authors
speculated that the increase in radical scavenging activity could be due to a reduced loss of
EO upon T80 inclusion. Our result, in combination with data in the literature, may indicate
that T80 aids in the increase in antioxidant activity by itself or by increasing the retention
of EO. In contrast, another source reported that Tween 80 at 0.10% (v/v) was unable to
scavenge free radicals in DPPH [41], the concentration of which is substantially lower than
that used in our study (10 wt%).

Another ingredient, SBS-CNC, could also play a role in the increase in antioxi-
dant activity seen between pure EO and fresh nanoemulsion. The inclusion of cellulose
nanocrystals may be aiding in increasing the radical scavenging activity of the nanoemul-
sions. In Yu et al. [42], researchers concluded that the addition of cellulose nanocrystals
(CNC) was responsible for the increased free radical scavenging activity in the 2,2'-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and DPPH assays tested on
packaging films. Additionally, it was found that freeze-drying decreased the antioxidant
activity of the nanoemulsion sample. As described earlier in Section 3.2, this might be
caused by the changes in the stabilizing matrix, leading to o0il evaporation and loss of
antioxidant activity.

3.3.2. Antioxidant Activity of Pure Essential Oil, Fresh Nanoemulsion, and Freeze-Dried
Nanoemulsion After 30 Days of Room Temperature Storage

Another variable tested in these experiments was the effect of room temperature stor-
age for 30 days on the antioxidant activity of samples. After 30 days of room temperature
storage, pure EO dissolved in methanol showed no significant difference in the antioxidant
activity as compared to freshly diluted EO. As the pure EO sample was stored for 30 days
diluted in methanol, the result is not comparable to other samples after storage that were
not stored in methanol; thus, the result is not shown. Fresh nanoemulsion after 30 days of
storage displayed a 9% decrease in antioxidant activity as compared to the fresh product
(Figure 3). This result contrasts with the findings in another study, where it is reported
that after 6 months, nanoemulsion containing EO, T80, ethanol, and water lost only 8%
of antioxidant activity while the pure EO sample lost around 16% [17]. In this study, the
largest loss in the antioxidant activity was measured in redispersed lyophilized nanoemul-
sion samples. Specifically, a 27% decrease in the antioxidant activity was observed after
freeze-drying, and only 6% of antioxidant activity was left for a 30-day-old lyophilized
nanoemulsion sample (Figure 4).

Overall, the antioxidant activity of the nanoemulsion samples declined after 30 days of
room temperature storage, with the most significant decrease observed in the redispersed
nanoemulsion sample. In contrast, pure LGEO diluted in methanol did not exhibit any
significant changes (result not shown). These differences could be attributed to the varying
compositions of the samples. The fresh nanoemulsion contained water, T80, soybean-
CNC, Na(Cl, and LGEO, whereas the pure LGEO sample consisted solely of essential oil
in methanol. One possible explanation for the stability of the pure LGEO sample is the
difference in vapor pressure between methanol and the primary essential oil components.
Methanol, with a vapor pressure of 96 mmHg at 20 °C and 127 mmHg at 25 °C (as reported
by the Methanol Institute [43]), evaporates more readily than the essential oil components,
such as geranyl acetate and citral, which have much lower vapor pressures (0.07 mmHg at
20 °C for geranyl acetate and approximately 0.09 mmHg at 25 °C for citral, according to
Sigma Aldrich). As methanol evaporates, the sample may become enriched with LGEO,
which could compensate for loss in antioxidant activity over time.
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3.4. GC/QTOF Analysis of the Chemical Composition and Concentration of Volatile Components
in Lemongrass Essential Oil and Its Nanoemulsion

3.4.1. GC/Q-TOF Analysis of Lemongrass Essential Oil

Analysis of pure lemongrass essential oil yielded multiple peaks of volatile compounds
(Figure 5). Major components of LGEO were found to be cis and trans-citral, geranyl acetate,
geraniol, caryophyllene, y-Murrolene, and 10,13-octadecadiynoic acid, methyl ester.
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Figure 5. GC/Q-TOF chromatogram of pure essential oil at 10,000 ppm. No peaks were observed
before the retention time of 7 min or after 11 min.

The largest components within the lemongrass oil were cis and trans-citral with rela-
tive percentages of 30.00 and 43.20% respectively (Table 2). In Ali et al. [44], researchers
also concluded that cis and trans-citral were the most concentrated components in their
lemongrass (Cymbopogon Citratus) oil sample, with relative concentrations of 30.72 and
34.80% respectively. The third most concentrated compound in our results was caryophyl-
lene at 11.65% while in Ali et al. [44], 3-myrcene was the third highest component with a
relative percentage of 11.28%.

Table 2. Compound names, retention time, and relative percentage of compounds in pure lemongrass
essential oil.

Compound Retention Time (min) Relative Percentage (%)
cis-Citral 7.172 30.00
Geraniol 7.295 2.14
trans-Citral 7.433 43.20
Geranyl acetate 8.417 11.65
Caryophyllene 8.996 6.13
y-Muurolene 9.736 498

10,13-octadecadiynoic acid,

methyl ester 9789 190
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Counts

The two primary compounds, cis- and trans-citral, appear as the most concentrated
components in various studies on LGEO [5,34,35]. Other compounds such as geraniol,
geranyl acetate, and caryophyllene also appear in these studies at different relative percent-
ages. In other studies [34,35], myrcene is one of the more concentrated molecules in the
lemongrass (Cymbopogon Citratus) oil, while in our results, it is not present. Another study,
Mukarram et al. [5], also reported no myrcene peaks in their results. Furthermore, Mukar-
ram et al. [5] conducted experiments using Cymbopogon flexuosus and noted that the
lemongrass genus (Cymbopogon) comprises approximately 180 species. The two studies
that reported the presence of myrcene utilized a species known as Cymbopogon Citra-
tus, whereas our study focused on Cymbopogon Schoenanthus. Additionally, a study by
Praveen et al. [45] identified y-Muurolene in a lemongrass sample. The final compound
detected in our analysis, 10,13-octadecadiynoic acid methyl ester, to the best of the authors’
knowledge, has not been previously reported in studies on lemongrass essential oil. How-
ever, this molecule has been identified in other plant extracts, such as those from Mentha
spicata [45]. While this compound has not been documented in lemongrass essential oil
studies, its detection in other plant extracts suggests its potential presence in botanical
samples. The variation in chemical compounds among oil samples may be attributed to the
use of different Cymbopogon species. Nevertheless, it is evident that cis- and trans-citral
remain the most concentrated components in lemongrass essential oil, as confirmed by the
data in Table 2.

3.4.2. GC/Q-TOF Analysis of Fresh Nanoemulsion Containing Lemongrass Essential Oil

In the fresh nanoemulsion sample, the characteristic peaks of cis and trans-citral,
geraniol, geranyl acetate, caryophyllene, y-Murrolene, and 10,13-octadecadiynoic acid
methyl ester peaks were still observed (Figure 6).
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Figure 6. GC/Q-TOF chromatogram of fresh nanoemulsion extraction.

Cis- and trans-citral were again identified as the compounds with the highest relative
percentages, at 18.80% and 25.64%, respectively. However, unlike the pure EO sample,
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the third most abundant compound was identified at a retention time of 16.5 min as
9-Desoxo0-9-x-acetoxy-3,8,12-tri-O-acetylingol. Additionally, new peaks emerged in the
nanoemulsion as compared to pure EO, after the addition of T80, SBS-CNC, NaCl, and
water. The most prominent new peaks appeared at retention times of approximately 13 min
(two peaks) and 16.5 min (the strongest new peak) (Figure 6). At around 13 min, the
two most probable compounds identified were 5,8,11-Heptadecatriynoic acid methyl ester
and 1,8,15,22-Tricosatetrayne (Table 3). While these molecules have not been previously
reported in lemongrass EO studies, their presence has been documented in other methanolic
plant extracts [46,47]. Similarly, the compound detected at 16.5 min has not been identified
in lemongrass oil studies but has been reported in the M. spicata species [45].

Table 3. Names of compounds, retention time, and relative percentage in the fresh nanoemulsion
extract. Compound names were determined based on the most probable compound suggested from
a single chromatogram replicate of the fresh nanoemulsion extract. Compounds labeled as numbers
correspond to compounds with long chemical names.

Retention Time

Compound (min) Relative Percentage (%)
Limonene oxide 6.578 0.783
cis-Citral 7.174 18.799
Geraniol 7.295 0.680
trans-Citral 7.439 25.644
Geranyl acetate 8.416 7.702
Caryophyllene 8.998 3.170
Y-Muurolene 9.742 2.454
Cadina-1(10),4-diene 9.785 1.562
Caryophyllene oxide 10.341 1.631
1 11.683 1.832
(2) 12.818 0.884
Methyl 5,8,11-heptadecatrienoate 13.052 3.181
1,8,15,22-Tricosatetrayne 13.079 6.815
3) 13.45 3.460
4) 13.712 0.883
a-N-Normethadol 14.046 1.485
(5) 14.806 1.812
(6) 15.536 1.534
W-18 16.476 16.474

Note: Samples labeled with numbers 1-6 correspond to compounds with names that would not fit into the
table. Compounds names are as follows: (1)—4-O-Methyl-12b,13,20-triacetoxy-2,9-dihydroxy-3a-carboxy-2,3-
seco-tigla-1(10),6-diene-3,9-lactone; (2)—Benzene, 1,3,5-tris(3-methyl-3-butenyl)-; (3)—5,8,11-Heptadecatriynoic
acid, methyl ester; (4)—3-Pyridinecarboxylic acid, 1,6-dihydro-4-hydroxy-2-methyl-6-oxo-1-phenyl-ethyl ester;
(5)—not identified, (6)—(4-Isopropylidenebicyclo[3.2.0]hept-2-en-6-ylidene)acetic acid, methyl ester.

The peak at 16.5 min showed a relative percentage of 16.47%, followed by geranyl
acetate at around 7.70% and multiple other molecules with relative percentages close to
3.00% (Table 3). Outside of citral, geraniol, and geranyl acetate, all peaks mentioned were
not confirmed by use of a standard; rather, the peaks were identified using the Agilent
Masshunter software and NIST library. Generally, the highest probability molecule was
selected, and similar results in the literature were searched for. Outside of the molecules
discussed already, there were others detected that are reported in Table 3. To our knowledge,
every molecule in the table after caryophyllene oxide has not been reported in lemongrass
essential oil studies in the literature. Many of them have been reported in other plant extract
studies, while others have not been mentioned or noticed at all. Additionally, because
standards were not purchased and tested for these molecules, we cannot confirm their
existence in our tested samples. To aid in the confirmation of some of these molecules
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in our sample as either natural or degradation products, we researched the literature.
To summarize the literature search for the source of these molecules, we created a table
displaying this information in the Supplementary Materials Table S1.

3.5. Effect of Light Exposure and Room Temperature Storage on Freeze-Dried Nanoemulsion
Containing LGEO

3.5.1. Effect of Light Exposure and Room Temperature Storage on the Antioxidant Activity
of Freeze-Dried Nanoemulsion

After examining the effect of room temperature storage on pure EO and fresh na-
noemulsion, we investigated the impact of light exposure on freeze-dried nanoemulsion.
For the control, freeze-dried nanoemulsion samples stored at —80 °C until the day of the
experiment were used (labeled day 0), both with and without light exposure. These samples
were then stored under their respective conditions for 30 days. The highest antioxidant
activity in redispersed nanoemulsion samples after freeze-drying was observed in the
sample that had neither been stored at room temperature nor exposed to light, with a value

of 32.37% (Figure 7).
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Figure 7. Effect of room temperature, storage time and light exposure on the antioxidant activity of
lyophilized nanoemulsions. Samples without shared letter(s) are significantly different.

In comparison, fresh nanoemulsion retained nearly 63% antioxidant activity, while the
redispersed lyophilized nanoemulsion showed only 32.37%, indicating that the antioxidant
activity was nearly halved after freeze-drying. For antioxidant activity experiments, the
redispersed nanoemulsion was dissolved in water and diluted to a measurable value on the
UV-vis spectrometer. Calculations were performed to ensure that the initial concentration
of EO in the redispersed samples was 5%, similar to that of the fresh nanoemulsion
samples. Despite maintaining the same initial EO concentration, the significant decrease in
antioxidant activity suggests that this loss is primarily due to the loss of the antioxidant
compound in the lyophilized nanoemulsion.

Additionally, a significant decrease in the antioxidant activity was seen for all samples
after 1 week of storage (Figure 7). This result aligns with a study in which citral essential
oil (the main component of LGEO) was characterized in a nanoemulsion system [48]. In
that study, the particle size was unstable and increased significantly every day during the
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first 7 days of storage and then began to reach thermodynamic equilibrium, resulting in a
more stable particle size thereafter.

After 7 days of storage, the sample without light exposure had, on average, 2.5% more
antioxidant activity than the sample exposed to light (Figure 7). On day 14, samples with
and without light exposure had average activity that differed by around 0.5%. Finally,
samples with and without light exposure had the lowest antioxidant activity after 30 days
of storage (Figure 7). On day 30, samples without light exposure had an average activity
of 6.31% while the sample with light exposure had an average activity of 5.39%. Overall,
the experiments revealed a trend that the antioxidant activity of samples decreases during
room temperature storage with or without light exposure. Statistical analysis of results
revealed that light exposure did not significantly affect the antioxidant activity, but rather,
time was the significant factor. After one week of storage, the most dramatic loss of activity
was measured, and small variations were measured after that. Similar findings have
been reported in the literature, showing a significant decrease in antioxidant activity over
time [49]. In that study, exposure to light led to a significant reduction in the antioxidant
capacity of nanoemulsions containing plant extracts over a 30-day period. In the same study,
significant decreases in activity were observed for samples stored at room temperature
without light exposure, indicating that some antioxidant capacity was lost during storage.
This decline could be attributed to a decrease in antioxidant-contributing compounds, such
as citral, over time. In a similar study, researchers found that citral content decreased
consistently over a 30-day period in four different nanoemulsions containing octadecane,
SDS, and Brij [50]. The findings here, along with those in the literature, suggest that
components responsible for antioxidant activity are being lost during storage, a point that
will be further explored in the next section.

3.5.2. Effect of Light Exposure and Room Temperature Storage Time on the Composition of
Lemongrass Essential Oil-Loaded Nanoemulsion

To examine the effect of encapsulated essential oil breakdown at room temperature,
with and without light exposure, GC/Q-TOF compound detection and quantification
methods were employed. Among the samples tested after freeze-drying and stored at room
temperature without light exposure, several familiar peaks were observed (Figure 8).

Peaks corresponding to cis and trans-citral were present in all samples without light
exposure, although at very low concentrations in some samples (Figure 8). While not
detected in every sample, geraniol and geranyl acetate were present in samples up to
day 14 (Figure 8). Recognizable peaks appeared at retention times around 13, 13.5, and
16.5 min and were detected in all samples. For these peaks, a significant decrease in peak
area was observed after one week of storage, and generally, the peak areas continued
to decline until day 21. On day 30, many of the peaks showed an increase in peak area;
although this did not correlate with an average concentration increase (discussed in a later
section), and was still significantly lower than the peaks observed on day 0.

A new peak, which had not been seen in previous samples, was discovered in freeze-
dried samples. This peak appeared at around a 3.7 min retention time and was present in
all replicates tested, although at significantly lower peak area values compared to day-0
samples. Among the replicates, two compounds were frequently suggested with high prob-
abilities for this peak: styrene and benzeneethanamine, N-[(4-hydroxy)hydrocinnamoyl]-.
Both compounds have been detected in plant products or essential oils; further verification
with standards would be needed to confirm the compound being detected. Additionally,
between 8.5 and 12.5 min, around eight peaks were detected on day 0. Each of these peaks,
except for those at 10.3 and 11.7 min, was undetectable after one week.
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Figure 8. GC/Q-TOF results of nanoemulsion stored at room temperature without light exposure
over a 30-day period.

One peak that appeared only after storage was found at 11.2 min. This peak was only
present after 30 days of storage in the samples without light exposure. It was also found in
increasing concentrations starting on day 14 in samples exposed to light (Figure 9).

After light exposure, the loss of distinct peaks occurred more rapidly. The peaks that
were not completely extinguished by day 7 are located at retention times of 7.17, 7.43, 13.05,
13.08, and 16.48 min. The peaks at 7.17 and 7.43 min correspond to cis and trans-citral,
respectively. Although both citral compounds were present after 7 days of exposure, they
were no longer detected in samples beyond that point. In contrast, the peaks at 13.05,
13.08, and 16.48 min were detected throughout the entire 30-day period, with an increase in
concentration observed from day 21 to day 30.

In addition to the peak at 11.2 min, the samples exposed to light revealed the appear-
ance of several new molecules. The first of these was located at around 5.8 min. This peak
was faintly noticeable on days 14 and 21 but became most prominent after 30 days of light
exposure. Other peaks following a similar trend, with the most prominent peak appearing
on day 30, were located at 7.35, 8.15, 8.28, 11.24, 13.18, 14.85, 15.67, and 16.35 min (Figure 9).

A final note regarding samples in either exposure condition is the dramatic loss of
volatiles after only 7 days of storage. As speculated earlier, the stabilizing effect of the
essential oil, which was initially present in the nanoemulsions, was no longer observed,
likely leading to significantly reduced peak sizes over time. Figures 8 and 9, in combination
with the earlier antifungal and antioxidant data, suggest that the morphology and physico-
chemical characteristics that once stabilized the oil have become less effective. Variations in
the most probable compound suggested by the software were noticed between replicates,
making the determination of new peaks more difficult with our data set. For interested
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readers, a table describing the variation in names and their presence in the literature has
been developed (Supplementary Materials Table S2).
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Figure 9. GC/Q-TOF results of nanoemulsion stored at room temperature with exposure to light

over a 30-day time period. Note: * corresponds to peaks that appear to match peaks from the day 0
sample but have different retention times and represent different molecules.

3.5.3. Effect of Light Exposure and Room Temperature Storage on the Concentration of
Four Volatile Components in Lemongrass Essential Oil-Loaded Nanoemulsion

Alongside compositional changes of the LGEO-loaded nanoemulsion, concentration
changes for four volatile components were also quantified (Table 4).

Table 4. Average concentrations of four primary peaks of lyophilized nanoemulsion samples as
determined by GC/Q-TOF.

Cis-Citral Trans-Citral Geraniol Geranyl Acetate
Day Condition Concentration Concentration Concentration Concentration

(ppm) (ppm) (ppm) (ppm)

0 Day 0 1427.16 3804.20 898.81 107.41

7 No light 582.21 1674.69 557.66 111.76

14 No light 207.38 679.18 128.31 60.45
21 No light 82.98 169.50 0 0
30 No light 35.52 75.10 0 0

7 Light 51.35 62.43 0 17.96
14 Light 9.36 4.60 0 0
21 Light 0 0 0 0
30 Light 0 0 0 0

118



Processes 2025, 13, 2752

For compounds except geranyl acetate, the highest concentrations of volatile com-
ponents were observed on day 0, before any storage or light exposure. Geranyl acetate
maintained its concentration through one week of storage but then declined, becoming
undetectable by day 21. The other three peaks showed consistent decreases in concentra-
tion over the storage period. Specifically, both citral peaks decreased steadily, reaching
their lowest concentrations on day 30. For geraniol, the peak disappeared by day 21 and
remained undetectable on day 30 (Table 4).

The reduction in volatile compounds may explain the diminished stability of the
nanoemulsions after freeze-drying, potentially facilitating greater vaporization of LGEO
at room temperature. Similar trends were reported by Irmak et al. [51], who observed
significant losses of phenolic content and antioxidant activity in rosemary oil stored at
room temperature compared to 4 °C over four weeks. To determine if a similar rate of
volatile loss occurs in fresh nanoemulsions, further experiments with fresh samples stored
over a 30-day period are warranted.

