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Preface

Sustainability and environmental protection challenges are becoming increasingly significant.

Therefore, chemistry and materials engineering play an important role in the development of

innovative solutions to reduce the negative impact on our planet.

This reprint, “Advances in Sustainable Polymeric Materials II”, contains 16 studies and further

cutting-edge research that illustrate how these challenges can be addressed through the use of

advanced materials, sustainable polymers, and green technologies.

This volume presents various aspects of materials research and development, with particular

emphasis on efficient catalysts, bio-based materials, and green chemical processes. Each chapter

provides detailed insight into how natural resources can be harnessed to create high-performance

products while maintaining a strong commitment to environmental protection.

The presented research demonstrates the innovative use of porous coordination polymers as

catalysts, providing sustainable solutions for chemical processes. Strategies to improve sustainability

in the development of performance materials emphasize the importance of integrating cellulose

derivatives and other natural materials into polymer compositions. These innovations not only

improve the performance of materials but also contribute to reducing the ecological footprint of

industrial processes.

Another key aspect addressed in this reprint is the use of electrospun membranes and reactive

eutectic solvents to develop greener methods of wastewater treatment and materials synthesis. These

emerging technologies demonstrate the enormous potential of innovative approaches to solving

environmental problems.

Some studies also address the use of agri-food waste and biomaterials for the development of

fully bio-based polymer coatings and materials. These studies highlight how often waste can be

transformed into valuable and sustainable products, thus contributing to the circular economy and

reducing waste.

Another area of interest presented in this reprint is the stabilization and preservation of natural

extracts and active ingredients, demonstrating the importance of encapsulation and the use of

nanotechnology in preserving the beneficial properties of these substances.

We hope this reprint will inspire and guide researchers, engineers, and practitioners in their

efforts to transform environmental challenges into opportunities for innovation and sustainable

progress.

Cristina Cazan and Mihai Alin Pop

Editors

vii
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Porous Coordination Polymer MOF-808 as an Effective Catalyst
to Enhance Sustainable Chemical Processes
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Luís Cunha-Silva 1,*
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Universidade do Porto, 4169-007 Porto, Portugal; crgomes@fc.up.pt

* Correspondence: sbalula@fc.up.pt (S.S.B.); l.cunha.silva@fc.up.pt (L.C.-S.)

Abstract: The improvement of sustainable chemical processes plays a pivotal role in safe environmen-
tal and societal development, for example, by reducing the use of hazardous substances, preventing
chemical waste, and improving the efficiency of chemical reactions to obtain added-value compounds.
In this context, the porous coordination polymer MOF-808 (MOF, metal–organic framework) was
prepared by a straightforward method in water, at room temperature, and was unequivocally char-
acterized by powder X-ray diffraction, vibrational spectroscopy, thermogravimetric analysis, and
scanning electron microscopy. MOF-808 material was applied for the first time as catalysts in ring-
opening aminolysis reactions of epoxides. It demonstrated high activity and selectivity for reactions
of styrene oxide and cyclohexene oxide with aniline, using a very low amount of an eco-sustainable
solvent (0.5 mL of EtOH), at 70 ◦C. Moreover, MOF-808 demonstrated high stability in the catalytic
reaction conditions applied, and a notable reuse capacity of up to 20 consecutive reaction cycles,
without significant variation in its catalytic performance. In fact, this Zr-based porous coordination
polymer prepared by environment-friendly conditions proved to be a novel efficient heterogeneous
catalyst, promoting the ring-opening reaction of epoxides under more sustainable conditions, and
using a very low amount of catalyst.

Keywords: porous coordination polymers; metal–organic framework; MOF-808; heterogeneous
catalysts; epoxides ring opening; sustainable processes

1. Introduction

Metal–organic frameworks (MOFs) are a class of crystalline materials consisting of
metal centers (nodes) interconnected by organic ligands (linkers) via coordination bonds,
ultimately forming porous three-dimensional (3D) porous coordination polymers [1]. In
the last few years, numerous studies have shown that MOFs can overcome the potential of
other known porous solid materials such as zeolites and porous carbon-based materials
in a variety of applications [2]. In fact, the scientific interest in these materials is due to
the huge variety of organic and inorganic components used for the preparation of MOFs
originating large structural variety and the easy introduction of functional groups in the
ligand, enhancing MOFs for several applications and areas of interest such as gas storage,
adsorption, luminescence, sensors, catalysis, therapy for various diseases, such as cancer,
water/air purification, and others [1,3–7].

The use of MOFs as heterogeneous catalysts was one of the most promising applica-
tions, along with its rapid development in the last twenty years [8]. Because of the enormous
possibility of combining various active catalytic sites (active metal centers and/or active
functional organic linkers) in the same material, porous MOFs have attracted significant

1
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scientific interest as heterogeneous catalysts in a wide range of chemical reactions [9–14].
In general, the structures of MOFs reveal active sites uniformly dispersed throughout the
framework, and the characteristic porosity of MOFs tends to facilitate the transport of
substrates and products and to facile access of the catalytic active sites. Frequently, MOFs
present highly active and stable structures, which can possibly be recycled or reused in up
to several reaction cycles. In fact, some MOFs can demonstrate high catalytic performances
as homogeneous catalysts and also the capacity for reutilization that is characteristic of
heterogeneous catalysts [8,15,16]. In particular, Zr(IV)-based MOFs with carboxylate-type
ligands, for example, MOF-808, tend to be formed by the Zr–O cluster interconnected by the
several mentioned ligands. These peculiar structural features provide Zr-based MOFs with
interesting characteristics, such as high (nano)porosity, excellent thermal and hydrolytic
stability, high specific surface area, and the possibility to accommodate framework defects,
giving them enormous catalytic potential as heterogeneous catalysts [17–19]. Specifically,
MOF-808 is formed by clusters [Zr6O4(OH)4]12+ like those present in the well-known
UiO-66, but each cluster is connected only by six trimesate ligands, and the other coordina-
tion positions of the Zr cations are saturated by ion-shaped molecules.

The ring-opening reactions of an epoxide by amines have relevant importance since
the products of this reaction, such as β-amino alcohols, have an extraordinary interest in the
preparation of biologically active and synthetic compounds, as well as other neutral prod-
ucts, such as chiral pharmaceutical molecules, insecticides, and others [20–23] (Figure 1).
β-amino alcohols are generally synthesized by a direct reaction of epoxide aminolysis.
Epoxides are one of the most versatile intermediates used in organic synthesis and react
with a wide variety of reagents such as electrophiles, nucleophiles, acids, bases, reducing
agents, and some oxidizing agents [24]. These present an easy-to-reproduce synthesis due
to ring deformation and still react with different nucleophiles with high regioselectivity,
originating products that have an open ring [25]. The fact that there is a high reactivity with
several nucleophiles produces highly regioselective and trans-stereospecific ring-opening
products. Therefore, there is currently a great interest in the study of opening reactions of
the epoxy ring [26,27]. However, this reaction most often involves a large excess of amines,
and the use of other extreme reaction conditions, such as elevated temperatures, drastically
reduces its industrial attractiveness. The cost-efficiency and sustainability of this type of
process can be improved using efficient, selective, and recyclable solid catalysts.
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Figure 1. Scheme of the epoxide ring-opening reaction, both by amines and alcohols, using ni-
tromethane as a solvent at room temperature; the products represented are usually the majority (with
yields usually ranging from 80% to 95%).

Most of the catalysts reported for these types of reactions are homogeneous and thus,
are practically impossible to reuse, and they are often expensive, inefficient, toxic, or unsta-
ble. For this reason, it is important and fundamental to evaluate unprecedented materials as
sustainable heterogeneous catalysts [28,29]. Following the research interest of our research
group in the development of MOF-based materials towards different sustainable catalytic
processes [30–36], MOF-808 was prepared by a greener procedure, properly character-
ized, and evaluated as a catalyst in two ring-opening catalytic reactions, one of styrene
oxide and the other of cyclohexene oxide (another Zr-based porous coordination polymer,
UiO-66-NH2, was also prepared and applied for comparative proposes; Figure 2). MOF-808
proved to be an efficient heterogeneous catalyst for this type of reaction.
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Figure 2. Crystalline structures of the porous MOF materials, MOF-808 and UiO-66 (identical to UiO-
66-NH2), revealing the same metal cluster center; the images were prepared from CIF files obtained
from the Cambridge Structural Database (CSD, reference codes BOHWUS [37] and AZALUL [38],
respectively).

2. Materials and Methods
2.1. Reagents and Products

Styrene oxide (C8H8O, 97%), cyclohexene oxide (C6H10O, 98%), aniline (C6H7N, 99%),
and trimesic acid (C9H6O6, 95%) were acquired from Aldrich. The phosphomolybdic acid
hydrate (H3PMo12O40.xH2O) was acquired from Sigma-Aldrich. Formic acid (CH2O2,
90%) and dimethylformamide (C3H7NO, ≥99.5%) were acquired from Fisher. Acetonitrile
(CH3CN, 99.5%, MeCN), acetone (C3H6O, 99.8%), and methanol (CH4O, ≥99.9%) were
purchased from Carlo Erba. Zirconium chloride (ZrCl4, 99.5%) was acquired from Alfa
Aesar. Ethanol (C2H6O, ≥99.8%) and acetic acid (C2H4O2, ≥99.8%) were purchased from
Honeywell. Isopropanol (C3H8O) was acquired from Merck Millipore. These chemical com-
pounds used in this research work were used as received, without any type of purification
treatment prior to use.

2.2. Characterizations Methods

Powder X-ray diffraction (PXRD) patterns were collected at room temperature on an
Empyrean PANalytical diffractometer (CuKα1/2 radiation, λ1 = 1.540598 Å, and
λ2 = 1.544426 Å), equipped with a PIXcel 1D detector and a flat-plate sample holder in
a Bragg–Brentano para-focusing optics configuration (45 kV, 40 mA); intensity data were
obtained by the step-counting method (step 0.02◦), in continuous mode in the approxi-
mate range of 3.0◦ ≤ 2θ ≤ 50◦. Infrared spectra were recorded on a PerkinElmer FT-IR
System Spectrum BX spectrometer (in the range of wavenumbers: 400 to 4000 cm−1 and
64 scans). FT-Raman spectra were recorded in a Bruker spectrometer RFS 100, using as
excitation source a Nd: YAG laser (λ = 1064 nm) at room temperature, in the frequency
range of 3600–50 cm−1, with a resolution of 4 cm−1 (the excitation power and number of
steps were selected according to the sample). Scanning Electronic Microscopy (SEM)/Energy-
Dispersive X-Ray Spectroscopy (EDS) analyses were performed at the “Centro de Materiais
da Universidade do Porto” (CEMUP) using an Environmental Scanning Electron Micro-
scope, high resolution (Schottky), with X-ray Microanalysis and Analysis of Electron
Diffraction Patterns: FEI Quanta 400FEG ESEM/EDAX Genesis X4M; the samples were
coated with Au/Pd thin film by cathodic pulverization (sputtering) using the SPI Module
Sputter Coater equipment. Thermogravimetric analyses (TGAs) were performed using
a thermobalance Thermal Analysis system STA 300 Hitachi, using a heating speed of
5 C/min and an N2 atmosphere. Inductively coupled plasma optical emission spectrome-
try (ICP-OES) tests were performed at the University of Santiago de Compostela, Spain,
on PerkinElmer Optima 4300 DV equipment. The quantification of the products of the
two ring-opening reactions along the catalytic ring-opening reactions was performed in a
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Scion 8300 GC gas chromatograph, using hydrogen as drag gas, with a linear velocity of
55 cm3.s−1 and using a capillary column of SPB-5 Supelco (30 m long, 250 µm inner
diameter and 25 µm film thickness); the total time per analysis was 18 min. Gas chromatog-
raphy coupled to mass spectrometry (GC-MS) was performed in a Thermo Scientific Trace
1300 chromatograph coupled to a Thermo Scientific ISQ Single Quadruplo MS device. In
both cases, TG-5MS columns (30 m; 0.25 mm (i.d.); 0.25 µm) were used.