Light-exposed samples produced markedly different results compared to those
shielded from light. By day 21, both citral peaks were undetectable in light-exposed
samples, while they remained measurable in the light-shielded samples (Table 4). Addi-
tionally, in light-exposed samples, geraniol was not detected at any point, and geranyl
acetate was only observed after one week of exposure. These findings suggest that light
exposure accelerates the degradation of LGEO volatiles. While volatile concentrations also
decreased significantly in light-shielded samples, the process was notably slower under
these conditions.

Although the data in Table 4 indicate that neither exposure condition preserved sam-
ple stability, the results align with trends observed in related studies. In all conditions,
the concentrations of the four volatile components declined consistently, reaching either
minimal values or zero after 30 days. Notably, even light-shielded samples stored solely at
room temperature exhibited substantial volatile losses, suggesting an imperfect storage
method. These findings are consistent with other studies involving freeze-dried nanoemul-
sions, which often report diminished activity and lower volatile concentrations compared
to fresh counterparts.

This indicates that freeze-drying compromises EO stability within nanoemulsions. Pre-
vious research has compared various drying methods, such as spray drying, freeze-drying,
and spray freeze-drying, in CNC-based formulations across different applications [22-24].
These studies suggest that alternative or combined drying methods could better preserve
morphological and chemical features, thereby maintaining volatile component stability
and bioactivity. Future investigations may need to explore these methods to optimize
antifungal and antioxidant activity alongside the retention of volatile components.

4. Conclusions

In this study, we developed and characterized a nanoemulsion that was freeze-dried
and subsequently redispersed in water. The freeze-drying process significantly impacted
the physical and chemical properties of the nanoemulsion, reducing the zeta potential
from 39.2 mV to 30.6 mV and increasing particle size from 137 nm to 158 nm. Addition-
ally, approximately 30% of the essential oil concentration was lost during freeze-drying.
Redispersed lyophilized nanoemulsions also exhibited a substantial decline in bioactiv-
ity, with antifungal activity decreasing by 77% and antioxidant activity by 31%. Storage
conditions further influenced stability, with light exposure accelerating the degradation of
key volatile compounds—cis- and trans-citral, geraniol, and geranyl acetate—detected via
GC/Q-TOE. Antioxidant activity declined sharply after one week of storage under both
light-exposed and light-shielded conditions, potentially due to thermodynamic stresses,
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before stabilizing at approximately 50% of the day 7 activity. Discrepancies between volatile
degradation and antioxidant activity may stem from contributions by formulation com-
ponents such as Tween 80, NaCl, and SBS-CNC. Light exposure also caused significant
chemical changes, with 11 new compounds forming during storage compared to one in
light-shielded samples. These findings suggest that light exposure accelerates chemical
changes in the nanoemulsion, potentially further reducing its bioactivity and stability.
Findings from this study highlight challenges in maintaining stability and bioactivity of
essential oil-loaded nanoemulsions after freeze-drying, likely due to disruptions in sta-
bilizing factors of the original O/W nanoemulsion. Despite these challenges, the fresh
nanoemulsion demonstrated promising LGEO bioactivity, providing a foundation for
further optimization. Refining freeze-drying protocols and formulation conditions could
enhance stability and unlock new applications for renewable, bioactive nanoemulsions.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/pr13092752/s1, Figure S1. Images of antifungal activity
experiments (corresponding to results in Figure 3). Images are representative of replicates.; Table S1.
Literature search of components of fresh nanoemulsion extract detected by GC/Q-TOF. Columns
highlight the name of the compound detected, whether the compound was detected in LGEO in
other studies, whether the compound was detected in EO in general, the source of the molecule in
the literature, and the citation of the publications citing the specific molecule.; Table S2. Compound
compilation of molecules detected at similar retention times in freeze-dried nanoemulsion extract
samples. Table contains a literature search of compounds detected in the freeze-dried nanoemulsion
extract samples. Columns highlight the name of the compound detected, whether the compound was
detected in LGEO in other studies, whether the compound was detected in EO in general, the source
of the molecule in the literature, and the citation of the publications citing the specific molecule.
References [5,34,35,44—46] are cited in the main text and Supplementary Materials. References [52-94]
are cited in the Supplementary Materials.
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Abstract: In the search for technologies and materials to improve the safety and efficacy
of active ingredients used in treating diseases, layered double hydroxides (LDHs) have
been proposed as drug carriers since they can enhance the effects of active ingredients
and even reduce toxicity. Doxorubicin (DOX) is one of the most widely used and studied
antitumor drugs due to its broad spectrum; however, due to its low plasma bioavailability
and slow systemic clearance, only a small fraction of the drug reaches and acts on the
tumor, so LDHs have been proposed as vehicles to solve these disadvantages. The most
used method to load the drug is incubating LDH particles in DOX solutions. In this work,
two additional methods, co-precipitation, and mechanochemical reaction, were explored to
evaluate the structural stability of the vehicle and the amount of DOX retained by LDHs
structured by magnesium/aluminum and zinc/aluminum cations, which are the two most
common compositions to design materials for biomedical applications. The zinc/aluminum
LDH structure degraded in the loading process, whereas the magnesium/aluminum LDH
particles were stable against the three loading processes. The mechanochemical procedure,
a green and sustainable technology, loaded the highest content of DOX.

Keywords: hydroxide; doxorubicin; vehicles; loading process

1. Introduction

One strategy to improve therapies and treatments against diseases is the development
of vehicles or forms of administration of known drugs. Liposomes are one of the most
efficient routes for the transport of poorly soluble drugs. However, micelles can become
destabilized when in contact with different chemical environments during the trajectory
within the body. A proposal that has been explored by several research groups is the use of
layered double hydroxide (LDH) nanoparticles as transport vehicles [1,2].

These particles can tune the release rate of drugs [3] and even control the release in the
stomach or intestine environments, depending on their chemical composition [4]. Layered
double hydroxides are inorganic structures whose composition is represented by the
general formula M(II); - \M(III)x(OH), ** A"~ /;,, where M(II) and M(III) are metal cations
organized in a two-dimensional structure upon coordination with -OH ions. The resulting
layer retains a charged residue (x+) that is stabilized by interlayer anions, A"~, /, [5]. A
particle of LDH results from an alternate stacking of cationic layers and anions.

The popularity of LDHs lies in the wide range of compositions enabled by the large
number of metal cations that can be combined, the different values of X, and the inter-
laminar anions that can be selected. Additionally, the exchangeability of the A"~ anion is
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exploited on many occasions for substitution by the drug to be transported. This exchange
approach is preferable for compounds that form stable anions, such as carboxylates, result-
ing in LDH particles retaining the drug within the crystal lattice. However, LDHs can also
transport drugs on external surfaces, i.e., without intercalation, with the same advantages
as that of a drug transported by a nanovehicle. The external adsorption phenomena oc-
cur in molecules like doxorubicin (DOX) [6]. In addition to the flexibility of its chemical
composition, there is also the diversity of structures, shapes, and sizes, enabling several
applications [5]. One example of its use is as a lubricant. It can act as a matrix to hold
organic gasses and allow their carbonization. They are also environmentally friendly by
reducing the amount of inorganic waste from synthesis processes, as occurred with the
formation of NiAl-CO3; LDH particles, which has significantly improved the tribological
performance of in situ carbon layers that can be used as lubricants under extreme loads
and high shear stresses without the need for inspection and reworking of coatings [7].

LDHs are also used as delivery systems for cosmetic active ingredients due to their
potential to stabilize them and improve rheological properties, specifically in emulsions.

Cinnamic acid and its derivative, p-methoxy cinnamic acid, have been inserted into
the interlayer space of an LDH. LHDs show a great capacity for attenuating UV rays while
being transparent in the region of visible light. It has also been reported that the oxidation
of castor oil added to cosmetic and nutritional formulations caused by the air decreases
when cinnamic acids are intercalated in the LDHs [8,9].

A novel application is the use of LDHs as an alternative to the white pigments cur-
rently used in the food, cosmetic, and pharmaceutical industries. To this end, LDHs
were prepared with magnesium and aluminum, and surface-modified with casein and
carboxymethylcellulose (CMC), and compared with currently used whiteners such as
food-grade titanium dioxide (E171), rice starch, and silicon dioxide (E551). The experiment
showed that the aqueous suspension of LDH is heat and pH-stable and outperforms current
alternatives such as rice starch and silicon dioxide (E551) [10].

Likewise, strategies for recovery from spinal cord injury have been explored using
magnesium and aluminum LDH, evaluating the functions of neuronal regeneration and
immune regulation in mice. The experiment achieved significant performance in accelerat-
ing neural stem cell (NSC) migration, neural differentiation, L-Ca2* channel activation, and
the generation of inducible action potentials [11].

The bottom-up synthesis of LDHs from soluble salts of M(II) and M(III) cations, and
the addition of the drug to this solution, producing particles when alkalinized with sodium
hydroxide, is another common procedure for drug loading in LDHs. This procedure
retains the drug inside the particles during crystal formation. This method, known as
co-precipitation, is efficient for molecules with carboxylate groups, such as ibuprofen [12].
However, in some cases, the co-precipitation is not successful for the intercalation of some
molecules, especially those that do not produce stable anions, like polyphenols. In this
case, the retention occurs by adsorption onto the external surfaces, and the formed particles
retain the activity of the organic compounds [13]. Therefore, it can be concluded that there
is no absolute method of synthesis and that for each molecule to be loaded into or onto an
LDH particle, different methods must be explored to select the most appropriate one.

In the case of DOX, the synthesis method to produce the loading is achieved by dis-
persing LDH nanoparticles in a DOX solution, which is a wet impregnation [6]. This work
aims to compare the traditional wet synthesis methods and include the mechanochemical
process, which to date has been widely explored for LDH synthesis, but not for forming
intercalation products [14]. This method has the advantage of avoiding the use of solvents
during the synthesis and reducing energy consumption.
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In this article, we explore the traditional “exchange” process to incorporate DOX in
LDH particles and compare it with the co-precipitation and mechanochemical procedures.
The assays were conducted with the magnesium and zinc-based compositions of LDHs,
which are proposed for biomedical studies owing to their null or low toxicity [15,16].

2. Materials and Methods

All reagents were of analytical grade and no additional purifications were performed.

2.1. Magnesium (MgAI-NO3) and Zinc (ZnAl-CO3) Layered Double Hydroxides

A 100 mL solution was prepared with magnesium nitrate and aluminum nitrate in a
Mg:Al molar ratio of 2.5:1. The suspension was stirred and 12% NH4OH was added until
pH 9.5 was reached. The suspension was stirred for 24 h. Then, the product was recovered
by centrifugation, washed with deionized water, and dried for 72 h at 55 °C. The solid
obtained was ground in an agate mortar and identified as MgAl-NOj3. The reaction with
zinc nitrate was prepared with a solution of zinc nitrate and aluminum nitrate in the ratio
of 2.5:1 following the above procedure. The product was identified as ZnAl-NOs.

2.2. Loading Attempt by Anion Exchange

In a beaker containing 25 mL of deionized water, 0.030 g of doxorubicin (DOX) was
added. The solution was stirred until DOX dissolution was achieved. Subsequently, 0.104
g of MgAI-NOj3 (or ZnAl-NOj3) was added, and the mixture was stirred until homogenized.
A drop of 1 M NaOH was added to adjust the pH to 7. The suspension was stirred for 24 h.
Then, the solid was recovered by centrifugation and dried in an oven for 24 h at 50 °C.
The resulting purple powder was pulverized in an agate mortar until a fine powder was
obtained. The samples were labeled as MgAl-DOX/Exch and ZnAl-DOX/Exch.

2.3. Loading Attempt by Co-Precipitation

20 mL of solution containing the metal cations Mg(II) and Al(III) were prepared by
dissolving the mass of salts indicated in Section 2.1. To this solution, 0.010 g of DOX was
added and stirred until homogenized. Then, 6% NH4;OH was added to pH 8.5 to induce
the formation and precipitation of LDHs with doxorubicin.

The zinc-based sample was prepared by switching to a solution of Zn(II) and AI(III)
cations. Both experiments were left in agitation for one day. They were then centrifuged to
separate the solid. The products were washed with deionized water and dried for 24 h at
55 °C. They were then pulverized in agate mortar until a fine powder was obtained and
labeled as MgAl-DOX/Exch and ZnAl-DOX/Exch.

2.4. Loading Attempt by Mechanochemical Reaction

A mixture was prepared with 0.100 g of MgAl-NOj (or ZnAl-NOs) with 0.030 g of
DOX. The mixture was placed in an agate mortar and ground for 20 min. A few drops
of ethanol were added to form a paste to facilitate homogenization. Subsequently, the
paste was transferred to a centrifuge tube, mixed with 25 mL of deionized water, and
stirred to promote the release of DOX from the LDHs and ensure that the recovered powder
contained exclusively DOX, chemically attached to the particles. The sample was then
centrifuged at 5000 rpm for 5 min, and the washing process was repeated three times.
The sample was transferred to a drying oven for 24 h at 55 °C and pulverized in agate
mortar until a fine powder was obtained. The sample was labeled as MgAl-DOX/Mec (or
ZnAl-DOX/Mec).
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2.5. Solid-State Characterization

All powder samples were placed directly in a glass sample holder. The analysis was
performed on a PANalytical diffractometer model Empyream (PANalytical, Malvern, UK);
such equipment used a copper anode producing radiation with a wavelength of 0.154 nm.
Reading was conducted in the 5 to 70 degrees (26) range with a step of 0.02 degrees and
25 s of exposure. The infrared data were collected, averaging 16 scans with a resolution
of 4 cm™! in the ATR mode with a Thermo Scientific apparatus model iS50 ATR (FTIR,
Waltham, MA, USA).

Energy-dispersive X-ray spectroscopy (EDS) data were acquired with an OXFORD
detector (Oxford model X-MaxN, High Wycombe, UK) assembled to a JEOL JSM-6610LV
scanning electron microscope (SEM, Musashimurayama-shi, Tokyo, Japan) located at the
Instituto Transdisciplinar de Investigaciéon y Servicios—ITRANS, at the University of
Guadalajara. The powder samples were adhered to a carbon tape. EDS data were obtained
using SEM images acquired using a beam with 15 kV and 1 k magnification. The element
content was measured in five zones for each sample and averaged manually. The computer
program reports mass percentages, which are manually converted to moles per 100 g by
dividing each percentage by the atomic weight.

3. Results and Discussion
3.1. Magnesium-Based LDH Loaded with DOX

The diffraction profile observed in the LDH MgAI-NO3 sample mainly resembles the
profile of a hydrotalcite structure [17] (Figure 1).

MgAlI-Dox/Cop

MgAIl-Dox/Exch

Intensity (a.u.)

MgAl-Dox/Mec

R T v

70-2151
10 20 30 40 50 60

20 (degree)

Figure 1. X-ray diffraction profiles of the MgAIl-NOj pristine matrix and the doxorubicin (DOX)
products processed by mechanochemical, exchange, and co-precipitation techniques.

However, in the diffractogram, a very broad peak is formed between 17 and 23 degrees
(2 theta), which is not present in the card. In both structures, the most intense reflection
appears in the same position, but the second reflection is shifted. Figure 2 shows the
experimental diffractogram and the simulated profiles of hydrotalcite-type structures
obtained with the MAUD (Version 2.9997) program based on two structures belonging to
the space group P —6 2 m (space group 189) [18] and R —3 m (space group 166) [17]. This
overlapping demonstrates the observed broadening of the MgAl-NOj3 profile.
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Figure 2. XRD profile of the basal reflections in the MgAl-NO3 sample and the theoretical profiles of
LDHs with two different crystal groups.

The most intense reflection in both profiles corresponds to crystal planes formed by
the distance between two contiguous layers, called basal distance, and depends on the size
of the anion intercalated between the layers [19]. The position of the peak transformed
to a distance in the LDH Mg/ Al-NOj3 sample, when calculated with the Bragg equation,
corresponds to 0.87 and 0.83 nm for the P —6 2 m and R —3 m phase, respectively, which
are consistent with the presence of interlayer nitrate [20,21].

When the DOX loading processes are carried out, the XRD profiles are maintained
(Figure 1), especially the reflections above 30 degrees (2 theta). However, the basal reflection
is slightly shifted to 0.76 nm. This lower value is associated with carbonate intercalated
between the layers; this fact occurs by reaction with CO, from the atmosphere [22], and the
aqueous medium favors it since it does not occur in the mechanochemical reaction.

IR spectroscopy analysis was performed to detect the presence of DOX in the samples
(Figure 3). Firstly, MgAl-NOj3 presented a high intensity and width band around 3400 cm !
related to the H-O stretching found in water and OH groups of the layers [23]. At 1360 cm ™!,
bands related to the symmetric stretching of nitrate ions are observed [24]. Finally, below
680 cm ™!, bands of metal-oxygen or O-M-O stretching appear [23].

The control DOX spectrum is composed of several signals, but the bands that allow
its identification in the other compounds stand out, such as the O-H and N-H and C-H
signals between 3600 and 2900 cm~!, C=0 stretching at 1740 cm ™!, N-H stretching at
1650 cm~!, and the high-intensity signal at 1050 cm ! coming from C-O-C [25], which are
shadowed in Figure 3. When evaluating the presence of this profile in the samples, the one
prepared by the mechanochemical method presents the most pronounced signals at 2950,
1720, and 1050 cm !, indicating that it is the one that retained the highest amount of DOX.
It is followed in intensity by the MgAl-DOX/Exch sample, with signals at 1720 cm~! and
slightly at 1020 cm 1. It can be said that MgAl-DOX/Mec retains the greatest amount of
DOX, while the MgAI-DOX/Cop sample has the least contribution to the DOX signal.

As inferred from the diffraction data, the interlayer space of the LDH particles treated
with DOX is populated by carbonate anions, as represented in Figure 4. Then, the loading of
the DOX molecules occurred over the external surface instead of the typical exchange reac-
tions where the drug substitutes carbonate. The loading over the surface particles occurred
regardless of the presence of two polytypes of LDH structures in the pristine sample.
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Figure 3. Infrared spectra of the Mg-NOj pristine matrix and the doxorubicin (DOX) products
processed by mechanochemical, exchange, and co-precipitation techniques.

Figure 4. Representation of an LDH particle with the composition MgAI-NO3 and DOX obtained by
the mechanochemical procedure. Generated using CrystalMaker 11®. CrystalMaker Software Ltd.,
Oxford, UK (www.crystalmaker.com).

The data from element quantification using the EDS technique was treated to obtain
the carbon content, which is an indicator of retained DOX (Figure 5a). The highest content
in MgAI-DOX/Mec was 1.8 mol per 100 g of sample, which agrees with the infrared result
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and confirms that the mechanochemical method is the most efficient procedure to load
DOX in a LDH with hydrotalcite composition. The content of the other element taking
as reference the aluminum (Figure 5b) also demonstrates the highest content of carbon
in MgAl-DOX/Mec; additionally, this plot shows the molar ratio of Mg with respect to
aluminum is close to 2.5:1 (dotted line in Figure 5b) indicating the chemical stability of the
LDH structure.
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Figure 5. (a) Carbon content in the magnesium LDH loaded with DOX by the mechanochemical,
co-precipitation and exchange procedures and (b) the magnesium:aluminum:carbon molar ratio in
the same samples.

3.2. Zinc-Based LDH Loaded with DOX

The zinc-based matrix was analyzed by XRD (Figure 6); the profile of the ZnAl-NOs
sample matches the profile of the 38-0486 card corresponding to an LDH of composition,
ZngAl,(OH)14CO;5-4H,0 [26], and corresponds to a structure with R —3 m symmetry,
similar to one of those found in the magnesium sample.

ZnAl-Dox/Cop
':AA;YAVA.'LA'Y;'L"A* IR

N
PRIV VORI TN
P AN e

Iy
AR LA L e a a0l

bt oo ZnAl-Dox/Exch

ZnAl-Dox/Mec

Intensity (a.u.)