2.3. Preparation of the Materials

The preparation of the oxoclusters and, posteriorly, the synthesis of MOF-808 with
three different particle sizes was performed following procedures previously reported in
the literature [39]. The synthesis at room temperature of this MOF was carried out using
pre-formed octahedral oxoclusters Zr6, which is the most common SBU in the family of
MOFs based on Zr (IV) with the carboxylate functional ligands.

Oxoclusters. A total of 25.17 g (0.11 mol) of ZrCl4 was mixed with 37.5 mL of acetic
acid and 62.5 mL of isopropanol, and the mixture was stirred until a homogeneous solution
was obtained. The solution was heated in a paraffin bath at 120 ◦C for 1 h, and the white
suspension obtained was then centrifuged and washed twice with acetone. Finally, the
material was dried by heating (60 ◦C) at reduced pressure (200 mbar), and the white powder
obtained was characterized by FTIR-ATR.

MOF-808. A total of 0.6 g of oxoclusters was added to 1.5 mL of formic acid, and
the solution was stirred at room temperature. Then, 2.5 mL of H2O was added, and the
solution changed from whitish to transparent, as reported in the literature [39]. Finally,
150 mg (0.7 mmol) of trimesic acid was added, and the reaction mixture was kept in
agitation overnight. The material obtained was isolated by centrifugation, washed twice
with H2O and ethanol, and dried by heating (60 ◦C) at reduced pressure (200 mbar).
Yield (%): 73.8.

UiO-66-NH2. The synthesis procedure followed the solvothermal method adapted
from the literature [40]. Briefly, 2.17 g (0.012 mol) of 2-aminoterafthallic acid and 3.8 g
(0.016 mol) of ZrCl4 were mixed in 36 mL of DMF. The mixture was stirred for 30 min and
inserted in autoclaves that were placed in the oven at 120 ◦C for 24 h. A yellow solid was
isolated by centrifugation, washed with DMF and methanol, and dried by heating at 70 ◦C
and reduced pressure (under vacuum). Yield (%): 82.5.

2.4. Catalytic Studies

The ring-opening reactions of styrene oxide (1 mmol) and cyclohexene oxide (1 mmol)
with aniline (0.9 mmol) were carried out in a borosilicate 5 mL reaction vessel with a
magnetic stirrer and immersed in a thermostat oil bath under air (atmospheric pressure),
using an amount of catalyst (10 mg) containing 1 µmol of Zr and 1.5 mL of acetonitrile
(MeCN) or ethanol (EtOH) as a solvent, at 70 ◦C (Figure 3). The recycling study of the
catalyst was performed by using the same portion of the solid catalyst during various
consecutive cycles, dispersed in 0.5 mL of EtOH, and after each catalytic cycle, the catalyst
was recovered by centrifugation, washed with EtOH (twice), and dried. The recovered
MOF was weighed and reused in a new catalytic cycle maintaining the experimental
conditions. Further, the reutilization ability of the catalyst was also studied, and in this
case, the catalyst was not washed or dried after each catalytic cycle. The catalyst was
used without treatment between cycles, maintaining all the experimental conditions. All
the reactions were monitored by periodic GC analysis taking an aliquot from the reaction
mixture at regular intervals until the product yields remained constant during at least 2 h of
reaction. The products were analyzed by GC/GC–MS techniques. Moreover, the recovered
catalysts were characterized by powder XRD and FT-IR spectroscopy after catalytic use.
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3. Results and Discussion
3.1. Preparation and Characterization of the Catalysts

The syntheses of Zr-based MOFs are usually performed by the solvothermal procedure
using organic solvents, such as DMF, with some negative environmental impact. However,
nowadays, it is crucial to obtain these MOF structures using more sustainable synthesis
routes, especially under aqueous conditions and/or at room temperature. The research
in the context of new conditions of green synthesis is an important focus in the area of
MOF materials, especially motivated by the transition to an industrial-scale synthesis that
would be practically impossible with the use of hazardous chemicals under adverse reaction
conditions [41]. In this work, while the MOF UiO-66-NH2 was prepared by the conventional
solvothermal procedure (high temperature and DMF as a solvent), MOF-808 was prepared
by a more sustainable method (room temperature and water as a solvent; Figure 4). Both
porous MOFs, i.e., MOF-808 and UiO-66-NH2, were further characterized by a myriad of
techniques including vibration spectroscopies (FTIR and FT-Raman), powder XRD, TGA,
elemental analysis (ICP), scanning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDS), confirming the preparation of the expected solid-state pure phases
of the two porous MOF materials. The porous nature of these coordination polymers is
well documented in the literature (MOF-808: BET area ~1600 mg2cm−1, specific volume
0.69 cm3g−1, pore size 18.4 Å; UiO-66-NH2: BET area ~870 mg2cm−1, specific volume
0.38 cm3g−1, pore size 9.5 Å).
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Figure 4. (a) Schematic representation of the sustainable synthesis of MOF-808 (in water and at room
temperature) and (b) the scheme of the preparation of UiO-66-NH2, showing some features of the
crystalline structure of the porous coordination polymers. Adapted from reference [39].

The FT-IR and FT-Raman spectra obtained for both the Zr-based MOF-based materials
reveal the main vibrational band characteristics as expected from the two MOF structures
(Figure 5a,b; spectra shown in the 1900–400 cm−1 wavenumber region) [42,43]. Briefly,
the medium and strong intensity bands to vibrational modes of the carboxylate groups
can be assigned from 1600 to 1390 cm−1; a vibrational band around 1450 cm−1 ascribed
to aromatic (C–C) bonds of the organic ligands; as well as a group of vibrational bands
associated with Zr–(µ3-O) framework bonds in the range of 800–600 cm−1, and a band
(FT-IR) around 450 cm−1 assigned to Zr–(OC) bonds. These vibrational spectra are com-
parable with those previously reported, being the first clear indication of the preparation
of the desired MOF materials, MOF-808 and UiO-66-NH2. This fact is completely con-
firmed by the powder XRD patterns of the isolated materials that reveal the characteristic
reflections of the MOF-808 and UiO-66-NH2 crystalline phase, both in location and relative
intensities (Figure 5c): in the diffractogram of MOF-808, the main 2θ diffraction peaks at
the 4.3◦, 8.3◦, 8.7◦, 10.0◦, 11.0◦, and 13.0◦ plans are assigned to the reflection plans (111),
(311), (222), (400), (331), and (511), respectively; for the UiO-66-NH2 diffraction pattern, the
main reflections at 7.4◦, 8.5◦, 11.9◦, 14.6◦, 16.8◦, and 25.6◦ are attributed to the plans (111),
(200), (220), (222), (400), and (600), respectively. Furthermore, the powder XRD analysis
also allows for discarding the coexistence of any secondary crystalline phases in the two
isolated materials by comparison with the diffractogram obtained from the crystallographic
data. In fact, the experimental diffractograms prove the preparation of both the MOF-808
and UiO-66-NH2 materials with the expected solid-state structure [39,44]. As expected, the
thermogravimetric analysis profiles of the two materials are like those previously reported
and confirm the thermal stability of MOF-808 up to about 500 ◦C and up to 400 ◦C for
UiO-66-NH2 (Figure 5d) [45,46].
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The micrographs obtained by SEM for the two materials in random zones of the 
samples reveal agglomerated particles, apparently with superior crystalline regularity in 
the UiO-66-NH2 sample, most probably because of its solvothermal preparation instead 
of the room temperature preparation of MOF-808 (Figure 6). In addition, the EDS analyses 
clearly demonstrate the presence of the following characteristic elements of the MOFs: Zr, 
O, and C (also N for UiO-66-NH2). The EDS elemental mappings confirm and homoge-
nous distribution of the main elements of the material structure. The combination of all 
the data obtained by several characterization techniques confirms the successful prepara-
tion of the two Zr-based porous MOF materials, MOF-808 and UiO-66-NH2. 

Figure 5. Selected characterization data for the prepared MOF materials, MOF-808 (blue color) and
UiO-66-NH2 (green color): (a) FT-IR and (b) FT-Raman showed in the wavenumber range from 1900
to 400 cm−1; (c) simulated and experimental powder XRD patterns (the simulated diffractograms
were obtained from the respective crystallographic data deposited in the Cambridge Structural
Database); and (d) TGA profiles showed in temperature range of 30–630 ◦C.

The micrographs obtained by SEM for the two materials in random zones of the
samples reveal agglomerated particles, apparently with superior crystalline regularity in
the UiO-66-NH2 sample, most probably because of its solvothermal preparation instead of
the room temperature preparation of MOF-808 (Figure 6). In addition, the EDS analyses
clearly demonstrate the presence of the following characteristic elements of the MOFs: Zr,
O, and C (also N for UiO-66-NH2). The EDS elemental mappings confirm and homogenous
distribution of the main elements of the material structure. The combination of all the data
obtained by several characterization techniques confirms the successful preparation of the
two Zr-based porous MOF materials, MOF-808 and UiO-66-NH2.
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Figure 6. SEM images, EDS spectra, and elemental mappings for the prepared porous coordination
polymers, MOF-808 and UiO-66-NH2.

3.2. Catalytic Studies

The prepared Zr-based materials were evaluated as heterogeneous catalysts for ring-
opening reactions of epoxides, in particular, styrene oxide and cyclohexene oxide, by
amines (aniline). The influence of some experimental reaction conditions was initially
investigated, namely, the nature and the volume of the used solvent. This study intends to
use more sustainable solvents at the lowest amount needed that can guarantee the highest
catalytic activity of the catalytic materials. Blank experiments were conducted without the
presence of the MOF catalysts using both epoxide substrates (Table 1). The results indicate
that practically no conversion of substrates was observed in the absence of the catalyst,
given that the highest conversion under these conditions was less than 16% for styrene
oxide, after 24 h using 0.5 mL of ethanol (EtOH).

Table 1. Conversion of the aminolysis reaction of epoxides (styrene oxide and cyclohexene oxide)
with aniline in the absence of a catalyst after 24 h of reaction (blank experiments).

Solvent Conversion (%)

Styrene oxide
1.5 mL EtOH 10%
0.5 mL EtOH 16%
1.5 mL MeCN 14%

Cyclohexane oxide
1.5 mL EtOH 10%
0.5 mL EtOH 11%
1.5 mL MeCN 13%

The Zr-based MOF catalysts, MOF-808 and UiO-66-NH2, were then used as hetero-
geneous catalysts. The initial experimental conditions used were based on the previously
published work from our research group using the following Fe-based MOFs: MIL-101(Fe)
and MIL-101(Fe)-NH2, i.e., 1 mmol substrate, 0.9 mmol of aniline, 1.5 mL of MeCN, and
70 ◦C temperature [28]. The results obtained for the conversion of styrene oxide are pre-
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sented in Figure 7. It is possible to observe that during the first 6 h of the reaction, MOF-808
showed to be more active than UiO-66-NH2, mainly using EtOH as solvent instead of
MeCN. After 6 h of reaction, 82.9% of styrene oxidation was obtained using MOF-808 as
a catalyst and a very small amount of the sustainable solvent EtOH (0.5 mL), instead of
61.7% obtained with a higher EtOH amount (1.5 mL), and 37.6% of conversion using MeCN
(1.5 mL). After 24 h, the conversion increased to 86.1% using MOF-808 and 0.5 mL of EtOH.
When UiO-66-NH2 was used, a similar conversion was achieved (88.3%) using 1.5 mL of
EtOH. From these results, it was possible to conclude that a higher conversion was possible
to be obtained with a lower amount of solvent used. Therefore, future experiments were
performed with EtOH instead of MeCN.
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Figure 7. Conversion data for the ring-opening reaction of styrene oxide (1 mmol) in the presence of
aniline (0.9 mmol), using MOF-808 as a catalyst (1.5 mL of MeCN and 1.5 mL and 0.5 mL of EtOH as
solvents), and UiO-66-NH2 as a catalyst (1.5 mL of EtOH as a solvent), at 70 ◦C.

In addition to the interesting catalytic activity of the two Zr-based MOFs for the
conversion of styrene oxide with aniline, both the MOF-808 and UiO-66-NH2 catalysts
also showed high selectivity, obtaining amino derivative main products (Figure 8). Un-
der the studied conditions, both MOF catalysts promoted, essentially, the production
of a distinct main product (77% of aminodiphenylmethane with MOF-808 and 85% of
(1S,2R)-(+)-2-amino-1,2-diphenyllethanol with UiO-66-NH2) and two minor identical prod-
ucts (diecetal benzaldehyde and 3-aniline-3-pheny propionitrile), as presented in Figure 8b.
The various products obtained in the catalytic reactions were identified by GC-MS.

The use of Zr-based MOFs as catalysts did not originate β-amino alcohols as products.
The mechanism to obtain these is well-known in the literature and consists of two main
steps. The reaction may be divided into the following two steps: (i) the epoxide ring-
opening by the interaction of the nitrogen from the aniline with one of the two carbons
from the epoxide and (ii) a transfer from a proton from aniline to the alkoxide oxygen atom
to yield the β-amino alcohol product [22]. The studied Zr-based MOFs can have easily
coordinated vacancies to the Zr metal center, which can interact easily with the epoxide,
modifying the nature of the obtained products.

The potential of MOF-808 as heterogeneous catalyst in the ring-opening reaction of
epoxides with amines was further validated with a second distinct molecule, cyclohexene
oxide. The experimental conditions of the reaction were the same as those used for styrene
oxide (1 mmol of epoxide substrate, 0.9 mmol of aniline, catalyst, at 70 ◦C). The nature
and the amount of the solvent were also here studied; therefore, 1.5 mL of MeCN and
1.5 mL and 0.5 mL of EtOH were used. The results are presented in Figure 9a, which
reveal that the conversion of cyclohexene oxide after 24 h was 78.4% (1.5 mL MeCN), 70.4%
(1.5 mL EtOH), and 88.3% (0.5 mL EtOH). As in the previous study with styrene oxide, also
using cyclohexene oxide as substrate, the use of EtOH as solvent originated the highest
conversion. This was achieved using low volume of this solvent, i.e., 0.5 mL of EtOH),
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where the the conversion obtained at lower reaction times (1, 3, and 6 h) were slightly
superior than the reaction system with MeCN.
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N-phenylcyclohexamine (88.5%) as the main product and as a secondary product, trans-
1,2-dietoxycyclohexene (4.6%) (Figure 9b). In fact, the results obtained for the ring-
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Figure 8. (a) Selectivity obtained for the ring-opening reaction of styrene oxide with aniline in the
presence of MOF-808 (blue) and UiO-66-NH2 (green) as catalysts showing the 3 main products (P1,
P2, and P3) (24 h; a temperature of 70 ◦C and EtOH as a solvent). (b) Reaction schemes using the two
MOFs as catalysts showing the respective obtained products (P1, P2, and P3).
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Figure 9. (a) Result obtained for the catalytic reaction of the ring opening of cyclohexene oxide
(1 mmol) with aniline (0.9 mmol), using the MOF-808 catalyst and 1.5 mL of MeCN, and 1.5 mL and
0.5 mL of EtOH as solvents, at 70 ◦C. (b) Scheme of the reaction of the ring opening of cyclohexene
oxide with aniline using the MOF-808 catalyst and 0.5 mL of EtOH.
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In addition to the high activity demonstrated by MOF-808 in this ring-opening
reaction of cyclohexene oxide with aniline, it revealed interesting selectivity, originat-
ing N-phenylcyclohexamine (88.5%) as the main product and as a secondary product,
trans-1,2-dietoxycyclohexene (4.6%) (Figure 9b). In fact, the results obtained for the ring-
opening reactions of styrene oxide and cyclohexene oxide with aniline confirm the good
efficiency of MOF-808 as a catalyst in this type of reaction, both in terms of activity
and selectivity.

3.3. Catalyst Reutilization and Stability

The capacity of recycling and reutilizing MOF-808 in several catalytic cycles of
ring-opening reactions of epoxides was evaluated using styrene oxide (1 mmol), aniline
(0.9 mmol), and 0.5 mL EtOH at 70 ◦C. Figure 10 presents the results obtained after perform-
ing the various consecutive reactions for 24 h. In the recycling procedure, after each reaction
cycle, MOF-808 was recovered by centrifugation, washed carefully, and dried. To perform
a consecutive reaction cycle, the recovered and treated catalyst was weighed, and all the
experimental conditions were adjusted and maintained, i.e., the quantities of the reagents
and volume of EtOH. For the recycling study, it was possible to use the MOF-808 catalyst
for ten consecutive cycles without any relevant loss of catalytic efficiency (the conversion
was maintained around 90% with a slight decrease after the seventh cycle) (Figure 10a).
It was not possible to evaluate more recycle cycles because of experimental limitations,
namely, the amount of catalyst that was slightly reduced after each cycle because of some
losses in the separation and cleaning processes. To overcome these experimental limitations,
the reutilization ability of MOF-808 was further evaluated. In this procedure, at each new
reuse cycle, the solid catalyst was maintained in the reaction vessel (without any additional
treatment), and the same amount of styrene oxide and aniline and the same volume of
solvent was added to proceed with the reaction under the same experimental conditions
for all the reuse cycles. Notably, MOF-808 also revealed high catalytic efficiency during
20 consecutive reutilization cycles for the reaction of the ring opening of styrene oxide with
aniline (Figure 10b). The conversion was maintained at around 90% without a significant
loss of activity during the 20 reaction cycles. Based on the recycling and reuse behavior of
the MOF-808 catalyst during the high number of cycles, it is possible to predict the high
structural stability of this material under the aminolysis reaction. To investigate the struc-
tural stability of the catalyst after catalytic use, this was characterized by several techniques.
The FT-IR spectroscopy and powder XRD analysis were performed of the catalyst after
20 reusing cycles (Figure 11). The powder XRD pattern of the recovered catalyst revealed
the same crystalline structure of the initial MOF-808, eventually showing a slight reduction
in its crystallinity (Figure 11a). This evidence is supported by the FT~IR spectrum being
identical to that of the pristine MOF-808 (Figure 11b). This complementary characterization
confirms that the structure of the MOF material remains unchanged after reuse. In fact,
these results demonstrated that MOF-808 is an effective heterogeneous catalyst, with high
efficiency and notable reusability in the ring-opening reaction of epoxides with amines.

3.4. Comparison with Reported Works

Only a limited number of examples can be found in the literature reporting the
application of MOF structures as catalysts for the aminolysis of epoxides with aniline
(Table 2). The first work was presented by Jiang et al. in 2008, who used Cu-MOF as a
heterogeneous catalyst at room temperature under a solvent-free system [47]. Under these
conditions, only 32% of cyclohexene oxide was converted after 4 h, using a high excess
of aniline (21 mmol instead of 0.9 mmol as used in this work). The authors state that the
low conversion is mainly due to diffusion limitations in the micropores of this Cu-MOF.
In 2010, Garcia et al. used Fe-BTC MOF as a catalyst for the ring opening of styrene
oxide using acetonitrile as solvent (10 mL). After 24 h, a moderate yield was obtained
(72%) with a substrate/catalyst ratio of 410 [48]. Eight years later, Anbu et al. used the
same Fe-BTC MOF and copper Cu3(BTC)2 catalysts for styrene oxide aminolysis, under a
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solvent-free system, but they still used a higher catalyst excess than Gracia et al. used in
2010 [49]. The conversion obtained under these conditions was not improved compared
to the previous work of Garcia et al. (Table 1). Previously, in 2010, Kumar studied the
same reactions using [Co3+-Ln3+] heterobimetallic one-dimensional zigzag coordination
polymers as heterogeneous catalysts [50]. High yields to produce β-amino alcohols were
obtained using a near equimolar ratio of substrates and aniline, at room temperature and
under solvent-free conditions. Further, in this study, the solid catalyst was reused for
only three catalytic cycles and some loss of activity could be observed mainly for the
aminolysis reaction with styrene oxide. This is a considerable advantage of this system,
mainly when expensive lanthanide metals are used in a high amount of catalyst. In 2017,
our research group investigated the catalytic activity of MIL-101(Fe) for the aminolysis
of cyclohexene oxide [28]. At this time, MeCN was used as a solvent, and a high amount
of catalyst was needed to achieve high conversion. In this work, it was also verified that
the presence of amine functional groups in the MOF structure did not affect its catalytic
performance. To analyze the importance of Fe in the styrene oxide aminolysis reaction,
MIL-101(Fe)-NH2 was used as a support to incorporate iron-monosubstituted polyoxometa-
late [PW11Fe(H2O)O39]5− (abbreviated as PW11Fe) [36]. In this case, the composite catalyst
presented an appreciable increase in catalytic activity with the near complete aminolysis
of styrene oxide after 1 h of reaction, instead of 22% obtained by the isolated support
MIL-101(Fe)-NH2. Comparing the results obtained previously (Table 1) with those obtained
in the present work, it is possible to observe that the enormous advantage of using MOF-808
and UiO-66-NH2 is the almost negligible amount of solid MOF catalyst necessary to achieve
a near complete aminolysis reaction using a system with a low amount of a sustainable
solvent (0.5 mL EtOH). Another advance present in this work was the high number of
heterogenous catalyst reusing cycles (no extra solvents or thermic treatments were needed)
that were possible to perform without loss of catalyst activity.
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Table 2. Reported works for the aminolysis reaction of epoxides (styrene oxide and cyclohexene
oxide) with aniline catalyzed by MOF structures.

Catalyst Epoxide Epoxide/Aniline
(mmol)

Catalyst
Amount Solvent T

(◦C)
Time

(h)
Conv.
(%) Refs.

Cu-MOF CyclohexOx 1/21 0.11 mmol no rt 4 32 [47]
Fe-BTC StyrOx 41.6/41.6 150 mg MeCN 80 24 72 [48]

[Co3+-Ln3+] a CyclohexOx 0.98/1.18 49 µmol No rt 4 98 [50]
[Co3+-Ln3+] a StyrOx 0.87/1 44 µmol No rt 4 84 [50]
MIL-101(Fe) CyclohexOx 1/0.9 55 µmol MeCN 80 24 87 [28]

MIL-101(Fe)-NH2 CyclohexOx 1/0.9 55 µmol MeCN 80 24 86 [28]
PW11Fe@MIL-101(Fe) StyrOx 1/0.9 50 µmol MeCN 80 1 97 [36]

MIL-101(Cr) StyrOx 1/0.9 50 µmol MeCN 80 5 0 [36]
Cu3(BTC)2 StyrOx 0.3/0.25 25 mg No 60 24 75 [49]

Fe-BTC StyrOx 0.3/0.25 25 mg no 60 24 77 [49]
MOF-808 StyrOx 1/0.9 1 µmol EtOH 70 6 83 here

UiO-66-NH2 StyrOx 1/0.9 1 µmol EtOH 70 24 88 here
MOF-808 CyclohexOx 1/0.9 1 µmol EtOH 70 24 88 here

a the catalyst is [Co3+-Ln3+] coordination polymer with Ln = Eu or Tb; rt = room temperature.

4. Concluding Remarks

The incessant demand to develop chemical processes as sustainable as possible, aiming
their application at a large scale without harming the environment, is a current research
issue of extreme importance. In particular, the use of greener solvents to replace toxic
solvents, which are pollutants and harmful, in the preparation of chemical materials such
as MOFs, and the development of these materials as heterogeneous catalysts that are active
and reusable, are important factors that have been considered along with the research work
reported in this manuscript.

The Zr-based material MOF-808, a crystalline porous coordination polymer, was
prepared by a straightforward room temperature procedure using water as a solvent, in
contrast to the following synthesis method initially developed and widely used to prepare
this MOF: the solvothermal method with DMF at a temperature of 120 ◦C and a time
reaction of at least 24 h. This MOF-808 prepared by a much more sustainable method
revealed identical structural features reported in the literature for the parent material
isolated by the typical solvothermal method, as confirmed by powder XRD, vibrational
(FT-IR and FT-Raman) spectroscopies, TGA, and SEM/EDS. Furthermore, this material was
evaluated as a heterogeneous catalyst for ring-opening reactions of epoxides with amines
for the first time. In particular, the reactions of styrene oxide or cyclohexene oxide with
aniline in the presence of MOF-808 have been studied using MeCN or EtOH solvents. This
MOF material revealed high activity and selectivity for both the ring-opening reactions of
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styrene oxide and cyclohexene oxide using a very small amount of solvent (0.5 mL of EtOH)
and catalyst (an equivalent amount containing 1 µmol of Zr). Furthermore, it demonstrated
notable recycling and reuse ability since MOF-808 was used for 10 consecutive recycling
cycles and 20 successive reusing cycles in the reaction of styrene oxide (in EtOH) without
significative loss of efficiency and maintaining its structural stability.