ZnAI-NO,

38-0486

10 15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Figure 6. X-ray diffraction profiles of the ZnAl-CO; pristine matrix and the doxorubicin (DOX)

products processed by mechanochemical, exchange, and co-precipitation techniques.
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When evaluating the basal reflection, the distance between two contiguous layers
is 0.76 nm, which suggests the presence of interlayer carbonate [22,27], so it can be said
that a zinc-based LDH is more susceptible to carbonate contamination than a magnesium-
based LDH.

Except for the ZnAl-DOX/Cop sample, where no diffraction signals were obtained
indicating destruction of the crystalline arrangement, the products obtained from the
mechanochemical and exchange methods present the initial LDH diffraction profile, indi-
cating that these two methods do not destroy the LDH matrix.

Infrared spectroscopy shows that the spectrum of ZnAl-NOj is the same as that of the
MgAI-NO; sample, thereby confirming the composition of an LDH (Figure 7). Even when
the band at 1360 cm ™! is assigned to nitrate ions [23], carbonate vibrations also appear
in the same wavenumber [22,27]; the presence of carbonate is corroborated by the high
content of carbon (0.72 mol C/100 g) in ZnAl-NOj3 (Figure 8a) compared with MgAIl-NOj3
(0.23 mol C/100 g). These data agree with the low basal space identified by XRD.
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Figure 7. Infrared spectra of the ZnAI-NOj pristine matrix and the doxorubicin (DOX) products
processed by mechanochemical, exchange, and co-precipitation techniques.

The presence of DOX in the loading products is suggested by the weak C=0 and N-H
signals in ZnAl-DOX/Mec and ZnAl-DOX/Exch; however, the ZnAl-DOX/Exch sample
is not a layered material as inferred from XRD data. Then, ZnAl-DOX/Mec was the only
sample loaded with Dox, probably causing the increase of carbon to 0.95 mol C/100 g
(Figure 8a). However, the Zn:Al molar ratio in this sample is 0.5:1 instead of the expected
2.5:1, indicating a high content of aluminum (Figure 8b), then the carbon comes from a
probable amorphous aluminum carbonate phase. Therefore, the zinc-containing LDH
particles are less stable as vehicles for DOX compared to the magnesium LDH.
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Among the novelties of our work was the addition of the mechanochemical method
to the traditional synthesis methods used for LDHs. In the experimental design, three
synthesis processes and two LDH compositions accepted in biological applications were
tested. The expected result was not obtained in one of the compositions, ZnAl, once it was
degraded, while the MgAl composition was stable.
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Figure 8. (a) Carbon content in the zinc materials loaded with DOX by the mechanochemical,
co-precipitation, and exchange procedures and (b) the magnesium:aluminum:carbon molar ratio.

The novel result was in the product obtained by the mechanochemical process, which
showed a higher DOX loading, allowing scaling-up since it is the least expensive, and does
not require large amounts of sample, time, or sophisticated equipment. In these results,
we demonstrate that certain compositions and synthesis methods are the most suitable in
terms of cost, reaction, and operating time, as they are more efficient in loading complex or
bulky drugs such as DOX in a more straightforwardly and economically, without causing
any structural modification of the drug or LDHs. In addition, the environmental impact is
reduced by not generating the waste of conventional synthesis processes, thus addressing
some of the principles of green chemistry [28].

Solvents play an important role in conventional synthesis, and their toxicity is often
the main challenge to overcome. Mechanochemical synthesis is more efficient because the
reaction can be carried out by milling with or without a small amount of solvent [29,30].

Now, the further challenge is to evaluate the release profile of the most promising
samples, and especially to choose a model of application. For example, it has recently been
demonstrated that inorganic particles based on metal oxides have the potential for use as
drug-eluting stents, especially, magnesium, and zinc oxides are used in the medical field,
because they are bioabsorbable, inexpensive, and stable, and applied as alternatives in
orthopedic implants in which they serve as delivery systems for anti-inflammatory drugs,
antibiotics, growth factors, and antiresorptives. Little attention has been paid to metallic
drug-releasing systems compared to polymeric systems. These systems are intelligent and
sensitive and are increasingly popular in personalized medicine and pharmacotherapy as
they can respond to key variables such as pH changes caused by inflammatory processes,
thus allowing the system to release its bioactive load, reaching the desired site for the
therapeutic effect [31-33].

One major problem is the rapid corrosion of magnesium-based biomaterials, which
represents a significant obstacle to their application but can be reduced by adding ele-
ments such as aluminum and zinc [34]. The most effective way to improve the corrosion
resistance of these biomaterials without impairing their mechanical strength is surface
modification. For example, most metal-based drug delivery systems involve embedding
drugs in polymeric or ceramic coatings applied to metal implants. There are also other
methods for incorporating the drug itself into the metal surface through covalent bonds,
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self-assembled layers, and silver nanoparticles [31]. Here, the LDHs loaded with drugs by
the mechanochemical method could find an application.

4. Conclusions

The typical anions exchange reaction to load DOX on LDH particles was compared
with the co-precipitation and mechanochemical processes. The MgAl LDH composition is
stable and tolerates the three loading processes. The mechanochemical method retained the
largest content of DOX. The ZnAl LDH was unstable against the exchange reaction since the
structure was destroyed and the amount retained was low. The mechanochemical method
was then the best procedure for the zinc-based composition. Therefore, the grinding process
arises as a suitable green method to produce LDH vehicles for DOX, retaining the structural
integrity of the LDH structure and reducing the use of reagents.
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Abstract: Titanium alloy is widely used as a biomaterial due to its strength, lightweight
nature, and corrosion resistance. Despite its strength and lightweight nature, its low
wear resistance limits its uses in prosthetic components. Laser surface texturing (LST)
was used to improve the wear resistance of titanium alloys by creating textured surfaces
before applying protective coatings. A biocompatible TiN composite protective coating
was applied using physical vapour deposition (PVD) with a thickness of 4 um. Response
surface methodology (RSM) was used to predict the tribological properties by varying input

parameters such as material type (TI, T2, T3, and T4), load in N, and sliding velocity in m/s.

A pin-on-disc tribometer was used to conduct a unidirectional sliding wear test based on
the RSM design. Tribological properties were studied to determine the impact of laser
texturing on the bonding strength of the coating. As a result, material type T4 exhibits an
improved coefficient of friction and specific wear resistance under varying sliding velocity
and load conditions compared to other material types. The study was further supported by
an ANSYS simulation, which revealed stress reduction affecting the coefficient of friction
and, consequently, wear. The textured surface topography, wear mechanisms, and coating
compositions were examined using scanning electron microscopy.

Keywords: TiN coating; surface texturing; ANSYS simulation; wear resistance

1. Introduction

In recent decades, there has been an increase in joint replacements due to accidental
injuries and injuries sustained by soldiers. As a result, biomaterials have gained significant
recognition as artificial and natural materials used to replace lost or diseased biological
structures, thereby restoring both form and function. These biomaterials are classified into
three categories based on the body’s response: biotolerant, bioactive, and bioinert materials.
Bioactive materials are commonly preferred for joint replacements because of their superior
bone integration and biocompatibility [1-4]. Metallic biomaterials, such as 316L stainless
steel, cobalt chromium alloy, magnesium alloy, and titanium alloy, are primarily utilized in
load-bearing applications. Among these, titanium alloys, particularly the TigAl;V alloy,
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stand out in the aerospace and biomedical industries due to their favourable combina-
tion of high strength, low density, and corrosion resistance [5,6]. Although TigAl4V has
a lower Young’s modulus (55-110 GPa) compared to stainless steel (210 GPa) and cobalt-
chromium alloys (240 GPa), it is still higher than that of human cortical bone (10-30 GPa),
causing stress shielding and bone resorption [7]. Despite its strength and low density,
TigAl4V has poor wear resistance, which limits its use in high-friction environments. Ad-
ditionally, the presence of vanadium and aluminium in the alloy has been linked to the
potential development of Alzheimer’s disease for long-term implants [8,9]. To address
these limitations, two approaches can be explored: 1. The introduction of new beta-type
materials by incorporating tantalum (Ta), zirconium (Zr), and niobium (Nb) can reduce
the release of toxic substances into the body and improve cell viability and growth rates
compared to TigAl4V [10,11]. 2. Implementing various surface modification techniques can
enhance the tribological properties of TigAl4V. These techniques aim to improve osseointe-
gration and antibacterial properties by altering surface characteristics. Surface modification
methods—such as physical, chemical, mechanical, and oxygen hardening—can improve
biocompatibility, wear resistance, and corrosion resistance [12-14]. One mechanical surface
modification technique, known as laser surface texturing, involves creating specific patterns
on the surface that can influence friction and wear characteristics. Laser surface texturing
enhances tribological performance by modifying surface topography, which impacts lu-
brication retention and wear debris management. Textured surfaces can act as reservoirs
for lubricants, reducing friction and wear during sliding conditions [15-18]. Studies have
shown that textured surfaces exhibit lower friction coefficients than their untextured coun-
terparts, particularly under lubricated conditions [19]. Coatings such as ZrO,, TiC, and
TiXN provide enhanced wear resistance due to their higher hardness and lower elastic
modulus. Additionally, titanium nitride (TiN) demonstrates favourable biocompatibil-
ity when utilized as a surface modification for titanium implants. The plasma nitriding
process introduces nitrogen to titanium alloy surfaces, forming TiN or Ti)N compounds.
TiN shows good corrosion resistance and increased hardness compared to untreated base
materials when applied as a coating. Recent studies have indicated that ZrN and TiN
coatings on titanium enhance not only the mechanical properties but also antibacterial
activity and cytotoxicity, making them suitable for biomedical applications [20-25]. Under
similar testing conditions, TiN-coated TigAl;V samples generally exhibit superior tribo-
logical performance compared to uncoated surfaces, largely due to the coating’s inherent
hardness and lubrication capabilities [26,27]. The findings suggest that combining laser
texturing with TiN coating generates synergistic effects that enhance overall performance,
compared to using each approach independently. This synergy can be attributed to im-
proving the mechanical advantages of both surface modifications [28,29]. Response surface
methodology (RSM) is a set of mathematical and statistical techniques used to predict
tool life, surface roughness, wear resistance, and other similar factors [30-32]. Predictive
modelling tools, such as artificial neural networks (ANNs) and regression techniques,
have proven to be valuable for understanding the complex interactions involved in these
processes [33-35]. The Finite Element Method (FEM) serves as a foundational tool for
simulating the tribological behaviour of engineering materials. ANSYS software is widely
used for conducting wear analysis through FEM, which enables researchers to approach
complex contact problems with improved accuracy [21,36-38]. This study investigates the
enhancement of tribological performance in TigAl4V alloy surfaces through laser texturing
and TiN (titanium nitride) coating. It focuses on understanding how surface topography
affects friction and wear behaviour compared to untextured and uncoated surfaces. To
evaluate the friction coefficient and specific wear rate, a pin-on-disc sliding wear tribometer
test was conducted on laser-textured TiN-coated TigAl4V alloy surfaces, as well as on untex-

137



Processes 2025, 13, 204

tured uncoated surfaces, textured uncoated surfaces, and untextured TiN-coated surfaces.
The surface morphology and topography of the laser-textured TiN-coated, laser-textured
uncoated, and untextured TiN-coated TigAl4V alloy surfaces were analysed using scanning
electron microscopy (SEM), atomic force microscopy (AFM), and a surface roughness tester.
Additionally, the microstructure and phase composition of the TiN coating were examined
using energy-dispersive X-ray spectroscopy (EDX). To determine the impact of various
input parameters—such as applied load (in N) and sliding velocity (in m/s)—on friction
and wear rates, a response surface methodology (RSM) study was performed. Furthermore,
a simulated study was conducted using ANSYS software to explore the effects of laser
texturing and TiN coating on the TigAl;V surfaces. Integrating laser surface texturing with
TiN coatings on TigAl4V alloy surfaces represents a promising approach for enhancing
tribological performance.

2. Experimentation

A comparative analysis was conducted on four categories of TigAl4V alloy, each with
distinct surface modifications. Table 1 presents the names of the alloy specimens and their
corresponding surface modification techniques. The experimental work encompassed all
four categories to examine the impact of texturing and coating on the TigAl4V alloy.

Table 1. Specimen categories.

Specimen Name Type of Surface Modification
T1 TigAl4V Reference sample without any modifications
T2 TigAlyV Untextured TiN—Coated
T3 TigAlyV Textured Uncoated
T4 TigAlyV Textured TiN—Coated

2.1. Material Preparation

Titanium alloy TigAl4V grade 5 alloy was sourced in the form of a rod from M/s
Prashanth Steel & Alloy suppliers in Mumbai. The alloy possesses the following chemical
composition and mechanical properties, as shown in Tables 2 and 3. A pin-on-disc tribome-
ter wear test was conducted according to the American Society of Testing Materials (ASTM)
standard G99 guidelines, and the cylindrical pins were machined using a wire electrical
discharge machining (WEDM) technique to achieve a minimum tolerance. The pins were
cut into dimensions of 28 mm x 10 mm, as shown in Figure 1. These dimensions were
selected to precisely fit the pin holder in the Ducom Tribometer machine. The facility was
supported by the Tribological Research Cell of Sri Venkateswara College of Engineering.

C Bmm ”E’E ra— @ E@

32 mm

N~

—_ . i B

Figure 1. (a) Procured TigAl4V alloys, (b) machined specimens with dimensions of 28 mm x 10 mm.
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Table 2. Chemical composition of TigAl4V alloy.

Chemical
Element

Weight% 91 55t06.75 35t045 <0.4 <0.2

Titanium Aluminium  Vanadium Iron Others

Table 3. Mechanical properties of TigAl,V alloy.

Densi Ultimate Tensile Shear Modulus of Poisson’s
Parameters K /mtg,y Strength Modulus Elasticity Ratio
& MPa GPa GPa
Value 4420 1100 44 90 0.34

2.2. Methodology

This study presents a comparative investigation of four different TigAl4V alloy spec-
imens, as outlined in Figure 2. Specimen T1 underwent sliding wear testing using a
pin-on-disc tribometer to investigate friction and wear. Specimen T2 first underwent
surface modification processes, specifically TiN coating applied through physical vapour
deposition (PVD), and was subsequently tested for friction and wear using the same pin-
on-disc tribometer. Specimen T3 underwent a surface modification process involving laser
surface texturing using a laser marking machine before being tested for friction and wear
in the tribometer. Lastly, specimen T4 received two surface modification techniques: first,
texturing using a laser marking machine, followed by TiN coating through PVD, and then
it was tested for friction and wear using the pin-on-disc tribometer.

Ti6Al4V Alloy

I ! ! !

Simulation using ANSYS ‘

Materials and Methods
I [

Machined using WEDM TiN coating using PVD ‘

| I [ |

Surface textured and
Coated

‘ Experimental Work ‘ Optimization using RSM ‘

Surface Texturing using LST‘

Surface Un-Textured Surface Textured Surface Coated

Surface Topography

Pin on Disc tribometer

I .
l ] ! l
Surface roughness Test ‘ SEM ‘ ‘ AFM ‘ ‘ AFM ‘

Figure 2. Methodology.

2.3. Surface Modification

Achieving optimal bonding strength to a coating is possible through surface texturing.
To texture the surface of a machined alloy specimen, cylindrical pins with a 28 mm diame-
ter x 10 mm top surface were used in a laser surface texturing machine (LST). The LST machine
specifications are as follows: laser type—diode-pumped Nd: YAG laser; laser power—20 W;
laser wavelength—1064 nm; marking field—200 x 200 mm; scanning speed—10,000 mm/s;
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operating temperature—0 to 40 °C. The surface was textured using the LST machine on TigAl;V
alloy with the specified parameters in a single pass. The step-by-step process flow for laser

surface texturing is illustrated in Figure 3.

Texture Designing Parameters setting Specimen Positioning Texturing

Figure 3. Process flow of laser surface texturing.

The texturing pattern was designed using AutoCAD software and uploaded in the
EZCAD software of the laser surface texturing machine. Using the uploaded image, the LST
machine generates a laser beam to create the textured pattern on top of the material surface,
as shown in Figure 3. The textured TigAl4V alloy surface was coated with a TiN, which is a
universally accepted biocompatible coating. The reason for this choice lies in the addition
of aluminium, which forms aluminium oxide on the material’s surface. This increases the
operational temperature range of the coating. The structure results in an optimal relation of
high hardness to residual compressive stress, preventing any form of erosion to the inner
layers of these compounds and improving the elastic modulus [20-22]. PVD techniques
were used to create the TiN coating with a thickness of 4 um, facilitated by Oerlikon Balzers
Coating India Private Limited, Chennai. PVD coating techniques were chosen for their
hardness, wear and corrosion resistance, more uniform deposition, improved adhesion,
and environmental friendliness. Surface modification (surface texturing and TiN coating)
on the TigAl4V alloy specimens is shown in Figure 4.

Figure 4. TigAlyV—textured uncoated; TigAl;V—untextured TiN-coated; TigAly V—textured TiN-
coated.

2.4. Pin-on-Disc Tribometer

The dry sliding wear test was conducted using a Ducom TR-20 pin-on-disc tribometer,
as shown in Figure 5. The tribometer’s specifications are as follows: pin specimen holder
diameter: 8 mm, 10 mm, and 12 mm; disc size: 165 mm x 8 mm; wear track diameter:
50 mm-130 mm; disc speed: 200-2000 rpm; normal load: 0.5-20 Kg; frictional force: 0-200 N;
wear: 0-2000 pm.
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LVDT Sensor

Load Holder

Load transferring Arm
Pin Holder

Rotating Disc

Figure 5. Pin-on-disc tribometer.

Experimental work was conducted under the conditions shown in Table 4 using a
pin-on-disc tribometer to obtain tribological properties such as friction and wear rate.

Table 4. Testing parameters.

Testing Parameters Specification
Normal load in N 60, 80, and 100
Sliding velocities in m/s 1.25,2.1, and 3.2
Temperature Room temperature
Testing time in min 20 min/samples
Wear track diameter in mm 50 mm to 130 mm

Bergmann et al. (2014) discussed the load distribution on the knee concerning the
body weight conversion factor (minimum 1.5 times) of the person under various conditions
such as walking on a flat surface, inclined surface, and step walking [39]. The load acting
on the knee sliding area was calculated by considering the average knee sliding area of
850.15 mm? and the average body weight of a human being of 539.55 N [40,41]. To calculate
the load acting on the pin surface, the pin area (78.55 mm?) was multiplied by the average
body weight of a human and divided by the knee sliding area of 850.15 mm?. According to
these data, the knee experiences a load of 60 N, 80 N, and 100 N. A 60 N load represents
low-to-moderate joint loads and physical activity such as standing or walking, allowing for
an evaluation of implant performance under minimal loading conditions. An 80 N load
simulates moderate joint loads, typical of daily activities like climbing stairs or squatting,
bridging the gap between low and high loads and providing an intermediate testing condi-
tion. A 100 N load represents high joint loads, simulating strenuous activities like running
or jumping, and enables the assessment of implant performance under extreme loading
conditions (Liu et al. 2021). Experimentally, the linear sliding speeds were determined to
be 1.2 m/s during walking and 3.2 m/s during running using a portable motion analysis
system among a group of athletes [42].

For the experiment, TigAl4V alloy specimens (T1, T2, T3, and T4) were placed on a
rotating disc of EN8 material and exposed to varying loads (60 N, 80 N, and 100 N) and
sliding velocities (1.25 m/s, 2.1 m/s, and 3.2 m/s) at room temperature. Data-acquisition
systems were connected to record and monitor the values of frictional force and sliding
distance in meters over a specific period. The recorded values obtained from the data-
acquisition system were used to determine the coefficient of friction and specific wear.
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3. Numerical Methods
3.1. Simulation Using ANSYS

Wear analysis using the simulation software Ansys Workbench 2018 provides valuable
insights into the mechanical behaviour of titanium alloys under tribological conditions.
Figure 6 shows the step-by-step procedure for performing an ANSYS simulation for the
pin-on-disc tribometer wear test. The results can be used to optimise the material operating
conditions to minimise wear performance.