The investigation reported in this manuscript is a clear demonstration of the possibility
of enhancing the sustainability of the chemical processes either in the preparation of
functional MOFs or in their application as effective heterogeneous catalysts. Now, other
MOF materials are being prepared by alternative green methods, showing their potential
application as catalysts, as well as in gas separation/capture and harmful gas sensing.
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Abstract: Next-generation high-performance polymers require consideration as sustainable solutions.
Here, to satisfy these criteria, we propose to combine high-performance styrenic block copolymers,
a class of thermoplastic elastomer, with cellulose derivatives as a reinforcing agent with the aim of
maintaining and/or improving structural and surface properties. A great advantage of the proposed
blends is, besides their biocompatibility, a decrease in environmental impact due to blending with a
natural polymer. Particularly, we focus on identifying the effect of different blending compounds and
blend ratios on the morphological, structural, thermal, mechanical, electrical and cytotoxic charac-
teristics of materials. This research provides, together with novel material formulations, practical
guidelines for the design and fabrication of next-generation sustainable high-performance polymers.

Keywords: high-performance polymers; blends; styrenic block copolymer; thermoplastic elastomer;
cellulose derivatives

1. Introduction

High-performance polymers (HPP) are essential candidates for a broad range of appli-
cations, including in the aerospace, automotive, electronic, medical, oil, gas and military
fields [1–4]. Unlike conventional polymers, HPP are known to offer a superior range
of properties, particularly mechanical, thermal and chemical, with the ability to tolerate
and resist harsh environments and conditions, such as a corrosive environment and high
pressure and temperature, among others [5,6]. Significant efforts have been successfully
made to develop and enhance their properties, in particular by the synthesis of new formu-
lations, blends and composites [7] as well as by developing advanced processing methods,
including additive manufacturing technologies such as fused deposition modelling (FDM)
and direct ink writing (DIW) [6,8,9].

Different kinds of HPP, including thermoplastics and thermosets have been developed.
They include liquid crystalline polymers, fluoropolymers, epoxy resins, polyurethanes,
and siloxanes, among others [10]. In particular, thermoplastic elastomers (TPEs) have
received considerable attention because of their mechanical properties and processability.
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They consist of two phases (elastomeric or soft phase, and thermoplastic or hard phase),
each one providing different features [11]. One of the most relevant TPEs is the styrene-
b-(ethylene-co-butylene)-b-styrene (SEBS) copolymer [12,13]. Petroleum-based SEBS is
obtained through the hydrogenation of the styrene-butylene-styrene (SBS) copolymer to
remove the unsaturation present in polybutadiene; the latter, in turn, being obtained
through the polymerization of two containing monomers (styrene and butadiene). SEBS is
biocompatible, stable under thermal and oxidizing conditions, resistant to UV radiation,
elastic and easy to process [12]. Such versatile features make SEBS very attractive for
use in the automotive industry, footwear, adhesives, and sensors, as well as in medical
devices [14–17].

Recent efforts have significantly improved specific performance parameters and func-
tional properties, in particular by the development of SEBS-based composites and blends.
As representative examples, the introduction of inorganic fillers ranging from clay [18],
graphite [19], and carbon black [20] to multiwalled carbon nanotubes [16] allow the tuning
of mechanical and electrical properties, depending on filler type and content. SEBS-based
blends with organic compounds of synthetic origin, such as polyamide 6 (PA) [21,22] and
polystyrene matrices [23], result in the improvement of impact strength, tensile strength and
Young’s modulus, respectively. Further, SEBS has been also used as a compatibilizing agent
in polymer blends. This is the case for polystyrene/high-density polyethylene [24], and
polypropylene/polyamide 6 [25] blends, in which mechanical properties such as ductility
were generally improved.

Despite considerable progress, an increase in environmental concerns and regulations
has resulted in an urgent need for research and development of more sustainable polymer
and, in particular, SEBS compounds. In particular, the production of SEBS is based on
polymerization techniques, which are related to considerable energy consumption and
greenhouse gas emissions, with negative environmental impacts. The growing demand for
more sustainable products based on the principles of a circular economy requires materi-
als to have a low environmental impact without compromising on the physicochemical
properties needed for applications. In this regard, the use of organic agents of natural
origin to meet sustainable demands is increasingly being considered. In the particular case
of SEBS as a polymer matrix, it can be blended with biomass derivatives ranging from
cellulose nanofibers [26] and cork [27] to pineapple leaf fibers [28]. However, more research
is necessary to improve functionality and properties, and to broaden the potential range
of applications.

Lignocellulosic biomass is particularly attractive as sustainable feedstock due to its
renewability and abundance [29–31]. It consists of three main components: lignin, hemi-
cellulose and cellulose. The latter is the most abundant component, with great potential
as a biodegradable biopolymer. Cellulose is a polymer formed by glucose units with
alternating amorphous and crystalline regions and containing hydrogen bonds [32]. In fact,
the combination of SEBS and cellulose as a biopolymer has been addressed [26,33], with
cellulose derivatives contributing to a mechanical reinforcing of the composites. In order
to properly tune materials’ properties, the affinity between both matrices in the blends is
critical, which is reliant on the chemical structure of the polymers.

In this work, we make use of a high-performance SEBS thermoplastic elastomer as
well as SEBS functionalized with maleic anhydride (SEBS-g-MA) as the main components
of a polymer blend in order to form a compatible and homogeneous or heterogeneous
matrix with cellulose as the second component. The purpose of this study is to investigate
the compatibility of cellulose derivatives with SEBS and SEBS-g-MA, and to evaluate the
physical–chemical properties of the blends, in the scope of their potential applicability.
Compatibility in the blend is based on exploring three cellulose derivatives: ethyl cellulose
(EC), cellulose acetate (CA) and microcrystalline cellulose (MCC) [32,34,35]. These cellulose
derivatives have been selected to reflect different hydrophobic/hydrophilic character and
polarity (Figure 1). Notably, they have differences related to the number of hydroxyl groups
reduced by etherification (EC), and esterification and transesterification (CA), whereas the

18



Polymers 2024, 16, 856

degree of crystallinity is increased by purification and partial depolymerization (MCC).
Using a solvent casting method, we successfully prepared several polymer blends with
different ratios, and the morphological, structural, thermal, mechanical, electrical and
cytotoxic properties were evaluated. The analyzed properties were used to investigate
the effect of the addition of different types of cellulose into the non-functionalized and
functionalized SEBS matrix, as well as to assess the effects of blending ratios. The results
obtained from this work are expected to shed light on the design of more renewable
polymer blends, leading to a transition to more sustainable high-performance polymers.
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2. Materials and Methods
2.1. Materials

SEBS (15 wt% styrene content, 62% vinyl content, melt flow = 37.5 g/10 min
(230 ◦C/2.16 kg)) and SEBS-g-MA (degree of functionalization 1.6 wt%, derived from
a SEBS having 15 wt% styrene, 62% vinyl and melt flow = 10 g/10 min (230 ◦C/2.16 kg))
were provided by Dynasol Elastomers, Madrid, Spain. Ethyl cellulose powder (48–49.5%
(W/W) ethyl basis), cellulose acetate powder (Mn ~30,000 g/mol, 39.8 wt% acetyl), and
cellulose microcrystalline powder (particle size = 51 µm) were supplied by Sigma-Aldrich
(St. Louis, MI, USA). Tetrahydrofuran (THF, GPC grade, Scharlab) was selected as a solvent.
All the reagents and the solvent were used as received.

2.2. Sample Preparation

The films were produced by solvent casting, where blends of SEBS:cellulose deriva-
tives, and blends of SEBS-g-MA:cellulose derivatives were produced in the blend ratios (by
weight) of 100:0, 90:10, 80:20, and 70:30 (Table 1). The polymer to solvent ratio was 1:5 (wt:v).
Specific solutions were prepared by dissolving the specific polymer in the THF solvent at
ambient temperature and under magnetic stirring until complete dissolution. Then, the
solutions were mixed under magnetic stirring at ambient temperature for 2 h. The mixture
solutions were finally deposited using the doctor blade technique onto glass substrates,
dried at room temperature for 12 h and films were peeled from the glass substrates. The
obtained films show a thickness of around 50–70 µm, and a size of 2 × 5 cm2. The blends
with MCC were prepared following the same procedure, with a previous ultrasonic step in
an ultrasonic bath (Model ATM3L, ATU, Valencia, Spain) for around 2 h before mixing to
ensure good dispersion of the MCC particles in the THF solvent.
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Table 1. Blend formulation according to weight percentage (wt%) of each component.

Identification Sample SEBS
(wt%)

SEBS-g-MA
(wt%)

EC
(wt%)

CA
(wt%)

MCC
(wt%)

SEBS100 100 0 0 0 0
SEBS90:EC10 90 0 10 0 0
SEBS80:EC20 80 0 20 0 0
SEBS70:EC30 70 0 30 0 0

SEBS90:MCC10 90 0 0 0 10
SEBS80:MCC20 80 0 0 0 20
SEBS70:MCC30 70 0 0 0 30
SEBS-g-MA100 0 100 0 0 0

SEBS-g-MA90:EC10 0 90 10 0 0
SEBS-g-MA80:EC20 0 80 20 0 0
SEBS-g-MA70:EC30 0 70 30 0 0
SEBS-g-MA90:CA10 0 90 0 10 0
SEBS-g-MA80:CA20 0 80 0 20 0
SEBS-g-MA70:CA30 0 70 0 30 0

2.3. Characterization

Cross-section scanning electronic microscopy (SEM) images were obtained using a
Hitachi S-4800 microscope (Tokyo, Japan), using an accelerating voltage of 15 kV. Samples
were coated with a 20 nm gold layer via sputtering deposition with a Polaron SC 502 sputter
coater (Laughton, UK).

Fourier transform infrared spectroscopy (FTIR) spectra were recorded by using a Jasco
FT/IR-4100 (Easton, MD, USA). in the attenuated total reflectance (ATR) mode from 600 to
4000 cm−1 with a resolution of 4 cm−1.

Contact angle measurements were carried out using a contact angle goniometer (OCA
15EC, Neurtek, Guipuzkoa, Spain).

Mechanical properties were evaluated by analyzing the tensile stress–strain curves of
the samples. These tests were carried out using a Shimadzu AGS-J universal testing set up
(Kyoto, Japan), with a load cell of 500 N until fracture at a test velocity of 3 mm/min. Stress–
strain hysteresis cycles (up to 500 loading-unloading cycles) were recorded by applying
three different maximum strains: 5%, 10%, and 30% of the initial sample length.

Dielectric measurements were carried out at room temperature using a Quadtech
1920 Precision LCR Meter (Sussex, WI, USA) in a 1 kHz–1 MHz frequency range with
an applied voltage of 1 V. Five-millimeter diameter gold electrodes were sputtered with
a 25 nm thin gold layer, using a Polaron SC502 (Quorum, Laughton, UK) sputter coater
under nitrogen atmosphere. The capacity (C) and dielectric losses (tan δ) of the polymer
blends prepared in the parallel plate configuration were obtained as a function of frequency.
The real and imaginary part of the dielectric constant (ε′ and ε′′) and the real component of
the alternating current (AC) electrical conductivity (σ′AC) were obtained according to the
following equations:

ε′ = C·d
ε0·A

(1)

tanδ =
ε′′

ε′
(2)

σ′AC = ε0·ω·ε′′ (3)

where A indicates the area, d is the sample thickness, ε0 (8.85 × 10−12 F/m) is the permit-
tivity of free space, and w = 2·π·f is the angular frequency.