*Credfe a new project mn ANSY 5 workbench N
*Import the geometry of the pin-on-disc from the
Pre-Processing CAD file.
* Assign material properties to the pin and disc.
*Define the contact pairs between the pin and disc. J

-
L%

-
Meshin *Generate a mesh for the pin and dise
e *Refine the mesh in arears of high stress and strain. )
\ J
r ™ * Apply fixed displacement boundary conditions to h
. the pin.
Boundary Conditions * Apply a rotating boundary condition to the disc.
~ - * Apply a load to the pin of 100 N. Y,
-
Simulation *Solve the simulation using ANSYS solver.
*Monitor the simulation for convergence. )
.
f ™ . . '
*Extract the wear data from the simulation.
Post-Processing *Visualize the results using ANSYS visualization
tools.
L A S

Figure 6. Steps to perform ANSYS simulation.

3.2. Design of Experiments Using RSM

The analysis of the mathematical model is used to study the responses based on
different input factor combinations and to predict the output responses. RSM is a powerful
statistical technique used to design experiments and predict models related to surface
modification [11-13]. In the present study, RSM was used as a statistical analysis tool
to predict the output response. Table 5 shows the factors considered for this statistical
research, where applied load and sliding velocity are numeric, and specimen type is
a categorical factor. The response parameters considered were specific wear rate and
coefficient of friction.

Table 5. Testing parameters and their levels for RSM.

Factors Levels
Material type T1 T2 T3 T4
Load (N) 60 80 100 -
Sliding velocity (m/s) 1.25 2.1 3.2 -

4. Result and Discussion

4.1. Analysis of Surface Characterisation
4.1.1. Atomic Force Microscopy (AFM)

The atomic force microscopy (AFM) images provided in Figure 7a offer detailed
insights into the surface topography of the coated sample. In Figure 7b, showing the
surface topography of the coated sample, the image represents a 2D topographical map of
the coated surface. The colour gradient indicates the height variations across the sample’s
surface, with darker regions corresponding to lower areas and lighter regions representing
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higher areas. The surface appears relatively smooth with uniform features, typical of a
high-quality coating.
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Figure 7. TiN-coated TigAl4V alloy surface: (a) 2D image of coated surface; (b) histogram image; and
(c) Abbott-Firestone curve.

The graph in Figure 7c provides a quantitative analysis of the surface topography,
indicating the distribution of surface heights across the sample. Most of the surface height
is concentrated around a narrow range, indicating a relatively smooth surface with minor
height variations.

The overall trend is relatively stable, reflecting the uniformity of the DLC coating. The
AFM results provide valuable information regarding the surface quality and uniformity of
the coating.

4.1.2. Scanning Electron Microscope

This study conducted scanning electron microscope (SEM) analyses on all experimen-
tally tested samples. The results of the SEM analysis, both before and after the wear tests,
for the samples T1, T2, T3, and T4 are presented in Figure 8a—h. The T1 samples exhibited
the maximum wear rate and the highest amount of wear debris, as shown in Figure 8b.
In comparison, the T2 sample, which features a TiN coating applied to the TigAl;V alloy
surface, demonstrated a lower wear rate than the T1 sample, as illustrated in Figure 8d.
The T3 sample, which has a textured TigAl;V alloy surface, showed more wear debris than
the T2 sample but less than the T1 sample, as seen in Figure 8f. Finally, the T4 sample,
which consists of a laser-textured TiN coating on the TigAl4V alloy surface, exhibited a
comparatively lower wear rate and less wear debris than the T1, T2, and T3 samples.
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200 pm 7//200/pm

Figure 8. SEM images of TigAl;4V alloy: (a) T1 before wear test, (b) T1 after wear test, (c) T2 before
wear test, (d) T2 after wear test, (e) T3 before wear test, (f) T3 after wear test, (g) T4 before wear test,
(h) T4 after wear test.

4.1.3. Energy-Dispersive X-Ray Spectroscopy (EDX)

This study conducted energy dispersive X-ray (EDX) analyses on all experimental
specimens to determine their elemental composition. Figure 9a presents the EDX analysis
results for the T1 specimen before the wear test, which shows only a trace of the base
material element composition on the surface of the TigAl4V alloy. Figure 9b displays the
EDX analysis results for the T2 specimen before the wear test, revealing a trace of the
TiN-coated element composition on the TigAl4V alloy’s surface. Finally, Figure 9c illustrates
the EDX analysis results for the T4 specimen after the wear test, which shows traces of
both the base material and the TiN-coated element composition on the surface of the

TigAl,V alloy.
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Figure 9. EDX analysis: (a) T1 specimen, (b) T2 specimen, and (c) T4 specimen after wear test.

4.2. Coefficient of Friction

The coefficient of friction of the experimental samples (T1, T2, T3, and T4) was com-
pared against varying applied loads of 60 N, 80 N, and 100 N, as shown in Figure 10. As
the load in the normal direction increases, the coefficient of friction (COF) also increases
for both coated and uncoated conditions and textured and untextured conditions. The
texturing and coating material interaction on the counter body disc significantly reduces
the friction coefficient. Bahi et al.’s research [27] revealed that the COF of a TiN/TiO,
multilayer coating on a TigAl4V alloy fluctuates and becomes less stable as the sliding
distance increases. The same was observed in our study, where the average COF for the
reference sample is greater than that of a modified sample such as the textured and coated
with TiN sample, which exhibits a lower COF, as shown in Figure 8. Additionally, in-
creasing sliding velocity decreases the coefficient of friction for all load-applied conditions,
as shown in Figure 8b—d. This decreasing trend in the coefficient of friction may be due
to thermal softening, surface smoothing, and tribo-chemical reactions. The coefficient of
friction shows a significant deviation with an increase in all load conditions. When a force
of 60 N is applied, the T1 specimens show a wider range of friction values, ranging from
0.41 to 0.36, as the sliding velocity increases. On the other hand, the T4 specimens exhibit a
narrower range of friction values, varying from 0.29 to 0.27. When the force is increased to
100 N, the trend reverses, with the T4 specimen showing more variation in friction values
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compared to the T1 specimens. This indicates that the surface-modified specimens are
significantly affected by the applied load compared to the reference specimen. In general,
textured specimens have higher friction values than coated specimens. Specifically, the
T4 specimen—textured and coated with TiN—exhibits a low coefficient of friction. The
texturing process creates micro-pockets, reducing the actual contact area between surfaces,
which in turn leads to lower friction. Additionally, textures can generate hydrodynamic
pressure, improving lubrication and reducing friction. Meanwhile, the coating fills in
micro-valleys, reducing surface roughness and friction.
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Figure 10. Friction coefficient for experimentally tested samples: (a) average friction coefficient
versus load, (b) friction coefficient versus sliding velocity at 60 N, (c) friction coefficient versus sliding
velocity at 80 N, and (d) friction coefficient versus sliding velocity at 100 N.

4.3. Specific Wear Rate

The specific wear rate in mm?/N-m is determined through the initial and final mass
of the sample in g, the density of the sample in Kg/mm?, the sliding distance of the pin
in m, and the normal applied load in N, as shown in Equation (5). The specific wear
rate of the experimental samples (T1, T2, T3, and T4) versus the applied load is shown in
Figure 11a. T4 specimens exhibit less wear rate compared to other specimens for all load
conditions. An increasing sliding velocity exhibits a slightly decreasing specific wear rate
at varying load conditions, as shown in Figure 11b—d. The decreasing specific wear rate
with increasing sliding distance is due to the higher velocities generating heat, which can
lead to the thermal softening of materials and promote the formation of a protective oxide
layer reducing metal-to-metal contact. Overall, the textured specimens exhibit less specific
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wear than the coated specimens due to the texture reducing the number of contact points

and subsequently reducing wear.

Figure 11. Specific wear rate for experimentally tested samples: (a) specific wear rate versus applied
load, (b) specific wear rate versus sliding velocity at 60 N, (c) specific wear rate versus sliding velocity
at 80 N, and (d) specific wear rate versus sliding velocity at 100 N.

4.4. Surface Roughness Measurement

The surface roughness measurement test was conducted for all specimens (T1, T2,
T3, and T4) before the experimental test. The purpose of the test was to determine the
surface roughness after the surface had been modified with texturing and coating. Figure 12
presents the surface roughness measurements before the tribological test, which include the
parameters for average roughness (Ra), mean roughness (Rz), and root mean square (Rq).
Ra measures the average deviation of the surface from the mean line, Rz measures the
average distance between the highest peak and the lowest valley, and Rq measures the
square root of the average of the squared deviations. The data in Figure 12 show that the
mean roughness profile Ra ranges from 0.30 pm to a maximum roughness of 0.56 pm. The
TigAlyV sample treated with laser surface texturing and TiN coating has higher values for
roughness parameters Ra, Rz, and Rq compared to the reference sample of TigAlsV. On
the other hand, the roughness parameters of the TigAl;V sample treated with TiN-coating
indicate no significant changes compared to the reference sample. Additionally, the figure
indicates that the surfaces treated with laser texturing have higher roughness parameters

148

s 10 Specific Wear Rate for Different Specimen Types P 10° 60 N
] T —_
4.5 || ° &
| m— 4t -
il (T - —
,é_ ‘E —8—T12
Z 35| & As S
E z :
E al | E n\\\\*
s g’ —a
E sl
=25 i =
= ™
g Sast
=z 1 1=
= £
5| ]
% &
1} 1 "-_'-"'—-—-—._.______‘_
15 S
05} 1
. u ' " 1.5 : 25 3 15
: [ B0 100 .3 5 15
(ﬂ) Load (N) (b) Shiding Velocity im/s)
4.5 — 4.5
- -
E 1 E
Z o4- —o— " z 4
= — n ks “—‘—\_.__\_u
E — T4 E
w A5} . v 35 r .
= = —a—Ti
= 4 T2
H B T3
s 3 & 3 [—_———r{
z - ==
g £
225+ g 15
3 &
2} 2 B
1.5 1.5
1 1.5 2 25 3 35 1 1.5 2 25 k | 1.5
(C) Sliding Velocity (m/s) (d) Sliding Velocity (m/'s)




Processes 2025, 13, 204

than the TiN-coated surfaces, indicating that the laser-textured surface possesses more
influential parameters than the TiN-coated surface, as shown in Figure 13.

(@) Reference Sample: TIGAIAV Alloy
- Ra = 0.30 pm
| Rz ~ 2.43 pm
Rq ~ 0.39 pym
Ver. 2.0 pmv/em
- Hor. 200.0 pmv/cm
(b)

TIGAIMY Untextured Coated with TiN

Ra ~ 0.44 pm

Rz = 327 pm

Rq = 0.57 pm
Ver. 2.0 pm/em
Hor. 200.0 pm/cm

= (C) Ti6AMYV Textured Uncoated
i Ra ~ 0.54 pm
Rz« 371 pm
Rq = 0.67 pm
i Ver. 2.0 pm/cm
| Hor. 2000 pm/cm
(d)

TiGAMY Textured Coated with TiN

“Ra - 0.56 pm
Rz~ 348 pm
Rq < 0.71 pm
Ver. 2.0 pm/cm
Hor. 200.0 pm/cm

Figure 12. Surface topography TigAl,V alloy samples: (a) T1 specimen, (b) T2 specimen, (c) T3 specimen,
and (d) T4 specimen.
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Surface Roughness (pm) for Different Specimen Types
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Figure 13. Surface roughness values of T1, T2, T3, and T4.

4.5. Wear Analysis Using Simulation Software

A wear analysis study has been carried out using Ansys simulation software shown
in Figure 14. The colour coding of the images shows the stress distribution for different
samples in N/mm?. The study compares a reference sample with surfaces that underwent
treatment with TiN coating (see Figure 12a), laser texturing (see Figure 12b), and a combina-
tion of laser texturing and TiN coating (see Figure 12c). The analysis indicates a significant
impact of TiN coating and laser texturing on the surfaces compared to the reference sample.
The Ansys simulation study results showed that both the TiN-coated and laser-textured
surfaces display a higher wear rate compared to the reference sample.

26253 1.7503
22505 | 15008
1.8758 L] 12500
15011 . 1.0011
11264 l 0.75137
075164 L osoies
037692 o510
0.0021916

0.0016134

<]

Figure 14. Wear analysis result of Ansys simulation: (a) reference sample, (b) untextured coated TiN,
(c) textured uncoated TiN, (d) textured coated TiN.
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4.6. Analysis of Response Surface Methodology

The study examined load, sliding velocity, and specimen type as variables. The wear
test results are detailed in Table 6. Experimental plans were devised to establish a quadratic
model for a particular wear rate and friction coefficient. The Design Expert program was
employed to input these results for further investigation.

Table 6. Experimental results for friction and wear.

Input Factors Response
Run Type Load (N) Shdlr:lgnzjloaty Coefficient of Friction Spezﬁl;!}l;e;;)l{ ate
1 T4 60 1.25 0.2921 0.00169
2 T2 80 3.2 0.3965 0.00311
3 T3 80 2.1 0.3756 0.00236
4 T3 100 1.25 0.4197 0.00279
5 T4 100 1.25 0.3754 0.00202
6 T4 60 1.25 0.2921 0.00169
7 T4 60 3.2 0.2785 0.00149
8 T3 60 1.25 0.3591 0.00215
9 T4 60 32 0.2785 0.00149
10 T1 80 1.25 0.4612 0.00452
11 T2 60 32 0.3556 0.00290
12 T3 60 3.2 0.3158 0.00192
13 T2 60 2.1 0.3732 0.00300
14 T1 60 3.2 0.3629 0.00408
15 T1 60 1.25 0.4098 0.00430
16 T1 80 32 0.4218 0.00432
17 T3 80 3.2 0.3491 0.00225
18 T2 80 1.25 0.4491 0.00354
19 T2 100 2.1 0.4345 0.00387
20 T4 100 1.25 0.3754 0.00202
21 T1 100 1.25 0.4756 0.00495
22 T2 100 3.2 0.4263 0.00376
23 T3 100 1.25 0.4197 0.00279
24 T1 100 3.2 0.4392 0.00462
25 T3 60 1.25 0.3591 0.00215

4.6.1. RSM Analysis on Coefficient of Friction

Based on statistical calculation and analysis of variance (ANOVA), a suitable model
was chosen to conduct rigorous tests to validate the model’s effectiveness. A low p-value
helped identify important factors in the model. This value also indicated how well the
model explained the data’s variability. Detailed ANOVA analyses were performed for both
the coefficient of friction (COF) and specific wear rate using the chosen cubic and quadratic
mixture models. The results are presented in Tables 7 and 8. Table 7 (COF) clearly shows
that load, sliding speed, and their interaction significantly affect the COF. The extremely low
p-values (<0.0001) indicate a high confidence level (over 95%) in these findings. Moreover,
the coefficient of determination (R?) for the COF model is an impressive 0.9975. This
signifies an excellent fit between the model’s predictions and the actual measurements.
Figure 15a visually confirms this by plotting the actual vs. predicted COF values. The
normal probability plot (Figure 15b) for COF reveals a near-perfect linear distribution
of residuals, with no outliers, further supporting the model’s robustness. Similarly, the
scattered pattern of residuals in Figure 15¢ suggests their independence. Figure 15d
provides additional insights. It allows researchers to identify if any specific experimental
runs significantly influence the overall analysis. This is helpful when certain data points
deviate significantly from the norm. Finally, Figure 15e reveals the relationship between
the studied factors and COF. It shows that COF decreases with increasing sliding speed but
increases with increasing applied load.

Equations (1)—(4) represent the resulting quadratic model for COF.
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T1 = 0.170601 +0.007147 x LOAD — 0.068158 x SLIDING VELOCITY
+0.000052 x LOAD x SLIDING VELOCITY — 0.000034 x LOAD? 1)
+0.009671 x SLIDING VELOCITY?2
T2 = 0.175735 +0.006999 x LOAD — 0.070894 x SLIDING VELOCITY
+0.000052 x LOAD x SLIDING VELOCITY — 0.000034 x LOAY? (2)
+0.009671 x SLIDING VELOCITY?
T3 = 0.142742 +0.006871 x LOAD — 0.071866 x SLIDING VELOCITY
+0.000052 x LOAD x SLIDING VELOCITY — 0.000034 x LOAD? 3)
+0.009671 x SLIDING VELOCITY?
T4 = 0.012715 +0.007504 x LOAD — 0.053121 x SLIDING VELOCITY
+0.000052 x LOAD x SLIDING VELOCITY — 0.000034 x LOAD? 4)
+0.009671 x SLIDING VELOCITY?2
Table 7. ANOVA for coefficient of friction.
Source Sum of Squares 2:§:§§;f Mean Square F-Value p-Value
Model 0.078 14 0.0056 281.53 <0.0001 significant
A-LOAD 0.0205 1 0.0205 1035.69 <0.0001
B-SLIDING
VELOCITY 0.0064 1 0.0064 324.74 <0.0001
C-MATERIAL 0.0322 3 0.0107 542.52 <0.0001
AB 6.89 x 1070 1 6.89 x 1070 0.348 0.5683
AC 0.0003 3 0.0001 5.85 0.0142
BC 0.0007 3 0.0002 12.3 0.0011
A2 0.0006 1 0.0006 31.33 0.0002
B? 0.0002 1 0.0002 8.05 0.0176
Residual 0.0002 10 0
Lack of Fit 0.0002 5 0
Pure Error 0 5 0
Cor Total 0.0782 24
Table 8. ANOVA for specific wear rate.
Source Sum of Squares 2:;5;;:;25 Mean Square F-Value p-Value
Model 0 12 2.37 x 1070 682.66 <0.0001 significant
A-LOAD 1.53 x 1079 1 1.53 x 10706 440.07 <0.0001
35{32%? 2.63 x 10797 1 2.63 x 10797 75.64 <0.0001
C-MATERIAL 0 3 7.41 x 1070 2131.47 <0.0001
AB 1.60 x 109 1 1.60 x 109 0.459 0.5109
AC 1.18 x 1097 3 3.93 x 10798 11.3 0.0008
BC 241 x 1079 3 8.03 x 1010 0.2308 0.8731
Residual 417 x 10708 12 3.48 x 107
Lack of Fit 417 x 10798 7 5.96 x 10~
Pure Error 0 5 0
Cor Total 0 24
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Figure 15. RSM for coefficients of friction: (a) actual versus predicted, (b) residuals versus normal
probability, (¢) run number versus residuals, (d) run number versus DFFITS, and (e) 3D surface plot.

4.6.2. RSM Analysis on Specific Wear Rate

Table 8's statistical analysis shows that load, sliding speed, and their interaction signif-
icantly affect the specific wear rate. The extremely low p-values (less than 0.0001) indicate a
high confidence level (over 95%) in these findings. The coefficient of determination (R?) for
the specific wear rate model is an impressive 0.9985, confirming its accuracy in predicting
actual results. Figure 16a visually confirms this by plotting the actual vs. predicted wear
rate values. The normal probability plot (Figure 16b) for the specific wear rate reveals
a near-perfect linear distribution of residuals, with no outliers, further supporting the
model’s robustness. Similarly, the scattered pattern of residuals in Figure 16¢ suggests their
independence. Figure 16d provides additional insights. It allows researchers to identify if
any specific experimental runs significantly influence the overall analysis. This is helpful
when certain data points deviate significantly from the norm. Finally, Figure 16e reveals the
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relationship between the studied factors and the specific wear rate. It shows how changes
in sliding speed and applied load affect the wear rate. Equations (5)—(8) represent the
resulting quadratic model for specific wear rates.

T1 = 0.003421 +0.000017 x LOAD — 0.000065 x SLIDING VELOCITY

5
—7.64683 x 10~ “LOAD x SLIDING VELOCITY ®)
T2 = 0.001850 +0.000024 x LOAD — 0.000091 x SLIDING VELOCITY ©)
—7.64683 x 1079 LOAD x SLIDING VELOCITY
T3 = 0.001238 +0.000017 x LOAD — 0.000058 x SLIDING VELOCITY )
—7.64683 x 10~ LOAD x SLIDING VELOCITY
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Figure 16. RSM for specific wear rate: (a) actual versus predicted, (b) residuals versus normal
probability, (¢) run number versus residuals, (d) run number versus DFFITS, and (e) 3D surface plot.
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5. Confirmation Test

The mathematical model represented by equations 1 to 8 was used to predict the
coefficient of friction and specific wear rate. These predicted values are presented in Table 9.
Model adequacy tests confirm a good fit between the experimental and predicted values.
The coefficient of determination (R?) and adjusted R? for the coefficient of friction are
0.9975 and 0.9939, respectively. Similarly, the R? and adjusted R? for specific wear rates
are 0.9985 and 0.9971. The close agreement between R? and adjusted R? suggests that
the model data accurately reflect the experimental results. Furthermore, both models
boast R? and adjusted R? values exceeding 95%, indicating their suitability for predicting
solutions. Table 9 utilizes Cook’s distance, a regression statistic, to identify potentially
influential outliers within the independent variables. This helps detect experimental points
that may negatively impact the model and pinpoint regions with good correlations. For
both the coefficient of friction and specific wear rate, Cook’s distance values range from
0 to 1. Interestingly, experiments 12, 17, and 22 stand out for the coefficient of friction,
while experiments 22, 21, and 11 have elevated Cook’s distances for the specific wear rate.
These points fall outside the typical 0-1 range, suggesting they might be influential outliers
requiring further investigation.

Table 9. Confirmation table.

Coefficient of Friction Specific Wear Rate
Run Order Actual Predicted Residual Cook’s Actual Predicted Residual Cook’s
Value Value Distance Value Value Distance
1 0.2921 0.2921 0 0 0.0017 0.0017 0 0
2 0.3965 0.401624 —0.00512 0.177933 0.0031 0.0033 —0.0001 0.312
3 0.3756 0.373402 0.002198 0.093645 0.0024 0.0024 —6.88 x 1070 0
4 0.4197 0.418701 0.000999 0.005854 0.0028 0.0028 —2.79 x 1070¢ 0
5 0.3754 0.3754 0 0 0.002 0.002 0 0
6 0.2921 0.2921 0 0 0.0017 0.0017 0 0
7 0.2785 0.2785 0 0 0.0015 0.0015 0 0
8 0.3591 0.360719 —0.00162 0.015125 0.0021 0.0021 4.73 x 107% 0.001
9 0.2785 0.2785 0 0 0.0015 0.0015 0 0
10 0.4612 0.45801 0.00319 0.056751 0.0045 0.0046 —0.0001 0.087
11 0.3556 0.354339 0.001261 0.022976 0.0029 0.0028 0.0001 0.327
12 0.3158 0.310565 0.005235 0.805218 0.0019 0.0019 0 0.027
13 0.3732 0.372519 0.000681 0.013939 0.003 0.003 0 0.013
14 0.3629 0.366859 —0.00396 0.540404 0.0041 0.0041 0 0.108
15 0.4098 0.409781 1.88 x 107%° 235 x 10=% 0.0043 0.0043 0 0.123
16 0.4218 0.41711 0.00469 0.12267 0.0043 0.0043 0 0.008
17 0.3491 0.355293 —0.00619 0.605471 0.0023 0.0022 0 0.027
18 0.4491 0.44786 0.00124 0.39715 0.0035 0.0036 0 0.012
19 0.4345 0.437378 —0.00288 0.232491 0.0039 0.0039 1.52 x 107% 0
20 0.3754 0.3754 0 0 0.002 0.002 0 0
21 0.4756 0.478809 —0.00321 0.355039 0.0049 0.0049 0 0.479
22 0.4263 0.421479 0.004821 0.42962 0.0038 0.0037 0.0001 0.509
23 0.4197 0.418701 0.000999 0.005854 0.0028 0.0028 —2.79 x 10706 0
24 0.4392 0.439931 —0.00073 0.035457 0.0046 0.0046 —8.39 x 1070 0
25 0.3591 0.360719 —0.00162 0.015125 0.0021 0.0021 473 x 1070 0.001
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6. Conclusions

This study aimed to conduct experimental and analytical investigations on the surface
of TigAl4V alloys treated with laser texturing and TiN coating. The study unveiled the
following novel findings regarding the treated sample surfaces:

1.  Images from the scanning electron microscope (SEM) revealed changes in the surface
topography of the specimens before and after the wear test. The T1 sample showed
a higher wear rate and more wear debris compared to the T2, T3, and T4 samples.
Additionally, the laser-textured sample T3 demonstrated a greater wear rate than the
TiN-coated samples. In contrast, the combination of the laser-textured and TiN-coated
sample resulted in a lower wear rate and less wear debris than the other samples.

2. The impact of laser texturing on samples T3 and T4 led to significant irregularities in
the geometry of the roughness profile, resulting in elevated roughness parameter values
of 0.54 and 0.67 and 0.56 and 0.71. In contrast, the TiN coating in sample T2 and the
reference sample T1 exhibited minimal irregularities in the roughness profile geometry,
yielding lower roughness parameter values of 0.30 and 0.39 and 0.44 and 0.57.

3. Tribological properties, such as the friction coefficient and wear rate, were evaluated
using a pin-on-disc tribometer. The results showed that increasing the applied load
generally led to an increase in the friction coefficient for all samples, ranging from
0.2867 to 0.4580. Among the samples tested, the laser-textured and TiN-coated samples
(T4) exhibited lower friction coefficients, measuring 0.2867, 0.3340, and 0.3478 for
applied loads of 60 N, 80 N, and 100 N, respectively. Similar to the friction coefficient,
the specific wear rate exhibits comparable trends with increasing load, ranging from
0.001570 to 0.004803. The laser-textured TiN-coated samples (T4) demonstrated a
lower specific wear rate, measuring 0.001570, 0.001822, and 0.001938 for applied loads
of 60 N, 80 N, and 100 N, respectively

4. The Ansys simulation study revealed significant changes in wear rates for the TiN-
coated and laser-textured surface-treated samples compared to the reference sample.
For the T1 sample, a uniform stress distribution with high-stress concentrations
around the edges was observed. In the T2 sample, slight variations in stress distri-
bution resulted from the TiN coating, which introduced residual stress between the
substrate and the coating. The T3 sample exhibited altered stress distribution due to
the effects of texturing. In the T4 sample, the stress distribution was likely influenced
by both the texturing pattern and the residual stresses introduced by the TiN coating.
Overall, the stress distribution depends on the interaction between these two factors.

5. Design of Experiments was used to determine the most significant factors affecting
the tribological behaviour of TiN-coated titanium alloy. Their analysis found that
applied load, sliding speed, material type, the interaction between load and speed,
and the combined effects of load and speed have the greatest influence on friction and
wear rate. The coefficient of determination (R?) for the coefficient of friction is 0.9975,
while the adjusted R? is 0.9939. Similarly, the R? for specific wear rates is 0.9985, and
the adjusted R? is 0.9971. The predicted values indicate a 95% confidence level for
both the coefficient of friction and the specific wear rate.

6.  According to observations made through EDX analysis, the bonding strength of the
coating with the substrate improves with surface texturing. Additionally, the friction
coefficient decreases due to the PVD coating, enhancing the wear resistance of the
titanium alloy surface under dry sliding contact conditions.
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Abstract: This review explores the advances in developing adsorbent materials for
solid-phase microextraction (SPME), focusing on nanoparticles, nanocomposites, and
nanoporous structures. Nanoparticles, including those of metals (e.g., gold, silver), metal
oxides (e.g., TiOy, ZnO), and carbon-based materials (e.g., carbon nanotubes, graphene),
offer enhanced surface area, improved extraction efficiency, and increased selectivity com-
pared to traditional coatings. Nanocomposites, such as those combining metal oxides with
polymers or carbon-based materials, exhibit synergistic properties, further improving ex-
traction performance. Nanoporous materials, including metal-organic frameworks (MOFs)
and ordered mesoporous carbons, provide high surface area and tunable pore structures,
enabling selective adsorption of analytes. These advanced materials have been successfully
applied to various analytes, including volatile organic compounds (VOCs), polycyclic
aromatic hydrocarbons (PAHs), pesticides, and heavy metals, demonstrating improved
sensitivity, selectivity, and reproducibility compared to conventional SPME fibers. The
incorporation of nanomaterials has significantly expanded the scope and applicability
of SPME, enabling the analysis of trace-level analytes in complex matrices. This review
highlights the significant potential of nanomaterials in revolutionizing SPME technology,
offering new possibilities for sensitive and selective analysis in environmental monitoring,
food safety, and other critical applications.

Keywords: nanomaterials; solid-phase microextraction (SPME); porous materials;
nanoporous carbons; gas chromatography coupled SPME; SPME fiber coatings; selective
adsorption; environmental monitoring; trace analysis

1. Introduction

Microextraction is a sampling technique characterized by the use of a significantly
smaller volume of extractant (liquid or solid) relative to the sample volume. Consequently,
only a portion of the analyte is extracted, resulting in a non-exhaustive process. SPME is a
specific microextraction method that relies on analyte partitioning between a sample matrix
and a stationary phase immobilized on a fiber. This equilibrium-based process is governed
by Nernst’s partition coefficient, with higher values indicating greater analyte extraction
efficiency. The selection of the fiber coating is crucial, as it determines the selectivity and
capacity for different analytes [1,2].

Invented in the late 1980s, SPME revolutionized sample preparation by offering a
solvent-free, single-step approach. SPME eliminates the need for bulky extraction processes,
allowing for rapid analysis both in the lab and at the sampling site. This innovative tech-
nique utilizes a tiny fiber coated with a specific material to directly extract and concentrate
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analytes from the sample. This translates to faster processing times, reduced waste disposal
costs, and potentially improved detection limits [3-5].

SPME is a solventless sample preparation method that relies on achieving equilibrium
between the sample and a coated fiber, and involves these steps:

1. Extraction: A fused silica fiber with a specific coating (polymer or sorbent) is exposed
to the sample matrix. Target analytes partition from the sample into the coating
based on their affinities for each. This selectively concentrates the analytes on the
fiber. Extraction can be achieved through direct immersion (DI) or headspace (HS)
sampling [6].

2. Desorption: The fiber, loaded with concentrated analytes, is then transferred to an
instrument like a gas chromatograph (GC) or high-performance liquid chromatograph
(HPLC). Inside the instrument’s injector, the analytes are desorbed from the coating
and introduced into the analytical system for separation and quantification [7]. Des-
orption is primarily accomplished by exposing fibers to high temperatures in the GC
injector, although solvent immersion can also be used [6].

With two opposing effects, the extraction temperature in SPME has a complicated
role. On the one hand, analytes’” diffusion coefficient increases with increasing temperature,
encouraging their migration towards the extraction phase. In contrast, high temperatures
decrease the analytes” distribution constant, which lessens their retention on the fiber
because adsorption is an exothermic process. Pawliszyn developed a unique mechanism
that cools the fiber and heats the sample at the same time in order to address this difficulty.
This dual-action configuration optimizes both the diffusion and adsorption processes,
increasing the mass transfer of analytes from the sample to the fiber coating and increasing
extraction efficiency [8].

The type of coating applied to the SPME fiber is critical to its extraction and desorption
effectiveness because it influences the distribution coefficient of analytes between the
stationary and bulk phases. It serves to distinguish analytes from other substances. Various
coatings have been created to improve the extraction of a wide spectrum of analytes. For
SPME procedures to be effective under different conditions, a robust sorbent must be
properly selected. Surface active groups, molecule size, and polarity all affect the selectivity
of coating materials [9,10].

In the traditional in-fiber mode of SPME, a sorptive phase immobilized on an in-
ert support is used to extract analytes directly from the sample or its headspace. Poly-
meric coatings’ exceptional chemical and thermal durability makes them popular sorptive
phases. For a wide variety of target analytes, their polarity can be adjusted by mixing
various materials, resulting in the best extraction performance. Metal-organic frame-
works (MOFs), carbon fiber, graphene, polypropionates, polydimethylsiloxane (PDMS),
polyacrylate (PA), Carbowax, polydimethylsiloxane-divinylbenzene (PDMS-DVB), and
carboxen—polydimethylsiloxane (CAR-PDMS) are examples of common coatings. Despite
their widespread use, polymer coatings have significant drawbacks, including low heat
resistance, swelling when organic solvents are present, and limited extraction efficiency. To
tackle these problems, scientists have looked into nanomaterials, which have benefits like
a large surface area, mechanical strength, and special chemical and physical characteris-
tics. Materials including nanofibers, nanoparticles, and nanotubes have greatly improved
SPME fiber extraction efficiency and capacity. They successfully surpass the restrictions
placed by the small diameter of conventional fibers thanks to their large surface area and
large number of active adsorption sites. The continuous creation of new coatings, such as
molecularly imprinted polymers, polymeric ionic liquids, and other nanomaterials, is still
a key area of SPME research. By strengthening the technique’s selectivity, sensitivity, and
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adaptability, these developments hope to make it possible to use it in more challenging
analytical situations [10-15].

Nanotechnology enables the design of materials with exceptional properties [16].
Nanomaterials with remarkable chemical and physical attributes are gaining significant
attention in the field of separation science. Nanomaterials are now being used in extraction
procedures because they have tiny pores and high surface areas that make them more
efficient at extracting substances. These materials are also used as SPME coatings because
they can withstand high temperatures. Future reviews on SPME coatings and nanomaterials
in analytical sample preparation should focus on the use of nanomaterials for SPME
coatings [17,18].

In order to obtain the necessary results, an analytical procedure usually consists of
several steps, such as sample preparation (including sampling), chromatographic methods
(LC or GC), capillary electrophoresis, detection, and data processing. SPME has become
a useful technique for sample preparation because of its ease of use, effectiveness, and
capacity to combine extraction and preconcentration in a single step. The enhancement
of SPME and other sample preparation methods is greatly aided by nanoparticles. Their
physical characteristics and chemical characteristics, like sorption capacities, are frequently
advantageous. In order to simplify procedures and make it possible to analyze very
small sample volumes, nanoparticles—or chemically modified variants—are utilized for
sample cleanup and analyte preconcentration. This development is especially helpful for
performing studies with small sample amounts or for investigating novel sample matrices
where the sample amount is minimal [19].

The objective of this review is to evaluate the performance of various nanomaterials
used in SPME fibers, with a particular emphasis on sensitivity, selectivity, durability,
and suitability for detecting specific analytes. The assessment seeks to determine which
materials and production techniques have exhibited the best overall performance across a
variety of applications.

In this review, we focus on the different applications of nanomaterials as coatings on
SPME fibers. We also review the different types of nanomaterials that could be used as
coatings, for example, metal oxide nanoparticles, carbon nanoparticles, metal nanoparticles,
and others. We conclude the review by looking at the performances of the different types
of nanomaterials as SPME coatings.

2. The SPME Device
2.1. The SPME Design

The SPME device resembles a syringe with a small, cylindrical fused silica fiber
attached to stainless steel tubing for added durability, as seen in Figure 1. The fiber is
traditionally coated with a thin layer of various polymeric stationary phases, enabling it
to effectively adsorb analytes from different sample matrices. The coated fiber is inserted
into a needle, which is part of the syringe-like structure [20-22]. The SPME device can
be replaced and reused. The fiber is easier to put into samples or headspace for analyte
extraction because of its compact form and cylindrical structure. Furthermore, without
requiring adjustments to the equipment, it may be easily positioned in the interface of
a high-performance liquid chromatograph (HPLC) or the desorption chamber of a gas
chromatograph (GC). For reliable results during adsorption and desorption, precise control
over plunger movement and timing is crucial. Analyte loss can be caused by improper
handling, especially during field sampling. Analyte escape can be minimized by cooling
the needle opening or sealing it with a septum [23].
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2.2. Working Operation of the SPME

In SPME, as seen in Figure 2 (working principle), the fiber is initially retracted into the
syringe needle and inserted into a sealed vial with a septum cap. The choice of fused silica
fiber depends on the analyte being studied. Prior to analysis, the fiber must be cleaned with
solvent to remove any contaminants that could affect the chromatogram. SPME extraction
is commonly performed in two ways: (1) headspace SPME (HS-SPME), where the fiber is
exposed to the vapor phase above the sample, and (2) direct-immersion SPME (DI-SPME),
where the fiber is immersed in liquid. Analytes are typically desorbed from the fiber via
thermal desorption in a gas chromatograph, eliminating the need for organic solvents. For
liquid chromatography (LC), desorption can be performed using polar organic solvents
like methanol or acetonitrile, which allows for increased sensitivity. Depending on how
strongly the analytes are adsorbed, desorption can be dynamic (with a moving mobile
phase) or static (with the fiber immersed in solvent for a set time).

Nanoparticles  Needle Syringe barrel  pyynoercap

Coating +—————w v

Figure 1. The SPME device.
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(C) Thermal desorption on GC injection port
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Figure 2. (A,B) Working principle of SPME using different extraction techniques. (C,D) Desorption
of analytes from SPME fiber injected into the GC injection port. Reprinted with permission from [24].
Copyright 2004, Wiley.
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3. Range of Compounds to Which SPME Has Been Applied

SPME has been applied to the analysis of different compounds including volatile
organic compounds (VOCs), food components, environmental analytes, flavors, and so
on. In this section, we will look at the range of compounds to which SPME analysis has
been applied.

3.1. Volatile Organic Compounds (VOCs)

The non-invasive nature of volatile organic compound (VOC) analysis and its com-
paratively inexpensive sample and analysis costs make it a viable method for identifying
putative cancer biomarkers and other applications. Since its introduction by Pawliszyn in
1989, SPME has gained popularity as a method for extracting volatile organic compounds
(VOCs) from both in vitro and in vivo samples. Because of its ease of use, lack of solvents,
automation potential, and compatibility with both liquid and gas chromatography, SPME
is widely used in many different industries [25].

Lim et al.’s study identified twelve compounds that distinguish rice from Korea and
China by analyzing white rice from the two nations using DVB/CAR/PDMS-SPME with
GC-MS. More research is needed on 10 new hydrocarbon determinants, while hexanal
and 1-hexanol levels were related to storage and environmental conditions. They came to
the conclusion that additional food products could benefit from this technique, which can
differentiate white rice based on its origin [26].

A study by Poli et al. evaluated the potential of aldehydes, which are biomarkers
of oxidative stress, as non-small-cell lung cancer (NSCLC) diagnostic tools. Linear alde-
hydes (C3-C9) in exhaled breath were quantified by the researchers using a solid-phase
microextraction (SPME) technology with GC/MS analysis. With detection and quantifica-
tion limits of 1 x 10712 M and 3 x 10~!2 M, respectively, the approach showed excellent
linearity over a range of 3.3-333.3 x 10~ !2 M. Precision (as a percentage RSD) was between
7.2 and 15.1%, while accuracy was above 93%. At +4 °C, aldehyde stability in a Bio-VOC®
tube lasted 10-17 h, but with certain fiber storage, it lasted for more than 10 days. In a
clinical study, breath samples from 40 NSCLC patients and 38 asymptomatic non-smokers
revealed significantly higher aldehyde levels in the NSCLC group, with age and smoking
having no effect. A 90% discrimination power based on aldehyde patterns was verified
by multivariate analysis, indicating that these chemicals may improve the sensitivity and
specificity of VOC-based diagnostics for non-small-cell lung cancer. The study emphasizes
aldehydes’ potential as trustworthy biomarkers for the early diagnosis of lung cancer [27].

To identify and measure volatile organic chemicals (VOCs) in human breath as
possible lung cancer biomarkers, Rudnicka et al. conducted a study. Using gas
chromatography-time-of-flight mass spectrometry (GC-TOF/MS) for analysis and SPME
for preconcentration, the method produced quick and sensitive detection at parts-per-
billion (ppb) levels. Linearity between 0.83 and 234.05 ppb, detection limits between
0.31 and 0.75 ppb, and precision with relative standard deviations (RSDs) below 10% were
all displayed by the accuracy-optimized approach. Using sophisticated statistical tech-
niques, the study found important volatile organic compounds (VOCs) linked to lung
cancer, indicating that this non-invasive technique is a promising early screening tool [28].