The cytotoxicity of the samples was evaluated using an extract exposure test. Briefly,
mouse embryonic fibroblasts (MEFs) were seeded in 24-well plates and cultured in complete
culture medium composed of Dulbecco’s Modified Eagle Medium (DMEM) (Gibco), 10%
fetal bovine serum and antibiotics (Pen/Strep) at 37 ◦C and 5% CO2. Samples of 1 cm2
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of the SEBS and SEBS-g-MA-based blends were sterilized by UV irradiation for 30 min
and incubated in 1 mL of complete culture medium for 24 h at 37 ◦C. Next, 600 µL of the
extracts were added to the MEF cultures and allowed to exert their effect for an additional
24 h, before carrying out a Live/Dead cell viability assay (Thermofisher, Waltham, MA,
USA). For the positive control, MEFs cultured in complete culture medium were used, and
for the negative control, cells were permeabilized using cold 100% methanol. Fluorescence
intensity for Calcein (live cells) and Ethidium homodimer (dead cells) was measured using
a plate reader (Tecan, Switzerland). Each material was analyzed in triplicate. MEF images
were taken using a Nikon Eclipse Ti-S/L100 inverted fluorescence microscope (Melville,
NY, USA).

3. Results and Discussion
3.1. Morphological and Chemical and Surface Properties

The performance of polymer blends is highly dependent on the miscibility of polymers,
requiring a suitable morphological analysis. Factors such as the nature of both materials
and blend composition are essential to determine miscibility. We tested combinations
of styrenic block copolymers (SEBS and SEBS-g-MA) and cellulose derivatives (CA, CE,
MCC) at 100:0, 90:10, 80:20 and 70:30 weight ratios. The mechanical consistency of films
is suitable for most of the combinations, but the SEBS:CA and SEBS-g-MA:MCC samples
presented several problems related to ink mixing and peeling films. This is attributed to the
significant differences in the polarity of the materials [36,37]. Representative cross-sectional
SEM images of the obtained SEBS and SEBS-g-MA-based blends with different weight
ratios are shown in Figures 2 and 3, respectively. The neat SEBS and SEBS-g-MA matrices
(Figure S1) have a smooth and compact morphology. Moreover, the incorporation of
cellulose derivatives resulted in a phase separation process, where two distinct phases are
clearly identified: the styrene-based thermoplastic elastomer (continuous polymer matrix)
and the cellulose derivatives (dispersed phase). This is due to the immiscibility of both
components mainly caused by their difference in polarity. Interestingly, oval-shaped EC
agglomerates are found uniformly dispersed through the SEBS (Figure 2A–C) and SEBS-g-
MA (Figure 3A–C) matrices, which are oriented with the plane in the direction in which the
films are produced through the doctor blade technique. Voids (green arrows) also appear at
the interface of the materials’ components as a result of phase separation processes during
solvent evaporation in the casting technique and the interfacial interaction of the material
components [38]. By comparison, EC shows a better adhesion to SEBS (Figure 2A–C)
than to SEBS-g-MA (Figure 3A–C). On the other hand, the lack of homogeneity and the
extended agglomerate presence in the blends formed by SEBS and MCC (Figure 2D–F)
is a clear indication of their poor compatibility. CA presents a similar adhesion than EC
in the SEBS-g-MA matrix (Figure 3), but with regular circular-shaped agglomerates. In
particular, compatibility is a function of the relative polarity between the two components
and is thus critical for obtaining a homogeneous hybrid phase. SEBS and the chemically
modified cellulose derivatives by etherification (EC) and esterification (CA) allow tuning
of the interfacial compatibility when compared to SEBS with MCC cellulose derivative.

On the other hand, as seen from the optical microscope images in Figure S2A, color
changes were observed after the cellulose derivative addition in the neat SEBS and SEBS-g-
MA samples. In particular, the SEBS and SEBS-g-MA samples exhibit a transparent appear-
ance. Moreover, the optical microscopy images reveal that the surface of the SEBS70:EC30
blend remains transparent. However, it can be seen that the SEBS70:MCC30 blend has
aggregates in the form of islands over the sample surface. In contrast, it was observed that
the color of the SEBS-g-MA blends changed from transparent to white after the cellulose
derivative addition.
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arrows indicate voids at the different materials’ interfaces.
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Figure 3. Cross-sectional SEM images of the SEBS-g-MA-based blends at low magnification
(left, 30 µm scale bar) and high magnification (right, 1 µm scale bar): (A) SEBS-g-MA90:EC10,
(B) SEBS-g-MA80:EC20, (C) SEBS-g-MA70:EC30, (D) SEBS-g-MA90:CA10, (E) SEBS-g-MA80:CA20,
and (F) SEBS-g-MA70:CA30. The green arrows indicate voids at the different materials’ interfaces.

The surface of the hybrid materials has been also assessed by FTIR spectroscopy, as
represented in Figure 4 for the samples with the highest cellulose contents. The FTIR
spectra for SEBS and SEBS-g-MA differ due to the stretching vibrations bands of the
carbonyl groups at 1769 and 1715 cm−1, respectively, as well as for the C–O–C stretching
vibration bands at 1254 cm−1, arising from the maleic anhydride grafted onto the SEBS [39].
Styrene is related to the stretching vibration bands of the unsaturated bonds of the aliphatic
groups at wavenumbers above 3000 cm−1, the C=C aromatic stretching at 1455–1600 cm−1
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and the out-of-plane bending at 754 and 697 cm−1. Butadiene is reflected in the symmetric
bending vibration band of the methyl group at 1380 cm−1, whereas ethylene is related to the
C–H rocking vibration band at 718 cm−1. Both butadiene and ethylene contribute to CH2
group bending vibrations (1455 cm−1) [40–42]. The spectra of the neat cellulose derivatives
(EC, MCC and CA) share several bands, the main differences being the hydroxyl group
stretching at 3300 cm−1 observed in all samples, although with different intensities, because
ethylation and acetylation in EC and CA strongly reduce this band [43]. Likewise, the
common bands for EC and CA are related to the methylene and methyl group at 1455 and
1375 cm−1 [44,45], whereas the one corresponding just to CA is the carbonyl vibration at
1738 cm−1 [45].
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By comparing the spectra of the neat compounds with those of the blends, the FTIR
bands presented in Figure 4 demonstrate that there is no chemical interaction between the
two materials as no new bands appear indicating the possible formation of new hydrogen
or primary bonds.

On the other hand, we also tested the hydrophobic/hydrophilic surface characteristics
of the samples (Figure 5). Neat SEBS films are hydrophobic with a contact angle of around
102◦, whereas SEBS-g-MA shows a contact angle of 100◦, highlighting the hydrophobic
character of these polymers [46,47]. Regarding the effect of EC content within the polymer
blend, no relevant variations have been observed. On the other hand, the inclusion of MCC
leads to a reduction in the contact angle down to 77◦ for the sample with the higher filler
contents, due to its hydrophilic character. Similarly, CA also leads to filler content surface
variations of SEBS-g-MA-based blends, as reflected by the water contact angle around 80◦

obtained for the sample with 30 wt% CA content [48].

3.2. Mechanical Properties

The stress–strain mechanical curves of the SEBS and SEBS-g-MA-based blends with
varying cellulose derivative contents are shown in Figure 6A,B, respectively. Note that
the curves could not be compared with the SEBS-g-MA80:EC20 and SEBS-g-MA70:EC30
samples because tensile testing could not be conducted due to the fragility of the samples.
Figure S2B shows a photograph of the SEBS-g-MA70:EC30 sample after being stretched.
From the testing results, a strong variation in the mechanical characteristics of the blend
with respect to the ones of the neat polymers can be observed. In particular, the elongation
at break decreases significantly due the presence of cellulose derivatives in the blend. Thus,
the addition of cellulose derivatives leads to a decrease in the elasticity and flexibility of
the TPE. Figure 6C–E shows the dependence of the Young´s modulus and breaking tensile
and strain of the blends as a function of cellulose contents. For the neat SEBS-g-MA, the
Young´s modulus and the breaking tensile values are 21.48 MPa and 4.7 MPa, respectively,
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which are also much higher than that of neat SEBS with values of 2.44 MPa and 1.56 MPa,
respectively. On the other hand, with the addition of cellulose derivatives, the Young´s
modulus increases, whereas the tensile values decrease. Interestingly, the use of 30 wt%
CA in combination with SEBS-g-MA results in the highest value for Young´s modulus
(44.47 MPa). By comparison, among the different cellulose derivatives, the addition of EC
in the SEBS and SEBS-g-MA-based blends caused just a slight variation in the Young´s
modulus and tensile values.
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In general, the variation in the results between the different compositions is caused by
factors such as the interfacial interaction between the polymer matrix and the filler agent,
or the degree of dispersion of the filler agent in the matrix due to low compatibility as a
result of polarity differences. In this way, despite the non-polarity of the SEBS matrix, there
is an increase in its polarity due to the modification through the maleic anhydride graft.
Therefore, neat TPE polymers possess different properties, as reflected in the mechanical
results. However, it is also worth noting that the polarity of the cellulose derivative causes
changes in the blends, as can be seen in the SEM results. This is due to the modification
of the cellulose and the replacement of hydroxyl groups by other functions, facilitating
better adhesion and uniformity in hybrids of similar polarity. This can be observed in the
previous SEM images of SEBS:EC and SEBS-g-MA:EC blends, which are more uniform
than the blends with MCC and CA fillers. For this reason, the SEBS:EC blends maintain
similar and better mechanical properties, in spite of the decrease in ductility caused by the
reduction in elongation.

The data suggest that the presence of cellulose fillers results in less stress transfer
between the matrix and the dispersed phase. In particular, the agglomerates act as a
breaking point due to the defects at the interface caused by the reduced adhesion between
the two components. Depending on the material application, it is evident that the blends of
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thermoplastic elastomer and renewable filler agent at low concentrations can serve as a
replacement for the use of neat thermoplastic elastomer.
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A loading–unloading mechanical cyclic tensile test was then carried out to investigate
the mechanical stability of the different composites. The cyclic tests were conducted under
5%, 10% and 30% applied strains for 500 cycles. Figure 7 shows the cyclic behavior of the
neat styrenic block copolymers, and of the corresponding blends with the highest contents
of cellulose derivatives. All samples show hysteretic behavior, indicative of the energy
dissipation, and exhibit the Mullins effect, which is characterized by a decrease in the
stress upon unloading compared to the stress upon loading at the same strain [49]. In
addition, the maximum stress for a given strain of each cycle is higher for SEBS-g-MA
blends than for SEBS blends, indicating a more flexible interface due to the presence of
maleic polar groups. The addition of EC and MCC to the SEBS matrix (Figure 7A) shows
a significant impact on the hysteresis loop, resulting in an increase in the loop, i.e., in the
dissipated energy, the effect being more pronounced with the addition of MCC. Meanwhile,
the incorporation of EC in SEBS-g-MA blends (Figure 7B) does not produce significant
response differences, whereas the addition of CA causes an increase in the hysteresis loop
for all evaluated strains.

3.3. Thermal Properties

Figure 8 shows the TGA curves for the SEBS and SEBS-g-MA-based blends. Also, the
corresponding derivative thermogravimetry (DTG) curves are shown, where each peak
determined the maximum rate of the degradation processes.
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When comparing neat SEBS with the neat, functionalized SEBS-g-MA, the degradation
of samples starts at higher temperatures, at a 10 wt% loss temperature (T10%) of 409 ◦C
in the case of SEBS and at lower temperature (at 349 ◦C) in the case of SEBS-g-MA. Thus,
the presence of maleic anhydride grafted onto the copolymer decreases the degradation
temperature and thus the thermal stability. This effect is observed in many other poly-
mers when they are grafted with MA, such as poly(hydroxybutyrate-co-hydroxyvalerate)
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(PHBV) [50] and poly(acrylamide/gelatin) hydrogels [51], among others. Moreover, it can
be distinguished that SEBS is characterized by a single degradation stage in the range from
350 to 480 ◦C, whereas two stages are observed in SEBS-g-MA, one between 225 and 380 ◦C
and the other between 380 and 500 ◦C. In the case of the SEBS-g-MA sample, the first step
could relate to anhydride units of MA [52].

On the other hand, in the case of neat cellulose derivatives, a single degradation stage is
observed. This stage and weight loss is attributed to the breakdown of the anhydroglucose
polymeric chain, i.e., the breaking of the β-1,4-glycosidic bonds that hold the glucose units
together, followed by the primary decomposition of volatile and dehydrated compounds.
It corresponds to the processes of dehydration, depolymerization and decomposition of
glysosyl units [53].