In order to collect volatile organic compounds (VOCs) from biological materials such
as blood, breath, buccal swabs, and urine, Kusano et al. devised and refined a headspace
SPME approach employing forensic and clinical kits. Using this method, different samples
from the same person might be directly compared. VOCs could be detected with great
sensitivity using their optimized SPME-GC/MS approach; urine had the highest detection
limits while breath samples had the lowest [29].

163



Processes 2025, 13, 244

3.2. Food

Evaluating nutritional value, guaranteeing freshness, processed products” quality
control, and detecting dangerous pollutants and food additives all depend heavily on
food analysis [30]. Analysis is difficult since dietary components constitute a complex
matrix. Since analytes are frequently present in trace levels, an optimal approach should
combine isolation, preconcentration, and precise quantification [23]. With its expanding
applications, SPME is becoming more and more significant in food sample pretreatment.
Solid-phase extraction (SPE), Continuous-Steam Distillation Extraction (SDE), headspace
(HS), Nitrogen Purge and Trap (NPT), and Supercritical Fluid Extraction (SFE) are some
of the conventional extraction techniques over which SPME provides a number of clear
advantages [31].

Barboni et al. identified 44 chemicals in a study that used HS-SPME/GC and/or
GC/MS to analyze 67 juices from mandarin, clementine, and hybrids. According to their
findings, mandarin juice had higher levels of y-terpinene (21.1%) and lower levels of
limonene (66.3%) than clementine juice, which was highest in limonene (90.0%) and lowest
in y-terpinene (1.2%). The limonene/y-terpinene ratios of hybrid juices varied, but their
profiles were similar. According to their findings, 7% of hybrids displayed abnormal
profiles because of para-cymene or terpinen-4-ol, 48% resembled clementine, and 45% were
more like mandarin [32].

Using cutting-edge methods (HS-SPME and GC-O (gas chromatography—olfactometry)),
Mounchili et al. investigated the effects of giving fresh silage to nursing cows prior to
milking. They discovered that using butane-2-one and dimethyl sulfide levels as markers
may result in milk having an unpleasant flavor. While Mounchili et al. encouraged more
research using absolute VOC concentrations, they also stated that these data might support
a diagnostic tool as an alternative to sensory testing. They determined that rather than
specific molecules, off-flavors are caused by changes in concentrations of common aromatic
compounds (AACs), and they recommended more research to measure these AACs and
look into the effects of bacteria on milk volatiles [33].

3.3. Environmental Analysis

There is a great deal of research showing detrimental impacts of environmental organic
pollutants on both humans and animals, making human exposure to them a serious concern.
Understanding the bioaccumulation and toxicity of these contaminants in environmental
toxicology and clinical studies requires the monitoring of these pollutants and endogenous
metabolites in organisms [34].

SPME is a well-established, green process for extracting and preconcentrating analytes
across a wide range of matrices. Since its inception in the early 1990s, SPME has swiftly
progressed in terms of coating materials, geometries, and uses. SPME was originally
developed for environmental investigations, but it has now become a major method for
analyzing volatile and semi-volatile organic compounds (VOCs and SVOCs). SPME’s
versatility, particularly in its headspace version (HS-SPME), has made it widely used
for pollutants with diverse physicochemical features, including medicines, insecticides,
and metal-organic compounds. This adaptability addresses issues in traditional sample
preparation, indicating a significant impact on future analytical procedures [35,36].

In their work on the procedure for the control of butyl and phenyl tin pollution
in the environment by GC-FPD, Aguerre et al. found that NaBEt, ethylation-SPME
extraction-GC-FPD (gas chromatography—flame photometric detection), supplemented
with acidic extraction for solid matrices, is a promising method for identifying organotin
chemicals in water and complicated environmental samples. They discovered that mechan-
ical stirring greatly enhanced analytical performance during adsorption, with detection
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limits that are 10-700 times lower than classical liquid-liquid extraction and 2-20 times
lower than SPME with magnetic stirring. Their optimized SPME approach produces results
comparable to isooctane extraction and detects organotins at concentrations lower than
1ng/L as Sn in aqueous samples. While co-extracted organic matter in complex matrices
can influence triphenyl tin (TPhT) responses, recent research on adsorption—desorption
behavior suggests that this approach is a useful tool for routine organotin detection in
water [37].

Table 1 contains information about the different types of compounds that have been
detected by SPME, the types of nanoparticles used in SPME fiber coating, and their
analytical applications.

Table 1. Classes of compounds analyzed using solid-phase microextraction based on
nanomaterial coatings.

Type of Compound Examples SPME Coating Materials Applications Reference
Volatile Organic Benzene, Toluene, Ethylbenzene, Carbon-ZrO, Nanocomposites, Environmental 38]
Compounds (VOCs) Xylenes (BTEX) PDMS, MOFs monitoring, water analysis
Polycyclic Aromatic Mesoporous Carbon, Carbon Food safety,
Hydrocarbons (PAHs) Naphthalene, Anthracene, Pyrene Nanotubes (CNTs) environmental analysis 391
- Organochlorines, 3D graphene-Iron Oxide .
Pesticides Organophosphates Nanocomposite (3D-G-Fe304) Food and water analysis [40]
Nicotine and Metabolites Nicotine, Cotinine, Nornicotine Nitrogen-rich Porous Polymers Neuroscience research, [41]

pharmacokinetics

4. Advances in the Adsorbent Type Used in the Extraction Phase of the
SPME Fiber

The most common SPME setup consists of a fused silica rod with a thin polymeric coat-
ing, but this configuration has several limitations, including low operating temperatures,
instability in organic solvents, limited mechanical durability, and difficulty extracting polar
compounds from aqueous solutions. These difficulties have prompted ongoing advances
in SPME geometries, setups, and extraction phases, with recent efforts focusing on trace
analysis and challenging applications. SPME research focuses on the development of new
sorbents and fiber coatings to improve selectivity, sorptive capacity, and thermal, chemical,
and mechanical stability. This work intends to improve device lifetime and sensitivity
by refining the enrichment process and expanding SPME’s applicability, particularly in
complicated matrices for a variety of analytical applications [42—44]. Figure 3 is a de-
scription of the advances in materials chemistry to fabricate different materials for use in
SPME [45]. In this section, we further discuss the different types of sorbent materials that
can be used to increase extraction efficiency in SPME operations, including nanoparticles,
silicon-containing nanostructures, nanocomposites, and others.

4.1. SPME Based on Nanoparticles

Nanoparticles are generally defined as being in the range of about 1-100 nanometers in
diameter. Compared to bulk materials, their physical and chemical properties are different
because they contain fewer atoms, with a larger percentage at or close to the surface.
Definitions of nanoparticle size can differ, but when a property differs sufficiently (by a few
percent) from the bulk material, a practical upper limit is attained [46].

Researchers frequently use nanoparticles to clean and recover target analytes from
intricate sample matrices. Their large surface area and strong affinity for particular ana-
lytes make them excellent sorbents that greatly improve the sensitivity and selectivity of
analytical procedures. Furthermore, nanoparticles are prized for their remarkable adsorp-
tion characteristics, high preconcentration factors, reusability, and simplicity of surface
modifications. These characteristics help improve the sample preparation procedure [47].
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Nanoparticles (NPs) are effective as adsorbents in various separation and precon-
centration procedures, such as SPE, SPME, and p-solid-phase extraction (uSPE), making
them crucial for environmental pollutant analysis. They are also used in chromatographic
procedures such as GC and HPLC in which NP-coated columns act as stationary phases.
NPs are preferred for extraction methods due to their large surface area and porosity, which
improves extraction efficiency and greater extraction rates. Their superior mechanical,
chemical, and thermal stabilities make them ideal for SPME coatings. Ongoing research fo-
cuses on producing cost-effective extractive materials that improve selectivity and capacity
while reducing sample and solvent usage. Furthermore, these materials are sought out for
adequate stability to allow reproducibility and reuse [48-50]. Recent reviews have focused
on several types of nanoparticles and their applications in microextraction; we will also be
focusing on the different types of nanoparticles used in SPME subsequently.

?‘71' e;,i‘es
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Figure 3. Advances in materials chemistry for the fabrication of different materials for use in SPME
fibers. Printed with permission from [45]. Copyright 2022, John Wiley and Sons.

4.1.1. Metal Nanoparticles in SPME

Metallic nanoparticles, particularly those containing metals such as silver and gold,
have unique visual, physical, chemical, and biological properties that make them useful in
a variety of applications. Their high affinity for both inorganic and organic mercury species
enables them to be used efficiently in mercury extraction methods. These nanoparticles
can also help separate heavy metals, organic chemicals (including pyrene, olefins, and
methylene blue), and gaseous species (like NO and SO;) [51]. Metal nanoparticles (MNPs)
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are crucial for the effective and selective extraction of analytes from various matrices. The
application of metal nanoparticles in SPME has focused significantly on gold nanoparticles,
due to the special properties they possess as an adsorbent material.

Gold Nanoparticles as Sorbent Material in SPME

Gold nanoparticles (AuNPs) are particularly notable due to their strong affinity for
binding organic compounds with thiol groups and their effectiveness with other functional
groups. AuNPs can spontaneously adsorb biomolecules containing thiol (SH) or amino
(NH;y) groups, resulting in the formation of self-assembled monolayers. Despite their
extensive surface area for interactions with analytes and column surfaces, research on
AuNPs within separation science is limited. Their high surface-to-volume ratio, long-term
stability, ease of synthesis, and favorable chemical modification properties make AuNPs
promising candidates for diverse applications [48,52].

In a work by Wen et al., gold nanoparticles (AuNPs) were in situ coated on ordered
mesoporous carbon (OMC) to generate an SPME covering with better extraction capacity
and aniline selectivity. The researchers discovered that this composite significantly im-
proved extraction efficiency, with enrichment factors for anilines ranging from 1143 to 3420,
while such factors for alcohols and phenols ranged from 45 to 845 and 86 to 545, respec-
tively, indicating notable aniline selectivity due to strong interactions between gold and
amino groups. The approach quantified four anilines using gas chromatography and
flame ionization detection, with limits of detection ranging from 0.072 to 0.18 ng/L and
good precision (1.9% to 3.8% RSD). The technique was successfully applied to river and
drinking water samples, with recoveries ranging from 83.9% to 107.7% for river samples
and 94.0% to 113.1% for drinking water. The authors concluded that the AuNP/OMC
composite fiber outperformed individual AuNPs, OMC, and commercial coatings in terms
of extraction efficiency, emphasizing its potential for preconcentrating trace anilines in
environmental samples and its strong affinity for thiol-containing compounds due to gold
interactions [53].

In another study, Yang et al. developed a poly(3,4-ethylenedioxythiophene)@Au
nanoparticle (PEDOT@AuNP) coating for SPME using a self-assembled monomer on
AuNPs that was electropolymerized on stainless steel. They described the coating as
having a cauliflower-like microstructure with exceptional heat stability (up to 330 °C) and
durability, able to withstand over 160 extractions without losing performance. Because of
its hydrophobic interactions with PEDOT and affinity for AuNPs, the coating has a high
extraction capacity for polycyclic aromatic hydrocarbons (PAHs). The researchers used gas
chromatography (GC) to obtain low detection limits (2.5-25 ng/L) and high repeatability,
with recovery rates ranging from 89.9% to 112% in a variety of environmental water samples.
Yang et al. found that the PEDOT@AuNP coating is an effective, long-lasting solution for
PAH analysis in environmental settings [54].

An SPME coating based on gold nanoparticles was designed by Guitierrez et al. to
detect organochlorine pesticides in ambient water samples. They explained that a layer-
by-layer assembly method was used to apply the nanoparticles to SPME fibers, producing
consistent coatings that were roughly 3 um thick. Gallic acid or HyO, was used as a
reducing agent in the synthesis of the nanoparticles. Despite the thinner coating, the
researchers observed that these fibers had detection limits as low as 0.13 pug/L and partition
coefficients twice as high as those of commercial polyacrylate fibers. They also noted that
after more than 100 extractions, the fibers showed good durability and repeatability, with
relative standard deviation values ranging from 8.67% to 21.3% [55].

In conclusion, gold nanoparticles (AuNPs) are extremely versatile substances with
proven physical and chemical characteristics that are available using established synthesis
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techniques. Because of their readily adjustable surface chemistry, they are very appealing
for incorporation into a range of applications. AuNPs are now a popular option in aca-
demic research and an essential part of many industrial and point-of-care medical devices
because of their qualities. They are perfect candidates for improving fiber coatings in the
context of SPME because of their high stability and adjustable surface characteristics, which
will improve analyte adsorption and increase the technique’s application in a variety of
analytical problems [52].

Silver Nanoparticles as Sorbent Material in SPME

It is well known that silver ions can chemically combine with double-bonded
molecules to produce strong interactions. In this interaction, electrons from the com-
pound’s 7 orbital are donated to the silver ion’s empty s orbital, forming o-bonds, and
electrons from the silver ion’s d orbital are formed from the compound’s 7* antibonding
orbital. These chemical bonds are reversible, breakable at high temperatures, and stronger
than van der Waals forces [56]. Silver chemistry has been studied in the creation of as-
sisted transport membranes and stationary phases in chromatography (such as argentation
chromatography), which are used to separate olefin/paraffin combinations [57,58].

Despite being more affordable than gold nanoparticles (AuNPs), there has been less
research on the application of silver nanoparticles (AgNPs) as SPME coatings. Graphene ox-
ide and polymers are combined as hybrid composites for the majority of AgNP applications,
while the other components mostly drive extraction [59]. For SPME, other silver-based
structures have also been investigated. These consist of electrodeposited silver dendrites,
silver nanoplates or dendrites on copper wire supports, silver wires functionalized by
sol-gel processes or conditioned by etching, and silver mirror coatings on stainless steel.
To improve performance, these structures frequently need extra changes such as the use of
polymer sheets [60-65].

Silver nanoparticles (AgNPs) made with glucose or gallic acid as reducing agents
were used to develop a unique SPME coating, according to Gutiérrez-Serpa et al. They
stated that a layer-by-layer technique was used to deposit the AgNPs onto stainless steel
wires that had already been coated with a silver mirror, allowing for exact control over
coating thickness. In close agreement with theoretical estimations, they observed that
the coatings measured 3.2 um thick for fibers prepared with gallic acid and 3.5 pm thick
for fibers prepared with glucose. These fibers were used for the direct-immersion SPME-
GC-FID analysis of sixteen polycyclic aromatic hydrocarbons (PAHs) in water, according
to the scientists. They stressed that the AgNP fibers, especially those made with gallic
acid, achieved remarkable analytical performance, including detection limits as low as
0.6 ng-mL~!, RSDs below 26%, and durability for roughly 150 extraction/desorption cycles,
despite the thinner coatings when compared to standard PDMS fibers. After testing the
technique on environmental water samples that had been tampered with, they came to the
conclusion that it worked well [59].

When compared to common macroscale materials like alumina, silver nanoparticles
(Ag NPs) have garnered interest as sorbents in SPME because of their improved intrinsic
features, such as greater chemical activity and ultrafine grain size. These nanoparticles
can be chemically modified with particular reagents to create highly selective coatings
for SPME fibers, which will enable the more effective and specific preconcentration and
extraction of metal ions [52].

4.1.2. Metal Oxide Nanoparticles in SPME

Metal oxide nanoparticles (MONPs) are important in physics, chemistry, and materials
research because of their various structural shapes and electrical characteristics, ranging
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from being insulators to being conductors. MONPs such as iron oxide, aluminum oxide,
titanium oxide, and others are gaining popularity as efficient and cost-effective sorbents.
Their nanoscale size results in a vast surface area and strong reactivity, making them excel-
lent for removing heavy metals and dyes from aquatic environments. Furthermore, their
functional properties—which are influenced by factors including crystal structure, compo-
sition, and morphology—support a variety of pollution control applications, especially as
ecologically friendly adsorbents in wastewater treatment [66-72]. Metal oxides are becom-
ing more and more popular in chemical sensors and extraction materials, particularly for
SPME, because of their excellent stability, adsorption capacity, and affordability. Environ-
mental applications can benefit from the high surface-to-volume ratio and superior thermal
stability of metal oxides such as cobalt oxide, titanium dioxide, lead oxide, zirconium oxide,
and zinc oxide. Their special qualities, which change depending on their structure and
content, make them very efficient sorbents.

TiO,, Fe304, MNnO,, ZnO, and CuO are examples of metal oxide nanoparticles
(MONPs) that are frequently employed in wastewater treatment to eliminate heavy met-
als and dyes. Their expanding relevance in pollution management and green chemistry
solutions is highlighted by their usefulness for environmental remediation due to their
photocatalysis, adsorption, and antibacterial action properties [45,66,73,74]. Subsequently,
we will review some of these MONPs in detail.

Titanium Oxide Nanoparticles as Sorbents for SPME

The natural form of titanium, titanium dioxide (TiO;), comes in three main crystal
forms: brookite (which has a rhombohedral structure), metastable anatase (both of which
have tetragonal structures), and stable rutile. The electrical structure, crystal form, size,
shape, and any doping present influence the distinctive physicochemical characteristics
of TiO, crystals [75]. It has been reported that TiO, nanotubes (TDNTs) possess notable
qualities such as inertness, chemical and thermal stability, non-toxicity, low cost, durability,
and corrosion resistance, making them highly suitable for various applications. These
include environmental purification, photocatalysis, self-cleaning coatings, hydrogen gener-
ation and storage, gas sensing, biomedical uses, and electrode materials for solar cells. The
structure of TDNTs is typically hydrogen titanate, with TiO; sheets rolled and separated by
H+ ions, giving them a multi-walled, scroll-like appearance with large internal and external
surfaces. These features make TDNTs ideal for use as sorbents. TiO,, in various forms like
nanowires, nanoparticles, and nanotubes, is a versatile and cost-effective material with
significant potential in photocatalysis, electronics, and electrochemical systems, especially
in analytical chemistry due to its high surface area and adsorption capabilities [14,76].

Anodized TiO, nanotube fibers were used by Shu et al. for in-headspace SPME in
conjunction with gas chromatography-mass spectrometry (GC-MS) to identify volatile
organic chemicals like xylenes (BTEX), benzene, toluene, and ethylbenzene. The research
examined how the anodizing duration and annealing temperature affected the formation of
TiO, nanotubes while maximizing the conditions for adsorption (time, ionic strength, and
temperature) and desorption (time and temperature) for BTEX measurement. The technique
showed linearity between 0.5 and 15,000 pg/L (R2 > 0.9954) and obtained detection limits
for individual BTEX chemicals between 0.1 and 2.0 ng/L. The strategy demonstrated the
potential of TiO, nanotube fibers as an efficient method for BTEX analysis by producing
recoveries ranging from 92% to 97% when applied to actual samples [77].

Li et al. anodized titanium wire in ethylene glycol using NH4F to create TiO,-
nanosheet-coated fibers for SPME. After extracting polycyclic aromatic hydrocarbons,
phthalates, and UV filters using TiO, nanosheets that were roughly 1 um long, 300 nm
wide, and 80 nm thick, HPLC-UV detection was performed. With detection limits of
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0.026-0.089 pg/L and calibration ranges of 0.1-400 pg/L, the fibers demonstrated excellent
extraction efficiency and selectivity. With recoveries ranging from 88.8% to 107%, the
technique reliably identified UV filters in environmental water samples and showed strong
repetition (4.50-8.76%) and reproducibility (7.75-9.64%). The fibers were repeatable, robust,
and stable [78].