With respect to the composite samples, several stages of degradation can be distin-
guished, related to the composite composition. With regard to the SEBS:cellulose samples
(Figure 8A,B), the first stage of degradation is attributed to cellulose (EC or MCC) and
appears in the range from 300 to 370 ◦C, and the second stage is related to the degradation
of the block copolymer and appears in the range from 370 to 490 ◦C. For this reason, the
SEBS blends with cellulose derivatives present a decrease in thermal stability compared to
the neat SEBS. This decrease is caused by the cellulose because, as described previously,
the decomposition of the anhydroglucose polymer chain in the cellulose occurs at a lower
temperature than in the copolymer. Several processes are involved, such as the breaking
of the β-1,4-glycosidic bonds holding the glucose units together and then the primary
decomposition of volatile and dehydrated compounds.

On the other hand, in the SEBS-g-MA-based blends (Figure 8C,D) prior to the de-
composition of the anhydroglucose chain, a slight SEBS degradation occurs at 230 ◦C for
SEBS-g-MA blends with cellulose derivatives. This is caused by the presence of anhydride
units of MA, affecting the weight loss to a minor extent at such low content. The presence
of the maleic anhydride graft in SEBS, however, decreases the thermal stability of the
copolymer. Subsequently, the two main stages mentioned above (cellulose and copolymer
degradation) occur after 230 ◦C. In addition, the substitution of hydroxyl groups in the
cellulose by ethyl or acetate groups leads to a slight increase in thermal stability. Therefore,
the SEBS:EC blend is thermally more stable than the SEBS:MCC, and the SEBS-g-MA:EC
blend is somewhat more stable than the SEBS-g-MA:CA. The onset of CA degradation
occurs earlier than that of EC, although the maximum degradation temperature is slightly
higher in CA. By comparing the different polymer blends, all the maximum degradation
temperatures lay ±10 ◦C compared to neat materials, confirming the immiscibility of the
polymers. After the thermogravimetric analysis of the samples, the content of the final
residue depends on the amount of added filler and its crystallinity.

3.4. Electrical Properties

In order to study the potential of blends for electronic applications, the dielectric prop-
erties of the blends have been evaluated. The frequency dependence of the real dielectric
permittivity (ε′) for the different SEBS (Figure S3A) and SEBS-g-MA (Figure S4A) blends
shows a relative stable behavior over frequency variation. Meanwhile, the corresponding
dependence of the dielectric loss (tan δ) on the frequency for SEBS (Figure S3B) and SEBS-
g-MA (Figure S4B) blends shows similar behavior in both samples. The tan δ values are
maintained below 0.15 over the measured frequency range. For comparison, the ε′ value
at 1 kHz for SEBS and SEBS-g-MA-based blends with cellulose derivatives is shown in
Figure 9A,B, respectively. Significantly, dielectric permittivity increases by a factor of two
for the blends with the 30 wt% EC, when compared to the neat SEBS polymer (ε′ = 1.75) and
neat SEBS-g-MA polymer (ε′ = 2.15). Finally, the ac electrical conductivity was calculated for
the different samples (Figure 9C,D). An increase of nearly 2 orders of magnitude is obtained
in the SEBS blend (Figure 9C) with the highest content of EC and MCC. It is in agreement
with previous results on the effect of MCC that improves dielectric properties [54]. On
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the other hand, it is evidenced that the AC conductivity in the SEBS-g-MA-based blends
(Figure 9D) remains stable with the EC and CA addition.
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3.5. Indirect Cytotoxicity Analysis

The biocompatibility of the SEBS and SEBS-g-MA-based blends was evaluated after an
extract exposure test. For this, we incubated the materials in complete culture medium for
24 h and subsequently used it to grow mouse embryonic fibroblasts (MEFs). The obtained
results show high biocompatibility of all analyzed materials with similar survival values
to those of the positive control (Figure 10A,B). Thus, the results are consistent with the
literature that indicate negligible cytotoxicity for SEBS samples [55], as well as cellulose
derivatives [56].

28



Polymers 2024, 16, 856Polymers 2024, 16, x FOR PEER REVIEW 13 of 17 
 

 

 
Figure 10. (A) All blend extracts display high biocompatibility as estimated using a Live/Dead assay. 
Data shown as average +/− SD. (B) Fluorescence images show a large number of live cells (green) in 
the cultures in contact with the material extracts with a residual number of dead cells (red). Scale 
bar represents 200 µm. 

4. Discussion 
Cellulose derivatives up to 30 wt% have been explored as potential additives to im-

prove the sustainability of high-performance styrenic block thermoplastic elastomer. The 
strategy implemented here explores styrenic block copolymers SEBS (no polar) and SEBS-
g-MA (polar) and cellulose derivatives with a different polar surface area (PSA) from 
weaker polar EC (PSA = 134.53 Å), and MCC (PSA = 167.53 Å) to moderately polar CA 
(PSA = 238.09 Å). SEBS, SEBS-g-MA and EC are hydrophobic, differing from the hydro-
philic CA and MCC. Blends are produced by solvent casting, leading to composites with 
different mechanical and electrical characteristics (Table 2), which can be taken advantage 
of for different applications. The use of EC in SEBS and SEBS-g-MA blends preserves the 
processability and wettability of styrene copolymers and increases the dielectric response. 
Also, the incorporation of EC leads to a decrease in the mechanical properties, such as the 
tensile strength, modulus and elongation at break, without impacting significantly on the 
dissipative properties of neat styrene block copolymers. This is an interesting result, con-
sidering the potential applications of the styrenic block copolymers, where the mechanical 
properties are essential. Therefore, the role of the hydrophobic character of these three 
polymers is a critical factor in controlling compatibility. 

On the other hand, the use of hydrophilic MCC and CA polymers results in more 
negative effects on the physicochemical properties of the blends. Specifically, crack-free 
films can only be obtained when using polymers with similar polarity (SEBS:MCC, SEBS-
g-MA:CA). However, the other combinations of SEBS:CA and SEBS-g-MA:MCC result in 
broken films, which reveals the importance of wettability and polarity. In addition, these 
cellulose polymers do not provide significant changes in dielectric properties, when com-
pared to neat styrenic block copolymers. Instead, the wettability is modified, with respect 
to the pristine polymer, in all compositions. 

Table 2. Comparison between the main characteristics of the different blends. 

Blends Morphology Mechanical Wettability Dielectric  Citotoxicity 

SEBS:EC 
Regular oval-

shaped 
aggregates 

 Hydrophobic Enhanced Not 
cytotoxic 

SEBS:CA Not applicable 
Not 

applicable Not applicable Not applicable 
Not 

applicable 
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Data shown as average +/− SD. (B) Fluorescence images show a large number of live cells (green) in
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4. Discussion

Cellulose derivatives up to 30 wt% have been explored as potential additives to
improve the sustainability of high-performance styrenic block thermoplastic elastomer.
The strategy implemented here explores styrenic block copolymers SEBS (no polar) and
SEBS-g-MA (polar) and cellulose derivatives with a different polar surface area (PSA)
from weaker polar EC (PSA = 134.53 Å), and MCC (PSA = 167.53 Å) to moderately polar
CA (PSA = 238.09 Å). SEBS, SEBS-g-MA and EC are hydrophobic, differing from the hy-
drophilic CA and MCC. Blends are produced by solvent casting, leading to composites with
different mechanical and electrical characteristics (Table 2), which can be taken advantage
of for different applications. The use of EC in SEBS and SEBS-g-MA blends preserves the
processability and wettability of styrene copolymers and increases the dielectric response.
Also, the incorporation of EC leads to a decrease in the mechanical properties, such as the
tensile strength, modulus and elongation at break, without impacting significantly on the
dissipative properties of neat styrene block copolymers. This is an interesting result, con-
sidering the potential applications of the styrenic block copolymers, where the mechanical
properties are essential. Therefore, the role of the hydrophobic character of these three
polymers is a critical factor in controlling compatibility.

Table 2. Comparison between the main characteristics of the different blends.

Blends Morphology Mechanical Wettability Dielectric Citotoxicity

SEBS:EC
Regular

oval-shaped
aggregates

Hydrophobic Enhanced Not cytotoxic

SEBS:CA Not
applicable

Not
applicable

Not
applicable

Not
applicable

Not
applicable

SEBS:MCC
Irregularly-

shaped
aggregates

Hydrophilic Preserved Not cytotoxic

SEBS-g-
MA:EC

Regular
oval-shaped
aggregates

Preserved
tensile
energy

dissipation

Hydrophobic Enhanced Not cytotoxic
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Table 2. Cont.

Blends Morphology Mechanical Wettability Dielectric Citotoxicity

SEBS-g-
MA:CA

Regular
circular-
shaped

aggregates

Hydrophilic Preserved Not cytotoxic

SEBS-g-
MA:MCC

Not
applicable

Not
applicable

Not
applicable

Not
applicable

Not
applicable

On the other hand, the use of hydrophilic MCC and CA polymers results in more
negative effects on the physicochemical properties of the blends. Specifically, crack-free
films can only be obtained when using polymers with similar polarity (SEBS:MCC, SEBS-
g-MA:CA). However, the other combinations of SEBS:CA and SEBS-g-MA:MCC result
in broken films, which reveals the importance of wettability and polarity. In addition,
these cellulose polymers do not provide significant changes in dielectric properties, when
compared to neat styrenic block copolymers. Instead, the wettability is modified, with
respect to the pristine polymer, in all compositions.

5. Conclusions

In summary, we report the use of cellulose derivatives in the formation of styrenic
block copolymer-based blends to improve the sustainability of high-performance polymers.
A series of experimental tests were conducted to assess the influence of different cellulose
derivatives and contents on the physicochemical and structural characteristics of styrene-
based blends. The results show that the morphology of blends is highly dependent on
the cellulose derivative type and content. The SEM results revealed that the presence of
EC causes the formation of regular oval-shape aggregates, where the interfacial adhesion
with SEBS is higher than with SEBS-g-MA, also depending on the polarity of the specific
cellulose derivative. On the other hand, blending with cellulose derivatives leads to a
decrease in tensile properties, such as tensile strength, and elongation at break, compared to
the neat styrenic block copolymers. However, the presence of EC showed a positive effect
on the tensile energy dissipation, without significant changes. Furthermore, the analysis
of FTIR showed no interaction among the components of blends, whereas thermal testing
shows that the cellulose derivatives decrease thermal stability compared to the neat styrene
copolymers. Meanwhile, the dielectric permittivity of both SEBS and SEBS-g-MA were
enhanced by a factor of two upon addition of 30 wt% EC.

Finally, all SEBS and SEBS-g-MA-based blends showed no cytotoxicity after 24 h
for MEFs cells. Based on the above results, it can be concluded that EC at different
concentrations can effectively be used in blends with SEBS type materials in order to tune
mechanical, thermal and electrical properties, representing a promising pathway for the
preparation of more sustainable high-performance styrenic block copolymers-based blends.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym16060856/s1, Figure S1: Cross-sectional SEM images of
SEBS and SEBS-g-MA samples at low magnification (left, 30 µm scale bar) and high magnification
(right, 5 µm scale bar) Figure S2: (A) Optical microscopy images for the SEBS and SEBS-g-MA based
blend films with different cellulose derivatives. Scale bar: 500 µm. (B) Photograph of stretchable
SEBS-g-MA70:EC30 blend film. Figure S3: (A) Dielectric permittivity, and (B) dielectric loss as a
function of frequency for SEBS based blends with EC and MCC fillers. Figure S4: (A) Dielectric
permittivity, and (B) dielectric loss as a function of frequency for SEBS-g-MA based blends with EC
and CA fillers.
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Abstract: Water security and industrial wastewater treatment are significant global concerns. One
of the main issues with environmental contamination has been the discharge of dye wastewater
from the textile and dye industries, contributing to an ever-growing problem with water pollution,
poisoning water supplies, and harming the ecosystem. The traditional approach to wastewater
treatment has been found to be inefficient, and biosorption techniques and mechanisms have been
proven to be a successful replacement for conventional methods. Recent developments have led to
the recognition of fibrous materials as an environmentally friendly option with broad application
in several industries, including wastewater treatment. This review explores the potential of fibrous
materials produced by the electrospinning technique as adsorbents for wastewater treatment, while
at the same time, for the removal of adsorbates such as oil, dyes, heavy metals, and other substances,
as reported in the literature. Textile wastewater filtering structures, produced by electrospinning,
are summarized and the use of synthetic and natural polymers for this purpose is discussed. The
limitations of electrospun textile wastewater filtering structures are also mentioned. Electrospun
nanofibrous membranes appear to be a very promising route to filter textile wastewater and therefore
contribute to water reuse and to reducing the contamination of water courses.

Keywords: adsorbents; electrospinning; fibrous materials; industries; wastewater treatment

1. Introduction

Water pollution is one of the many environmental issues that have recently surfaced
as a result of overcrowding, urbanization, an increase in various industrial and human
activities, the growth of landfills, mining activities, and urban wastewater [1,2]. Huge
quantities of different toxic pollutants are discharged into water resources on a daily basis,
causing increasingly serious water pollution problems, contaminating water bodies, and
damaging the environment [2,3]. Therefore, water supplies are contaminated with a variety
of pollutants, including oil, microbes, viruses, pharmaceutical waste, organic and inorganic
pollutants, and nanoparticles [4]. Dyes and heavy metal ions are considered the main
water pollutants [4]. Water contamination is one of the most important worldwide issues
at the moment because there are not enough water sources. By 2025, around 3.5 billion
people worldwide will face a shortage of fresh water [5]. As a result, researchers are
working to create sustainable, affordable, and alternative solutions for treating or recycling
wastewater [6].

The particular case of the textile industry is alarming. This industry is one of the major
contributors to effluent wastewater due to the huge consumption of water in different parts
of the process. It is estimated that the textile industry consumes about 200 L of water per
kilogram of fabric processed, with these processes generating around 17 to 20% of total
industrial wastewater [7,8]. In the wet fabric processing industry, processing operations
include steps such as scouring, bleaching, dying, printing, and finishing stages, which
generate different pollutants in the wastewater. Effluent wastewater may contain chemicals
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like alkalis, reactive dyes and other organic compounds, hydrogen peroxide, surfactants,
or metal ions [9]. It has been estimated that each year, approximately 100 tons of dyes are
released into drinking water [10]. Therefore, a variety of treatment methods, including
physical (adsorption and filtration), oxidation (ozone, H2O2, or Fenton’s process), biological
(fungi, algae, or bacteria), and hybrid processes, have been developed to effectively treat
textile wastewater to avoid the discharge of the mentioned pollutants [11]. However, many
innovative technologies are emerging to optimize and improve the current methods in
terms of recycling, reducing costs, and increasing sustainability.

With a focus on producing nanomaterials with particular characteristics for use in a
range of water purification applications, nanotechnologies and nanomaterial sciences have
received a lot of attention recently. Of all of the nanostructured materials currently available,
nanofibers have proven to have unique qualities and characteristics that allow them to
overcome the constraints of traditional fibrous structures [12]. One of the most significant
methods for producing these nanomaterials is electrospinning. It is a sophisticated method
for creating continuous fibers that range from micro- to nanoscale in size. Furthermore,
it is an adaptable method that works with a variety of spinnable materials, is accurate
and controllable, and has an excellent cost-effectiveness ratio [13]. Generally, an electric
field strong enough to overcome the surface tension of the polymer material is created by
applying an electrostatic force over a predetermined distance between a collector and a
syringe filled with a polymer solution. As a result, the polymer solution is transformed
into a fiber structure that is deposited on the collector, creating a non-woven mat with good
mechanical qualities, a high surface area, a low weight connected porous structure, and
high porosity. In order to tailor nanofiber mats for particular applications [14], functional
additives such as surface coating, interfacial polymerization (IP), or active species can
be added to the electrospinning solution [15–17]. These modification techniques provide
electrospun nanofibers with strong advantages for different applications, such as water
purification.

The utilization of electrospinning techniques to create nanofibrous structures has
demonstrated significant promise in wastewater treatment because of its advantageous
properties for the elimination of both organic and inorganic contaminants from aqueous
systems [2,5,10,18,19]. The abovementioned superior characteristics of these structures
and the tunability of the electrospinning process turn electrospun nanostructures into a
promising route for wastewater treatment. Additionally, through employing such cutting-
edge methods and scalable production processes, society can become less dependent on
conventional purifying technologies and cut down on the resources and energy that these
technologies consume [18].

Despite some reports on water purification approaches with various materials and
techniques, the application of different types of nanofibers obtained by the electrospinning
technique in water purification systems is quite limited. In this work, the potential of
filtering electrospun structures for textile wastewater treatment is discussed. An overview
of the electrospinning process and its processing parameters is given. The reports on
filtering structures obtained by electrospinning are reviewed and the limitations of this
field are summarized.

2. Textile Wastewater: Composition and Purification Requirements

The composition of textile wastewater is complex and diverse, with substantial limita-
tions to successful pollutant treatment and removal. Textile wastewater comprises several
types of contaminants, with textile dyes being particularly problematic given their xenobi-
otic properties [20]. Furthermore, organic chemicals including aldehydes, alcohols, ketones,
and surfactants add to the complexity of textile effluent. Wastewater is generated during
textile processing steps, such as dyeing, printing, and finishing (Figure 1) [21]. The dis-
charge of wastewater from the textile industry without adequate treatment can result in the
discharge of pollutants that include carcinogens, mutagens, or heavy metals, endangering
human health and aquatic environments [22].
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Figure 1. Textile processing steps and pollutants the may be discharged in each step.

Textile wastewater’s physicochemical features, such as high amounts of suspended
substances, a high chemical oxygen demand, acidity, heat, and color, emphasize the wide
range of contaminants found in its composition [21]. While oxidation and biological
methods, such as ozonation, Fenton’s process, or bacterial treatment, have been widely
explored for the removal of textile wastewater constituents [23], physical methods such as
the use of porous membranes with high selectivity and efficiency may be the solution for
the adsorption/filtration of dyes, other organic compounds, and heavy metals.

Membrane separation processes include microfiltration, ultrafiltration, nanofiltration,
and reverse osmosis [24]. Other membrane technologies have been recently used for
wastewater treatment, such as forward osmosis, membrane distillation, electrodialysis, or
membrane bioreactors. A comparative analysis of the different membrane technologies was
carried out by Ma et al. with the help of the software Circos (version 0.69–6) (Figure 2) [25].
Fibrous membranes exhibit tunable pore sizes that can act in some of the mentioned
processes, as the effective separation of components smaller than the pore size is essential
for efficient filtration [26]. Indeed, membrane separation can not only efficiently remove
the mentioned contaminants, but also adsorb and recycle dyes and other organic chemicals
for reuse in the textile processing.
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Figure 2. Comparative analysis of the membrane technologies in textile wastewater treatment, with
an evaluation of the following parameters: ion removal efficiency, dye removal efficiency, economic
analysis, technical feasibility, maturity, scalability, and environmental analysis. The scale indicates
the rating from lowest to highest, with a minimum of 1 and a maximum of 5 points. Reprinted with
permission from reference [25].

The effectiveness of membranes for wastewater adsorption or filtration relies on spe-
cific characteristics. Membranes’ tunable nature, porosity, surface area-to-volume ratio,
morphology, tensile strength and elongation, and wettability play crucial roles in determin-
ing their suitability for filtration applications. Electrospun membranes show structural and
mechanical features which render them potentially advantageous for application in the
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filtration of textile wastewater, such as their high porosity, large surface area-to-volume
ratio, and mechanical stability.

3. Electrospinning—Process Technology and Operation

Electrospinning is a simple, fast, and versatile technique that uses electrostatic forces
to produce fibers with controllable diameters from polymer solutions [27]. Fibers pro-
duced by electrospinning are characterized by their small diameters, which can vary from
nanometers to micrometers, their high surface-to-volume ratio, high porosity, easy surface
functionalization, and high flexibility to tune the shape and size [28,29]. Furthermore, this
technique allows for the use of different polymeric solutions, made up of natural and/or
synthetic polymers, which can also incorporate reinforcing agents and bioactive agents,
allowing for the production of structures with advanced properties. These characteristics
mean that nanofibers produced by electrospinning are of potential interest for applica-
tions in various areas, namely in the textile industry for military protective clothing, in
environmental engineering for environmental monitoring, in tissue engineering for the
development of structures or supports, and in biomedical applications, for dressings with
the release of active ingredients [30,31]. Control of the morphology and final dimensions
of the produced fibers depends on the different processing parameters, which include the
parameters of the polymer solution, the process/equipment, and also the environmental
parameters [32].

The fundamental arrangement of electrospinning apparatus is shown schematically in
Figure 3. It has three main components: a grounded metal collector, a capillary tube with a
smalldiameter metal needle coupled to a high voltage source, and a syringe containing the
polymer solution [33,34].
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In the electrospinning process, the polymer solution is ejected from the needle into
the metal collector by applying high voltage between the needle and the collector. In
detail, the production of fibers by using electrospinning begins with the transfer of the
polymer solution, which is stored in the syringe, through the capillary tube to the needle.
Subsequently, the applied electric field induces charges in the polymer solution, which
are evenly distributed over the entire surface of the drop at the tip of the needle. As the
intensity of the electric field increases, the polymer droplet elongates, acquiring a conical
shape commonly referred to as the Taylor cone. When the applied potential reaches the
critical value necessary to overcome the surface tension of the polymer droplet, a jet of
electrically charged fluid is ejected from the tip of the Taylor cone. As the polymer jet

37



Polymers 2024, 16, 801

travels from the needle to the collector, the solvent gradually evaporates, and the polymer
fibers are deposited on the collector [36,37].

3.1. Processing Parameters

Several processing parameters have a major impact on the electrospinning process
and can change the morphology, diameter, and shape of the fibers that are produced. There
are three main groups for this set of parameters: environmental, process, and solution
parameters [38].

3.1.1. Solution Parameters

Solution parameters such as polymer molecular weight, concentration, viscosity, and
electrical conductivity directly influence the morphology, geometry, and size of the fibers
produced by electrospinning. These parameters are related to the physicochemical proper-
ties of the polymers and solvents, as well as the interactions between them [39,40].

- Concentration and viscosity

The concentration of the polymer in the solution and the viscosity of the solution
play an important role in the formation of fibers during the electrospinning process. Low
concentrations usually cause the polymer’s molecular chains to break down before reaching
the collector, leading to the appearance of defects, namely droplets, along with the deposited
fibers. On the other hand, the use of high concentrations, combined with solutions with
greater viscosity, promotes the production of fibers with fewer defects, as there is greater
conjugation of the polymer molecular chains in the solution, favoring the production of
a continuous jet. In addition, solutions with a higher viscosity are associated with the
production of more uniform fibers with larger diameters [29,34].

Mirtic et al. evaluated the influence of the total concentration of the polymer (PEO and
alginate) in the solution on the morphology of the nanofibers developed by electrospinning.
To this end, they tested three percentages, 2.5%, 3.5%, and 4.5%, and found that with
higher concentrations, nanofibers with proportionally larger diameters were obtained and
defects were eliminated (Figure 4) [41]. Similar results were obtained by Dhandayuthapani
et al., who evaluated the effect of the concentration of CS and gel on the production of CS
nanofibers and gel nanofibers. The authors observed that the use of low concentrations of
both polymers, associated with low viscosity, resulted in the production of non-uniform
nanofibers with numerous defects. As the concentration of the polymers in the solution in-
creased, it was possible to obtain uniform nanofibers without defects [42]. Finally, Nezarati
et al. evaluated the effect of the concentration and viscosity of the polycarbonate ure-
thane (PCU) polymer solution on the morphology of the fibers. Firstly, they found that
increasing the concentration of PCU in the solution led to an increase in its viscosity. They
also showed that low viscosity values (7.2 ± 1.7 Pa.s), resulting from lower concentra-
tion solutions, led to fibers with defects in their structure. Intermediate viscosity values
(10.1 ± 0.5 Pa.s) allowed for the development of defect-free fibers with homogeneous diam-
eters. Finally, for high viscosity values (22.5 ± 1.4 Pa.s), there was a substantial increase in
the average diameter of the fibers produced, increasing from 1.2 µm to 3.5 µm [43].