Iron Oxide Nanoparticles as Sorbents for SPME

The emergence of nanotechnology has revolutionized science by making it possible
to create materials at the nanoscale (1-100 nm), which have special qualities because of
their small size and high surface area-to-volume ratio. Iron oxide nanoparticles (IONPs)
stand out among them due to their remarkable superparamagnetism, especially when they
are between 2 and 20 nm in size. In the absence of an external magnetic field, this behav-
ior, which is characterized by random variations in magnetization direction influenced
by temperature and time (sometimes referred to as the Néel relaxation time), precludes
net bulk magnetization. They are more magnetically susceptible than paramagnets, nev-
ertheless, when exposed to a magnetic field. When designing and synthesizing IONPs
for use, their magnetic behavior is crucial, especially in separation technologies where
significant magnetization is necessary. Because of their easy surface modification, low cost
of synthesis, and nanoscale property manipulation capabilities, iron oxide nanoparticles
are widely used in various domains. They are also appropriate for biological applications
due to their low toxicity, chemical inertness, and biocompatibility. Also, they are useful
tools for environmental cleanup because of their enormous surface area, adaptability, and
compatibility with adsorption technologies [79-82].

Iron oxide nanoparticles can take several forms, such as wiistite (FeO), ferrihydrite,
goethite, magnetite (Fe3O4), maghemite (y-Fe,Os), and hematite (x-Fe,O3), depending
on their stoichiometry and oxidation state. Magnetite (Fe304) and maghemite (y-Fe,O3)
have been extensively investigated for their distinct crystalline phases. Superparamagnetic
iron oxide nanoparticles (SPIONs), particularly FesO4, are widely used in a variety of
applications due to their ability to exhibit superparamagnetic properties when smaller
than 20 nm [83]. Iron oxide nanoparticles and magnetite (FeO,) are common magnetic
materials used in water treatment because they provide a low-maintenance substitute
for conventional adsorbents. FeO4 nanoparticles are excellent nano-adsorbents for pu-
rifying wastewater, especially when functionalized, which improves their catalytic and
adsorption capabilities. These nanoparticles are well known for their excellent adsorption
capacity, stability, and reusability and can be readily recovered using an external magnetic
field [84-87].

Ghiasvand et al. developed a new SPME fiber by embedding FeO,/SiO, core-shell
silica nanoparticles in polypyrrole (PPy) on stainless steel wire. Using direct-immersion
(DI-) and headspace (HS)-SPME, this fiber was utilized to extract hexanal and heptanal
from urine samples. GC-FID quantification was then performed. SEM and FT-IR were
used to characterize the fiber, and important extraction parameters were refined. With
detection limits of 0.1 and 0.5 ng/mL for hexanal and heptanal using HS-SPME-GC-FID
and 0.1 and 1.0 ng/mL for DI-SPME-GC-FID, the calibration curves demonstrated good
linearity (R2 > 0.99). The DI-SPME and HS-SPME replication studies had relative standard
deviations of 6.5-6.6% and 5.1-5.3%, respectively. Urine samples without derivatization
were successfully treated with both techniques; however, HS-SPME-GC-FID demonstrated
better analytical performance and a longer fiber lifetime [88].

For the purpose of magnetic solid-phase extraction (MSPE) of organophosphorus pes-
ticides (OPPs) from juice samples, Sereshti et al. fabricated a magnetic 3D graphene-iron
oxide nanocomposite (3D-G-Fe304). This was followed by gas chromatography-nitrogen
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phosphorus detection (GC-NPD). Characterization of the 3D-G-FeO, was performed
with SEM, FT-IR, and VSM. After optimizing key extraction parameters, low detection
limits (1.2-5.1 ng/L) and excellent linearity (R2 = 0.9973-0.9999) were obtained. The
technique demonstrated good repeatability, with fruit juice OPP recovery rates rang-
ing from 86.6% to 107.5%. GC-MS validation confirmed the findings, showing that the
nanocomposite’s 3D structure and magnetic characteristics gave it an exceptional extrac-
tion capability [40].

Manganese Oxide Nanoparticles as Sorbents for SPME

Manganese oxide, or MnO, is a common mineral that can be found in a variety of
natural settings, including soil, silt, and aquifers. It frequently occurs as discrete particles,
gels, or mixtures with other minerals like iron. MnO’s special qualities allow it to potentially
affect how pollutants behave in the environment through adsorption, photodegradation,
and catalytic oxidation [89-91]. Manganese dioxide nanoparticles (MnO, NPs) have a vast
surface area, strong oxidizing and adsorptive properties, and durability even in acidic
environments. MnO, NPs are well known for their ability to effectively remove organic
contaminants and heavy metals from water. They can be effectively separated using an
external magnetic field because they are frequently boosted by magnetic compounds. These
nanoparticles’ chemical and physical interactions with polymers make them popular for
removing dyes, and their supermagnetic characteristics make the separation process easier
at ambient temperature. Through adsorption, ion exchange, and coprecipitation, MnO,
also efficiently eliminates heavy metal ions [92,93].

Eskandarpour and Sereshti’s study involved the electrospinning of manganese oxide
(MnO) nanoparticles into a nanofibrous polycaprolactam (polyamide 6, PA6) coating. This
coating was used as a novel fiber coating for the HS-SPME of specific phthalate esters
(PEs) in water samples before GC-pECD analysis. Thermogravimetric analysis (TGA),
Fourier transform infrared (FT-IR) spectroscopy, and SEM were used to characterize the
coating. Important factors that affect the effectiveness of HS-SPME were optimized, such as
extraction temperature, ionic strength, and extraction/desorption periods. The technique
demonstrated a linear dynamic range of 0.500-500 ng/mL, limits of detection ranging from
0.0400 to 0.193 ng/mL, and relative standard deviations between 1.86% and 10.9% under
these circumstances. The technique obtained relative recoveries of 90.3% to 107% when
used on actual water samples, such as soda, river water, bottled water, and mineral water,
proving its efficacy in identifying phthalate esters in a range of aqueous matrices [94].

Eskandarpour and Sereshti once more investigated the extraction and identification
of carcinogenic nitrophenols (NPs), whereby contamination of soil and water poses seri-
ous health dangers. Using electrospinning, they created polyurethane-manganese oxide
(PU-MnO) composite nanofibers and showed how effective they were in extracting mono-
nitrophenols. Gas chromatography-microelectron capture detection (GC-pECD) in conjunc-
tion with a green HS-SPME technique used these nanofibers as adsorbents. The researchers
obtained a linear dynamic range of 0.100-500 ng/mL, relative standard deviations (RSDs)
of 2.53-11.2% (n = 3), and limits of detection of 0.0201 and 0.138 ng/mL after optimizing
critical extraction parameters. Relative recoveries for river and wastewater samples using
this approach ranged from 90.3% to 105%. The efficiency of the environmentally friendly
analytical technique and PU-MnO nanofibers for identifying mono-nitrophenols in actual
water samples was validated by the investigation [95].

Zinc Oxide Nanoparticles as Sorbents for SPME

The distinct electrical and optical characteristics of one-dimensional (1D) ZnO nanos-
tructures, which result from their size and dimensionality, make them highly desirable.
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They are useful for basic research and as useful parts of nanodevices because of these
characteristics. Their employment as interconnectors is also made possible by their 1D
shape. Applications of 1D ZnO nanostructures demonstrate their versatility and promise
in cutting-edge technologies, including field-emission devices, gas sensors, UV photode-
tectors, solar cells, light-emitting diodes, and nanolasers [96,97]. More importantly, ZnO
nanoparticles (NPs) are less expensive and easier to create than other nanomaterials. They
can also be deposited on a wide range of substrates with precise and perfectly aligned
orientations [98]. Also, all of these properties make them a good candidate in SPME
fiber applications.

Duarte et al. studied the utilization of zinc oxide (ZnO)-coated glass fibers for assessing
trihalomethanes (THMs) by HS-SPME-GC. Energy-dispersive X-ray spectroscopy and
scanning electron microscopy were used to characterize the homogenous and porous ZnO
layer that was applied on LiO-ZrO,-BaO-5iO; glass fibers. To improve the analytical
response, the study added 15% (m/v) salt and optimized the incubation (15 min), extraction
(15 min), and desorption (10 min) periods. With dynamic ranges of 20-500 pg/L for
trichloromethane, 15-250 g /L for dichlorobromomethane and dibromochloromethane,
and 10-100 ug/L for tribromomethane, the method showed excellent linearity for THMs in
water. The reliability of the approach was confirmed by the fact that all compounds had
correlation coefficients more than 0.9900 [99].

Additionally, Zhang et al. used a sol-gel technique to create a graphene-supported
ZnO SPME fiber. ZnO was nucleated by graphite oxide (GO), and the resulting
ZnO/graphene composite was integrated into a long-lasting sol-gel network. Adsorption
sites were improved by the addition of graphene, which raised the BET surface area from
1.2 m?2/ g to169.4 m?/ g. With an enrichment ratio of 1087 for 1-octanethiol and less than
200 for non-sulfur compounds, the ZnO/graphene fiber demonstrated exceptional sensitiv-
ity and selectivity for sulfur compounds. It performed better than PDMS/DVB fibers and
commercial PDMS. The fiber efficiently examined sulfur volatiles in Chinese chives and
garlic sprouts when combined with GC-MS, achieving recoveries of 73.2-91.6%, RSDs of
3.6-9.1%, and detection limits of 0.1-0.7 pg/L [100].

While many metal oxide nanoparticles (MONPs) are suitable for SPME applications,
this review concentrates on three of the most notable. Many other MONDPs have significant
features for this purpose, but we focused on a few to emphasize their distinctive contributions.

4.1.3. Carbon Nanoparticles in SPME

There are several different allotropic forms of carbon; the spherical C60 fullerene was
the first to be discovered in 1985. Since then, other allotropes have been created or found,
frequently by accident. Because of their exceptional electrical, mechanical, thermal, and
adsorptive qualities, carbon nanotubes are the most often utilized of these for analyti-
cal reasons. Advanced materials such as fullerenes, carbon nanotubes, nanocones, and
nanodiamonds have been used in the field of solid-phase extraction to provide analytical
procedures that offer notable advantages over traditional approaches [19,101,102].

Carbon nanomaterials are popular nano-adsorbents in wastewater management due
to their abundance, strong adsorption capabilities, cost-effectiveness, and high chemical
and thermal stability. Activated carbon (AC), known for its high porosity and large surface
area, has been a widely used adsorbent, though its cost drives the need for more economical
options. As a result, alternatives such as graphene, carbon nanotubes (CNTs), carbon nitride
(g-C3Ny), and carbon dots have been explored for adsorption applications. The excellent
regeneration potential of these nanomaterials further supports their use in contaminant
removal from wastewater. Carbon-based nanomaterials like fullerenes and graphene, recog-
nized by Nobel Prizes in 1996 and 2010, offer unique properties for a range of applications.
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Additionally, diverse carbon nanomaterials, including carbon nanoparticles, graphitic car-
bon nitride, ordered mesoporous carbon, and microporous carbon nanospheres, as shown
in Figure 4 below, have been adapted as SPME fiber coatings [11,103,104].
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Figure 4. The basic building blocks of carbon nanomaterials. Printed with permission from [104].
Copyright 2020, Elsevier.

The structural conformation and hybridization state of carbon-based nanomaterials
are intimately related to their electrical, chemical, and physical characteristics. The ground-
state arrangement of the six electrons in carbon is 1s?, 2s?, and 2p?. Carbon can hybridize
into sp, sp?, or sp® configurations depending on its bonding with nearby atoms because of
the promotion of an electron from the s orbital to an empty p orbital made possible by the
tiny energy gap between the 2s and 2p shells. The higher energy of the promoted electron
is offset by the energy obtained via covalent connections with nearby atoms. After taking
into account the out-of-plane bonding from 7 bonds created by unhybridized p orbitals,
this compensation is almost identical for both sp? and sp® hybridization [105,106]. The
unique characteristics of these materials, including their high surface areas, large aspect
ratios, and exceptional mechanical strength, along with excellent electrical and thermal
conductivities, have led to a wide array of applications [107]. Carbon nanoparticles have
been widely used as sorbent materials in SPME.

Carbon Nanotubes (CNTs) as Sorbent Materials in SPME

Considered tiny tubes made from rolled graphite sheets, carbon nanotubes (CNTs)
come in two structural varieties: single-walled (SWCNTs) and multi-walled (MWCNTs).
SWCNTs may range in length from hundreds of nanometers to several microns, with
diameters usually between 1 and 10 nm. However, because MWCNTs are made up of
numerous concentric cylinders held together by van der Waals forces, they have larger
diameters, ranging from 5 nm to several hundred nanometers [108,109]. Sumio lijima
reported synthesizing a new carbon structure with needle-like tubes (carbon nanotubes) in
1991. These tubes were created using an arc-discharge evaporation procedure, which is
similar to the synthesis of fullerenes [110].

Carbon nanotubes’ extraordinary qualities open the door to new developments in
engineering and research. In wastewater treatment and environmental monitoring, these
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materials offer a variety of uses for identifying and eliminating pollutants. CNTs are
interesting options for SPME coatings because of their large adsorption area and high
porosity. Their practical usefulness is further enhanced by their greater thermal and
physical stability as compared to traditional SPME coatings [108]. As stated above, CNTs
have two structural forms, namely single-walled (SWCNTs) and multi-walled (MWCNTs).

Single-walled carbon nanotubes (SWNTs) are nanoscale tubes formed from a single
rolled graphite layer, with diameters in the nanometer range and lengths reaching several
micrometers, making them a prime example of one-dimensional materials. Because of the
lack of mass and charge, photons are a great tool for studying and characterizing their
unique structure [111,112].

Multi-walled carbon nanotubes (MWCNTSs) are cylindrical nanostructures composed
of sp? carbon. They have aspect ratios ranging from 10 to 10 million with diameters ranging
from 3 to 30 nm and lengths up to several centimeters. MWCNTs are more rigid than
single-walled nanotubes because of their multi-layered structure. They are also different
from carbon nanofibers in that they have a hollow center, smaller exterior diameters, and a
different wall structure [113].

Riboni et al. described a novel method for assessing aroma compounds in water that
employs a recently developed SPME coating based on multi-walled carbon nanotubes
(MWCNTs). They emphasized the use of helical MWCNTs as an excellent adsorbent
because of their high extraction efficiency. The study used a desirability functions method
to optimize extraction time and temperature, which improved the process’s performance.
The validation results show that this approach is very dependable for detecting analytes at
ultra-trace levels, with detection limits ranging from 0.2 to 13 ng/L, good precision (relative
standard deviations < 20%), and high recovery rates (80 & 12% to 111 £ 11%) [114].

Rastkari et al. investigated the viability of using single-walled carbon nanotubes
(SWCNTs) as an SPME adsorbent to detect monobutyltin, dibutyltin, and tributyltin in
seawater. They stated that they adjusted key elements determining extraction efficiency,
such as extraction and desorption time, temperature, and salinity. The approach showed
linear calibration curves (r > 0.992) for concentrations ranging from 12 to 2000 ng/L, with
detection limits < 5 ng/L, matching International Conference on Harmonization (ICH)
criteria. They observed that, in comparison to commercial carboxen/polydimethylsiloxane
fibers, the SWCNT fiber had greater heat stability (over 350 °C) and endurance, with a
lifespan of more than 150 uses. They also stated that the procedure was successfully applied
to Persian Gulf harbor seawater samples, where butyl tins were discovered, confirming
SWCNTs’ potential as a reliable SPME adsorbent for environmental analysis of butyltins in
seawater [115].

Wang et al. developed a novel SPME method for analyzing polybrominated diphenyl
ethers (PBDEs) in environmental samples that uses multi-walled carbon nanotubes (MWC-
NTs) as the fiber coating for gas chromatography with electron capture detection (GC-ECD).
They found that the MWCNT coating had much larger enhancement factors (616-1756)
than poly (5% dibenzene-95% dimethylsiloxane) (139-384) and activated carbon coatings
(193-423). A 30 min extraction of a 10 mL sample yielded detection limits of 3.6-8.6 ng/L,
with high linearity (r> > 0.995). They found great precision in peak area and retention
duration at the 500 ng/L level, with relative standard deviations (RSDs) of 6.9-8.8% and
0.6-0.9%, respectively. The method was successfully applied to real samples such as local
river water, wastewater, and milk. Their research revealed PBDE recoveries ranging from
90% to 119% for boosted samples. No PBDEs were found in river water or skimmed milk
samples; however, they found PBDE levels of 134-215 ng/L in wastewater, 13-484 ng/L in
whole fat milk, and 21 ng/L of BDE-47 in a semi-skimmed milk sample [116].
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A study by Yazdi et al. examined the identification of ultra-trace amounts of poly-
cyclic aromatic hydrocarbons (PAHs) in complex coffee and tea samples using hollow-fiber
solid-phase microextraction (HF-SPME) in conjunction with high-performance liquid chro-
matography and UV detection (HPLC-UV). They clarified that for such matrices, HF-SPME
is a better option than direct-immersion SPME (DI-SPME), since DI-SPME offers little
sample cleanup in intricate, “dirty” samples. According to Yazdi et al., the high porosity
of the hollow fiber in HF-SPME enhances analyte selectivity and cleanup by preferen-
tially adsorbing analytes from complicated mixtures. As the fiber sorbent, they created
a new multi-walled carbon nanotube/zirconium oxide (MWCNT/ZrO,) nanocomposite,
which they attribute to hydrophobic interactions and 7—t stacking for its high PAH adsorp-
tion. The technique produced low detection limits (0.033-0.16 pug L~!) and a wide linear
range (0.1-200 pg L~1) with high precision (RSD < 6.6%). The authors concluded that the
MWCNT/ZrO, HF-SPME approach is very effective for PAH analysis in complex matrices
after reporting relative recoveries of 92.0-106.0% for PAHs spiked in water, coffee, and tea
samples [117].

This section covered a variety of nanostructured materials, such as carbon-based
nanoparticles, metal oxide nanoparticles, and metal nanoparticles, that can be employed
as fiber materials in SPME. Because of their high surface area, structural adaptability,
and superior adsorption capabilities, carbon-based nanomaterials—in particular, carbon
nanotubes—have demonstrated superior performance among these. These materials are
very promising for upcoming SPME applications since they offer improved extraction
sensitivity and efficiency.

5. SPME Based on Nanocomposite Materials

Nanocomposites (NCs) are nanoscale materials made by combining organic and inor-
ganic components, allowing them to incorporate each constituent’s distinct features while
also generating new functions to fulfill modern material demands. NCs, defined as having
at least one component smaller than 100 nm, are solid structures with nanometer-scale
spacing between phases. These materials can be made up of an organic matrix and an inor-
ganic nanofiller, or vice versa, or from the hybridization of various organic and inorganic
phases at different doping levels. NCs can contain nanoparticles (such as metal or silica),
fibrous nanomaterials (such as nanofibers and nanotubes), and layered substances (such
as graphite or layered silicates). NCs frequently outperform their individual components
in terms of mechanical, electrical, optical, and catalytic qualities. NCs” multifunctional
capabilities stem from more than just the sum of their components, with the high sur-
face area-to-volume ratio playing an important role in their distinct structure—property
relationships [118-121].

According to Bashtani et al., a nanocomposite composed of graphene oxide (GO),
poly(methyl methacrylate) (PMMA), and FeO4 nanoparticles was created specifically for
the magnetic solid-phase extraction (MSPE) of aromatic amines. After coating magnetite
nanoparticles with GO and PMMA, they created the composite (PMMA@GO-Fe;0,) and
used SEM, TEM, XRD, VSM, and FTIR techniques to characterize it. Their results showed
that the composite had preconcentration factors ranging from 139 to 173, successfully
extracting amines including aniline and N,N-dimethylaniline. Along with precision with
relative standard deviations ranging from 5.9% to 8.6%, they reported detection limits
of 2-6 pg/mL. With recoveries of 90.3% to 99.0% when the technique was successfully
applied to spiked water samples, its potential for environmental applications was demon-
strated [122].

Farjaminezhad et al. used the sol-gel technique to create a superparamagnetic mag-
netite nanoparticle (SMNP) and polyethylene glycol (PEG) nanocomposite fiber, which
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chemically bonded the fiber to a silica surface that had been treated. According to their
findings, 13 volatile organic compounds (VOCs) were successfully extracted from water
samples using this new fiber. The fiber showed good thermal stability and a long lifes-
pan by adjusting the mass ratio of SMNPs to PEG. According to Farjaminezhad et al.,
the SMNP/PEG fiber demonstrated a broad linear range (0.001-450,000 ng/L), lower
detection limits (0.008-0.063 ng/L), and higher extraction efficiency when compared to
commercial fibers made of polyacrylate (PA) and polydimethylsiloxane (PDMS). With
intraday and interday accuracy ranging from 4.13 to 10.08% and reproducibility ranging
from 7.35 to 14.79%, they found that this fiber had good repeatability and reproducibility.
According to the authors, the fiber’s longevity and chemical stability rendered it appro-
priate for use in gas chromatography—-mass spectrometry (GC-MS) in conjunction with
headspace solid-phase microextraction (HS-SPME) in VOC measurement. Its dependability
in environmental applications was further proven by tests conducted on tap water, surface
water, and groundwater [123].

Bagheri et al. reported the development of a zinc-based metal-organic frame-
work/polyethersulfone (TMU-4/PES) nanocomposite coating on stainless steel wire for
the headspace solid-phase microextraction (HS-SPME) of organophosphorous pesticides
(OPPs) from environmental water and soil samples. They stated that the unique char-
acteristics of the TMU-4/PES composite, including its high surface area, porous struc-
ture, and 7—electron interactions from the PES polymer, contribute to a strong affinity for
OPPs. After thermal desorption, OPPs were detected using gas chromatography with
a nitrogen—phosphorus detector (GC-NPD). The authors noted the coating’s simplicity,
stability, and reusability, with up to 100 extraction cycles possible. Using a central com-
posite design to optimize parameters, they achieved detection limits of 5-8 ng mL~! for
diazinon, fenitrothion, malathion, and chlorpyrifos. Bagheri et al. highlighted the method’s
effectiveness, demonstrating average repeatability and fiber-to-fiber reproducibility of
6.5% and 8.7%, respectively, and noted good recovery rates (88-108%) and reproducibility
(5.9-10.1%) when applied to spiked environmental samples. The efficacy of the proce-
dure was demonstrated by Bagheri et al., who observed good recovery rates (88-108%)
and reproducibility (5.9-10.1%) when applied to spiked ambient samples, with average
repeatability and fiber-to-fiber reproducibility of 6.5% and 8.7%, respectively [120].

Saraji et al. developed a mesoporous carbon-ZrO, nanocomposite coating on stainless
steel wire as a novel SPME fiber, using direct carbonization of a Zr-based MOF with-
out additional carbon sources. Optimized for BTEX analysis in water via GC-FID, the
fiber showed excellent linearity (0.2-200 ug L~1), low detection limits (0.05-0.56 ug L7,
and high recovery (93-107%) with relative standard deviations of 3.5-6.7%. The study
demonstrated its effectiveness in environmental analysis [38].

6. SPME Based on Nanoporous Structures

Porous structures are prevalent in nature, appearing in materials such as wood, cork,
trabecular bone, and plant parenchyma. The invention of synthetic porous materials was
a great leap in human civilization. Early examples included polymeric porous materials,
termed “polymeric foams”, with pore diameters exceeding 200 um [124].

Nanoporous materials allow for selective adsorption depending on molecular config-
urations since their pores are similar in size to those of tiny molecules. For applications
like fixed-bed devices that need good adsorption selectivity and capacity, zeolites—which
are mostly made of silicon and oxygen—are perfect since they are plentiful, stable, and
reasonably priced. Zeolitic imidazolate frameworks (ZIFs), covalent organic frameworks
(COFs), and metal-organic frameworks (MOFs) are new types of nanoporous materials
that provide substantial void volumes, great stability, and tunable, uniform cavities. In
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general, porous materials have interconnected voids that might or might not show three-
dimensional translational repetition. As an illustration, consider porous silica frameworks
(PSFs), porous organic frameworks (POFs), and layered double hydroxides (LDHs). Appli-
cations in adsorption, separation, and catalysis are driven by their wide gas—solid interfaces,
as demonstrated by solid foams, a simple porous system [125-127]. From conventional
applications such as desiccants to more sophisticated ones, nanoporous materials have
enormous potential in materials science. They function as size- and shape-selective reaction
chambers for purification, which includes symmetric or asymmetric synthesis, heteroge-
neous catalysis, adsorption, and optical resolution of enantiomers. Modern technologies
like chemical sensors, electrodes, data storage, imaging materials, and lasers are also using
them more and more [128].

Overcoming difficulties in creating distinct phases at the nanoscale is necessary to
fabricate nanoporous polymeric materials. Numerous methods have been devised, such as
foaming, phase separation, molecular imprinting, microemulsion templating, and selective
block removal in nanostructured copolymers. These techniques, which are frequently seen
with scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
allow polymers to develop nanoscale porous architectures [124,129].

In general, pores fall into one of three shapes: slit, inkbottle, or cylindrical. They can be
arranged to create 2D, 3D, crystalline, semi-crystalline, or amorphous structures. Analytes
can be adsorbed by porous frameworks according to host—guest interactions (MOFs, POFs),
anion exchange (LDHSs), hydrophilicity (aluminosilicates), size (zeolites), or hydrophobicity
(pure silica sieves) [125].

By functionalizing hexagonally ordered nanoporous silica (SBA-15) with 3-amino
propyl triethoxysilane (APTES), Gholavind et al. reported creating a highly porous fiber
covering a specialized solid-phase microextraction (SPME) apparatus for use in conjunction
with gas chromatography—mass spectrometry (GC-MS) for the detection of trace levels
of polycyclic aromatic hydrocarbons (PAHs) in water samples. Temperature, duration,
ionic strength, and sonication were among the extraction parameters that were optimized,
the researchers noted, one factor at a time. According to their findings, detection limits
under ideal circumstances varied from 4.2 to 26.1 pg/mL, with relative standard deviations
ranging from 3.3% to 7.7%. They also pointed out that the SPME fiber maintained a
consistent extraction efficiency throughout 50 extractions, proving its robustness and
appropriateness for environmental study [130].

Zhang et al. reported the effective synthesis of high-surface-area nanoporous car-
bon (NPC) using the metal-organic framework ZIF-90 as both a template and precursor,
with furfuryl alcohol serving as a secondary carbon source. The resulting ZIF-90-NPC
was applied to a stainless steel wire to form an SPME fiber. When combined with gas
chromatography—microelectron capture detection (GC-uECD), the approach demonstrated
large enhancement factors (984-2869), low detection limits (0.1-0.5 ng g~ !), and good lin-
earity (0.3-50 ng g !) for detecting pyrethroid pesticides in fruits and vegetables. The RSDs
for six replicate extractions ranged from 4.3% to 8.0%. The recoveries of spiked pesticides
(5ng g~ ! and 20 ng g~ ') were between 86.0 and 104.0% and between 86.0 and 103.5%, with
RSDs of 4.8-12.9% and 5.0-10.8%, respectively. The fiber performed consistently during
100 extraction cycles, with no notable loss of efficiency. The approach was successfully used
to identify pyrethroids in fruit and vegetable samples [131].

According to Rahimi et al., CMK-3 nanoporous carbon was prepared and character-
ized as a highly porous fiber coating for solid-phase microextraction (SPME) that possesses
an ordered carbon structure. According to their explanation, the material was immobi-
lized onto copper, stainless steel, and platinum wires to produce new SPME fibers, with
the copper—-CMK-3 fiber exhibiting the best performance. The fiber was tuned for the
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gas chromatography—mass spectrometry (GC-MS) extraction of phenolic chemicals, the
researchers observed. According to them, the following ideal conditions were achieved by
applying a simplex optimization method: 13 mL sample volume, 56 °C extraction tempera-
ture, 7 min extraction time, 5.5 min ultrasonic duration, pH 5, and 8.9% salt concentration.
In comparison to a commercial product, Rahimi et al. demonstrated the fiber’s selectivity
for polar phenolic chemicals and observed higher extraction efficiency. They added that
linear calibration curves with correlation coefficients above 0.99 and detection limits be-
tween 0.002 and 0.068 png/mL were provided by the fiber. For at least 40 applications, the
fiber’s extraction effectiveness remained constant, and it was effectively used to examine
phenolic chemicals in natural water samples [132].

7. Recent Advances in the Type of Fiber Material Used in SPME

In the food, environmental, and medicinal industries, solid-phase microextraction
(SPME) is frequently used to preconcentrate and remove trace amounts of harmful and
beneficial substances from natural goods. High efficiency, minimal resource use, ease of
use, and speed are some of its main advantages. A key factor in improving extraction effi-
ciency and selectivity is the sorbent material selection. Graphene (G), graphene oxide (GO),
functionalized carbon nanotubes (CNTs), metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), molecularly imprinted polymers (MIPs), and other inorganic
nanomaterials are all popular materials because of their large surface areas, tunable struc-
tures, high porosity, and chemical stability. Furthermore, because of their effectiveness
and selectivity, environmentally friendly sorbents such as carbon black, aerogels, and
zeolites have become more popular [133]. In this review, we did not look into MOFs as
sorbent materials because the application of MOFs to SPME is another subject matter on
its own, which we might look at separately in the future. Also, while MOFs have broad
applicability, many suffer from water instability, degrading upon contact, which poses
challenges for preparing water-based biological samples. Additionally, issues like recycling,
waste management, and scalable production require further improvement [134].

In designing SPME fiber coatings, two key principles must be considered: the coat-
ing material should strongly and specifically interact with analytes to achieve effective
enrichment, and it must be easily and securely immobilized on a supporting substrate. The
evolution of SPME fiber coatings, as illustrated in Figure 5, highlights three key compo-
nents: the coating material (blue dot), support material (green dot), and coating method
(red dot). While the timelines show progress in certain areas, such as the shift from silica
to metal fibers for better mechanical and chemical stability, other aspects have seen less
development. The transition to metallic supports has improved the durability and lifespan
of fibers due to their toughness and rigidity, replacing the more brittle silica fibers [45].

Han et al. demonstrated the progress of SPME fibers by creating a new substance
specifically designed for the analysis of benzene series in oilfield wastewater. Through the
use of an ionic liquid-assisted wet spinning process, metal-organic framework develop-
ment, and pyrolysis, they modified graphene fibers with ordered mesoporous carbon nan-
otube arrays (CNTAs) to generate a unique fiber structure. Due to the crumpled graphene
fiber stem and CNTAs acting as “hairs”, the resulting “hair-brush-like” microfiber design
greatly improves extraction efficiency. Verified by gas chromatography—mass spectrometry,
this novel architecture provides a large surface area, a large number of binding sites, and
remarkable enrichment capabilities for toluene, m-xylene, p-xylene, benzene, and ethylben-
zene. In terms of extraction efficiency, the fibers outperformed commercial fibers thanks
to their wide linear detection ranges (0.2-600 pg L), low detection limits (0.005-0.03 mg
L~1), and exceptional repeatability (3.2-5.5% for one fiber, 2.1-6.7% for fiber-to-fiber) [39].
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To measure nicotine and six metabolites in different parts of the rat brain, Zhang et al.
developed a new hydrophilic-lipophilic SPME probe employing benzene diimine triazine
benzodioxane-methylbenzodioxane (BDTB-MBD), a nitrogen-rich porous polymer coating.
According to their findings, the coating material had balanced hydrophilic and hydrophobic
qualities, a large surface area of 1001.7 m?/g, an ideal pore diameter of 5.28 nm, and
outstanding stability. Ultra-high-performance liquid chromatography—triple quadrupole
mass spectrometry (UHPLC-MS/MS) in conjunction with the SPME method produced
high recovery rates (77.1% to 99.6%), low detection limits (0.002 to 0.020 ug L~1), and wide
linearity (0.01 to 100 pug L~'). The investigation established the adsorption mechanism by
revealing strong non-covalent interactions between BDTB-MBD and analytes. It effectively
monitored the pharmacokinetics of nicotine in rat brain tissues, demonstrating its quick
absorption, widespread distribution, and conversion to cotinine, nornicotine, and other
metabolites. The researchers underlined that this strategy has uses in drug monitoring
and neuroscience and provides a more effective and sensitive substitute for conventional
techniques like solid-phase extraction [41].
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Figure 5. The timeline shows the main advancements in SPME fiber coatings, highlighting improve-
ments in three areas: coating materials (blue dots), supporting materials (green dots), and coating
methods (red dots). Printed with permission from [45]. Copyright 2022, John Wiley and sons.

For sensitive analyte detection, in-tube solid-phase microextraction (IT-SPME), which
has become a popular and eco-friendly sample preparation method, is frequently used
in conjunction with mass spectrometry or chromatography. This technique minimizes
the usage of organic solvents, increases accuracy, and cuts down on analytical time. To
improve enrichment efficiency, a variety of sorbent materials and extraction tools have been
developed, including fiber-filled tubes, monolithic columns, sorbent-coated tubes, and
particle-packed tubes. Although sample preparation is still difficult despite improvements
in analytical equipment, solid-phase extraction has essentially supplanted conventional
solvent-based techniques because of its ease of use and lower solvent use. To further
reduce sample volume, minimize solvent use, and facilitate automation, microextraction
techniques such as magnetic bead extraction, stir bar sorptive extraction, micro solid-phase
extraction, and dispersive micro solid-phase extraction have been developed. All things
considered, IT-SPME is a “green” technology that combines eco-friendly practices, online
automation, and miniaturization [135,136].
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8. Evaluation of Nanomaterial Performance in SPME

Table 2 summarizes the performance characteristics of a range of nanomaterials em-

ployed for use on SPME fibers.

Table 2. Evaluation of different types of nanomaterials and substrates employed in SPME fibers

for the microextraction of different types of compounds and their detection efficiencies in detection

devices.
Number of
Nanomaterial Analyte SMPE Substrate Techniques Extraction LOD Linear Range References
Cycles
0.006-0.031 ngSn1-!
; Butyltins and Polydimethylsiloxane : B for butyltins and B
phenyltins (PDMS) fiber GC-FPD 0.2-0.6ng Sn1~! for (371
phenyltins
AuNPs/OMC Aniline Stainless steel wire GC-FID 0.072-0.18 ugL! 0.1-1000 pg L ! [53]
Polycyclic aromatic . . 1 .
PEDOT/AuNPs hydrocarbons (PAHs) Stainless steel wire GC 160 2.5-25ng L 0.01-100g L [54]
Helical MWCNTs Fragrance materials Bare fused GC-MS 0.2-1322ng/L [114]
silica fibers
SWCNTs Butyltins Stainless steel wire GC-MS 150 2-5ng L1 6-2000ng L~! [115]
Polybrominated
MWCNTs diphenyl ethers Fused silica fiber GC-ECD 100 3.6-8.6ngL"! 28-2800ng L ! [116]
(PBDEs)
Accurel Q
MWCNT/ZrO, PAHs polypropylene HPLC-UV 5 0.033-0.16gL~! 0.1-200gL~? [117]
hollow fibers
Needle trap
CNTs/silica polymer PAHS Needle trap device  extraction 3 0.001-0.01ngmL~  0.01-20ngmL ! [120]
poty (NTD) (NTE) and : Hing : &
GC-MS
PMMA@GO-Fe;0y4 Aromatic amines Fused silica GC 139-173 2-6pg mL~! 0.007-100 ng mL~! [122]
FesO4/polyethylene Volatile organic Optical fiber GC-MS 200 0.008-0.063ng/L  0.001-450 x 104ng/L [123]
glycol compounds
Hexagonally ordered
nanoporous silica PAHs Stainless steel wire GC-MS 50 42and26.1 pgmL~'. - [130]
(SBA-15)
gas
chromatography-
ZIF-90 templated . .. . . microelectron 1 1
NPC (ZIF-90-NPC) Pyrethroids pesticides Stainless steel wire capture 100 0.1-05ngg 0.3-50ng g [131]
detection
(GC-uECD),
CMK-3 Polar phenolic Copper metal wires GC-MS 40 0.002 t0 0.068 g mL~! - [132]
nanoporous carbon compounds
Pyrrole, carbon
na r\o'tubes, a.nd Volatile aromatic Stainless stee wire GC-FID 100 0.01t00.04ng mL~! 0'03_59(1) ng [137]
titanium oxide mL

(PPy-CNT-TiO;)

compounds (BTEX)

9. Conclusions and Future Perspectives in SPME

An important turning point in analytical chemistry was reached with the use of

nanoparticles as fiber coatings in solid-phase microextraction (SPME). The sensitivity,

selectivity, and reliability of extraction methods have been significantly enhanced by these

cutting-edge materials, which include silica-based composites, metal-organic frameworks

(MOFs), nanoporous carbons, and covalent organic frameworks (COFs). In environmental

applications, the SPME method is frequently recommended for the extraction of several

analytes. Due to their efficiency, NMs are a perfect substitute for traditional materials when

it comes to the SPME of several analytes in environmental samples. Environmental sample
SPME has made extensive use of nanomaterials (NMs), including polymer-based NMs,
nanoparticles, nanofibers, nanoflakes, nanocomposites, nanorods, nanotubes, nanohorns,

nanosheets, nanocubes, and nanospheres. Among these NMs’ many benefits are their large
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specific surface area, strong catalytic activity, ease of synthesis, and favorable mechanical,
electrical, optical, and physical characteristics [9].

As demonstrated by their capacity to endure numerous extraction cycles without
suffering appreciable efficiency loss, nanomaterial-based fibers have exceptional stability,
durability, and reusability. The use of novel functionalization methods has increased
their range of applications even more. Water, food, and environmental samples are just
a few of the matrices to which these fibers can adapt effectively. They also function well
in a variety of settings, including high ionic strengths, high temperatures, and when
subjected to sonication. Furthermore, their selectivity for analytes—whether controlled by
hydrophobicity, size exclusion, or host—guest interactions—highlights their adaptability
and customized functionality for particular uses.

For the development of SPME devices, nanomaterials—particularly those produced
via the bottom-up approach—offer significant cost advantages. For effective analyte ex-
traction, this technique reduces material waste and permits the accurate fabrication of
high-performance nanostructures. Its scalability facilitates mass production, which lowers
manufacturing costs while improving the functionality of the gadget. The bottom-up
method increases extraction efficiency and lowers material consumption by producing
nanomaterials with high surface areas and regulated porosity, increasing the accessibility
of SPME devices. In order to promote greener and more sustainable analytical techniques,
these cost savings are essential for growing SPME applications in domains like environ-
mental monitoring and medical diagnostics.

In the future, analytical science could undergo yet another revolution as nanomaterials
and SPME are combined. Improved functionalization techniques and a wider variety of
nanomaterials may result in fibers with higher resilience and specificity. Furthermore, the
accuracy and sensitivity of analytical procedures will be further improved by developments
in connecting these materials with cutting-edge detection systems like gas chromatography—
mass spectrometry (GC-MS) or microelectron capture detection (LECD). A bright future for
this area of study lies ahead of us as nanomaterial-based SPME fibers stand to be crucial
in tackling new issues in food safety, pharmaceutical analysis, environmental monitoring,
and other areas.

In conclusion, SPME research and development should focus more on promoting its
use in a traditional laboratory and increasing its contribution to routine sample analysis or
daily detection, even though the development of novel fiber coatings—particularly those
with broad-spectrum applicability, high sensitivity, or exceptional selectivity for certain
compounds—remains a key area of focus. This calls for the technology to be incorpo-
rated into higher education’s teaching and practice system as a standard analysis method,
becoming as well known as liquid-phase extraction and SPE. It also calls for ongoing
product innovation and cost reductions based on the assurance of superior performance
for the technology to become a standard piece of laboratory equipment and instrument.
Nanomaterial coatings produced by robust processes involving fewer steps will prove
appealing from a cost perspective. Furthermore, a key factor in encouraging the use of
SPME technology is its application in the establishment of relevant national and industrial
standard procedures [45].
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