Thus, considering the studies presented above, it can be concluded that low polymer
concentrations, and consequently reduced viscosity, promote the appearance of defects in
the nanofibers produced, while increasing the concentration favors the development of
more uniform nanofibers with fewer defects and a larger diameter. However, excessively
high concentrations may prevent the solution from flowing through the needle tip and may
inhibit fiber formation due to an excessive increase in the solution’s viscosity. It is therefore
necessary to find the ideal polymer concentration at which the solution reaches viscosity
values suitable for fiber formation in the electrospinning process [29,44].
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Figure 4. FESEM images of PEO and alginate nanofibers with a total polymer percentage of (A) 2.5%
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proportion of 15% (m/m). Reprinted with permission from reference [41].

- Molecular weight

The morphology of fibers created by electrospinning is also significantly influenced
by the molecular weight of the polymer. The conjugation of the polymer chains reflects
the molecular weight, which in turn affects the solution’s viscosity [45]. Sohi et al. studied
the effect of the molecular weight of chitosan (CS) on the production of CS/PEO fibers,
where three molecular weights were evaluated: high ((3.10–3.75) × 105 g/mol), medium
((1.90–3.1) × 105 g/mol), and low molecular weight ((0.5–1.9) × 105 g/mol). Initially,
using CS solutions of different concentrations and different molecular weights, the authors
found that when using 1.5% (w/v) and 2% (w/v) CS, it was not possible to produce fibers
using medium and low molecular weight CS. In addition, with high molecular weight
CS, it was not possible to produce fibers with polymer concentrations in the solution
lower than 1.5% (m/v). Therefore, PEO was incorporated in different proportions in order
to improve the properties of the solution for use in electrospinning. From this point,
the authors only evaluated the effect of low and medium molecular weight CS. Thus,
for a polymer percentage of 2% (m/v) and a CS/PEO ratio of 1:3, the authors obtained
defect-free fibers using low molecular weight CS. With medium molecular weight CS,
some defects were observed along with the fibers produced [46]. Similarly, Roldán et al.
evaluated the morphology of PCL fibers obtained using different polymer molecular
weights, 14,000, 45,000, and 80,000 g/mol. For a polymer percentage of 15% in a solution
of acetone and acetic acid (3:7), the authors found that with low molecular weight PCL,
no fibers were formed by the electrospinning process. On the other hand, with PCL of
45,000 g/mol, fibers were formed along with the appearance of some droplets. Increasing
the molecular weight to 80,000 g/mol allowed for the development of uniform fibers
without defects in their structure, although with larger diameters [47]. The effect of the
polymer polyvinyl alcohol (PVA) with different molecular weights was also evaluated by
Akduman et al., where identical results were observed. Three molecular weights were used,
89,000–98,000 g/mol, 125,000 g/mol, and 146,000–186,000 g/mol. The most uniform fibers
were obtained when high molecular weight PVA was used, where no formation of defects
in the fiber was observed, unlike for low molecular weight PVA [48].

Generally, high molecular weight polymers are used in the electrospinning process, as
they provide the desired viscosity for fiber formation. However, the use of low molecular
weight polymers may be sufficient to provide adequate viscosities and thus guarantee the
formation of a stable and uniform jet during the electrospinning process. Furthermore, the
conjugation of two or more polymers can also facilitate the electrospinning process and
thus enable the use of polymers with lower molecular weights [49].

- Conductivity

The conductivity of the solution is mainly determined by the type of polymer, solvent,
and the availability of ionizable salts. A solution with high electrical conductivity will have
a greater capacity to transport charges than one with low conductivity. Thus, raising the
solution’s conductivity to a crucial value will raise the charge on the polymer droplet’s
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surface and promote the Taylor cone’s development. Several authors have verified the
existence of an inverse proportional relationship between the electrical conductivity and the
diameter of the fibers produced by electrospinning. Thus, higher conductivity values result
in a smaller fiber diameter, while low conductivity leads to the formation of fibers with
larger diameters due to insufficient stretching of the polymer jet [29,50]. A study carried
out by Zuo et al. using the polymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
showed that the conductivity of the solution also has a major influence on the formation
of defects in nanofibers produced by electrospinning. In addition, the authors found that
the conductivity of the solution varies with the type of solvent used. In fact, the addition
of alcohol to the PHBV solution in chloroform promoted an increase in the solution’s
conductivity from 0.3190 to 13.50 µS/cm, resulting in the formation of more uniform
fibers with no defects in their structure. On the other hand, the incorporation of carbon
tetrachloride into the PHBV/chloroform solution decreased the solution’s conductivity
values (0.01700 µS/cm) and consequently favored the appearance of various defects along
the deposited fibers. Finally, the addition of dimethylformamide to the PHBV/chloroform
solution significantly increased the conductivity (22.50 µS/cm), and smooth fibers with
fewer defects were produced (Figure 5) [51].
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form/alcohol (3:1); (C) chloroform/carbon tetrachloride (3:1); (D) chloroform/dimethylformamide
(3:1), using a voltage of 22 kV and a feed rate of 4 mL/h. Reproduced with permission from refer-
ence [51].

Amariei et al. also showed that the electrical conductivity of the solutions is a deter-
mining factor in the diameter of the fibers produced by electrospinning. In this study, 10%
PVA was dissolved in different solvents, water, ethanol (20% and 50%), and acetic acid
(20% and 50%). The highest electrical conductivity value, 1.39 mS/cm, was obtained with
20% acetic acid, resulting in fibers with diameters of 82 ± 16 nm. The conductivity values
decreased with the use of 50% acetic acid, water, and 20% ethanol, respectively. Finally,
the solution with the lowest conductivity value (0.54 mS/cm), obtained with 50% ethanol,
produced less uniform fibers with larger diameters (955 ± 123 nm) [52]. It can be seen
that increasing the electrical conductivity of the solution leads to greater uniformity and
a decrease in the diameter of the fibers, while at the same time reducing the number of
associated defects [53].

3.1.2. Process Parameters

Included in the process parameters are all of the variables related to the electrospinning
apparatus, such as the voltage applied, the distance between the needle and the collector,
the feed rate, the needle diameter, and the kind of collector utilized. The user chooses
these parameters based on the type of solution to be used, and each one directly affects the
diameter and shape of the fibers that are developed [29,54].

- Applied voltage

The applied tension is a parameter that can be manipulated in order to control the
quality and diameter of the fibers produced during the electrospinning process. In this
process, sufficiently strong tension is required to overcome the surface tension of the
polymer droplet and thus cause a jet to form through the Taylor cone [38]. In this way,
very low-tension values may not be sufficient for the correct formation of the Taylor cone,
leading to the formation of droplets hanging from the tip of the needle [45].
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Haghju et al. evaluated the effect of different voltage values, 20 and 30 kV, on the
production of CS/PVA fibers by electrospinning. For a constant polymer concentration in
the solution, applying a voltage of 20 kV produced fibers with diameters of 522.55 nm and
365.64 nm for feed flow rates of 0.1 and 0.5 mL/h, respectively. As the voltage increased to
30 kV, there was a decrease in fiber diameter to 290.38–405.62 nm and 162.19–318.97 nm,
depending on the feed rate. On the other hand, lower values of applied voltage resulted in
more homogeneous fibers with fewer defects in their structure [55]. The influence of the
applied tension on the morphology and diameter of Eudragite® L100 fibers produced by
electrospinning was also evaluated by Reda et al. Four different voltages were tested, 10,
15, 20, and 25 kV. At a voltage of 10 kV, fibers with average diameters of 123.91 ± 48.35 nm
were produced. As the voltage value increased to 15, 20, and 25 kV, a progressive increase
in fiber diameter was observed to 125.58 ± 33.19, 182.75 ± 62.60, and 186.43 ± 51.01 nm,
respectively [56].

The studies described above show that the relationship between the tension applied
and the diameter of the fibers produced by electrospinning is ambiguous. In this sense, the
tension applied must be adjusted to appropriate values according to the composition of the
solution under study in order to guarantee a continuous jet.

- Distance between the needle and collector

The distance between the needle and the collector significantly influences the shape
and size of the fibers created by electrospinning. This parameter has a direct influence on
the deposition time, the solvent evaporation rate, and the stability of the jet, so a minimum
distance must be found that allows the fibers to dry properly before they reach the collector.
In addition, the distance will always be related to the concentration of the polymer solution
and the applied voltage [57].

Fallah et al. studied the influence of the distance between the needle and the collector
in PCL and gelatin fibers [58]. Three different distances were tested (10, 18, and 21 cm), with
the feed rate and applied tension remaining constant. At a distance of 10 cm, fibers with
diameters of around 130 nm were obtained. As the distance increased to 18 cm, smaller
diameters were obtained (95 nm). However, when the distance was increased to 21 cm, the
diameter increased again. This result is due to the fact that when the distance increases
from 10 cm to 18 cm, the solvent has more time to evaporate before reaching the collector
and, consequently, the final diameter of the fibers is reduced. However, when the distance
increases to 21 cm, there is a reduction in the electrostatic force on the ejected jet, preventing
the jet and the resulting nanofibers from being sufficiently elongated, resulting in larger
diameters. Similar results were obtained by Doshi et al. in their study of another polymeric
system [59].

Thus, using the results presented by the previous studies, it is possible to conclude
that there is a minimum and maximum limit for the value of the distance between the
needle and the collector in order to reduce the diameter of the fiber to a minimum value.

- Flow rate

The flow rate of the polymer solution is an important parameter in the electrospinning
process, as it influences the speed of the jet and the transfer rate of the polymer solution. To
achieve proper evaporation of the solvent and obtain smooth (defect-free) nanofibers, lower
feed rates are generally preferable. On the other hand, excessively low flow rates can lead
to the unavailability of the solution at the needle tip. However, because the solvent does
not completely evaporate before reaching the collector, using extremely high flow rates
might lead to the generation of fibers with greater diameters and structural flaws [31,60].

Kyselica et al. studied the influence of applying different flow rates to a PEO solution.
In this study, the authors found that low flow rates, but that were sufficient to supply the
polymer solution to form the Taylor cone, were the ones that allowed for the formation of
nanofibers with the fewest defects. On the other hand, feed rates that were too low led
to interruptions in the jet due to the unavailability of the solution at the tip of the needle,
while high flow rates led to dripping and the production of thicker fibers [32].
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Similar outcomes were obtained by Zargham et al. in their study which varied the
feed rate between 0.1 and 1.5 mL/h in Nylon 6 solutions. When a flow rate of 0.5 mL/h was
applied at a voltage of 29 kV, with a polymer content of 20% in the solution and a distance
of 15 cm between the needle and the collector, uniform, flawless fibers with diameters of
about 237 nm were obtained. Values below (0.1 mL/h) and above (1 mL/h) this flow rate
favored the development of fibers with more heterogeneous diameters and more defects in
their structure and, in the case of greater tension, higher average diameters. In addition, the
application of an excessively high flow rate (1.5 mL/h) led to the formation of an unstable
jet, with a tendency to form fibers with larger and more heterogeneous diameters, while at
the same time resulting in a lower density of deposited fiber area (Figure 6) [61].
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Figure 6. FESEM images of Nylon 6 fibers produced by electrospinning, applying different feed flow
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It can therefore be concluded that the value of the flow rate must be defined in such
a way as to ensure the necessary time for the solvent to evaporate properly, while at the
same time being sufficient to guarantee the correct availability of the solution at the tip of
the needle [45].

- Needle diameter

Although it is not a parameter widely evaluated by researchers, the diameter of
the needle also has a significant influence on the morphology of the fibers produced by
electrospinning [62].

Pisani et al. evaluated the effect of using needles with different diameters, 18 G
(1200 µm) and 27 G (400 µm), on PCL/Polylactic Acid (PLA) fibers. In this study, for a total
polymer percentage of 10%, the use of the smaller diameter needle led to the development
of fibers with numerous defects in their structure. In contrast, the 27 G needle led to the
development of defect-free fibers with good morphology and diameters of around 200 nm.
For the higher percentages of polymer used (15, 20, and 25%), fibers with good morphology
were developed for the different needle diameters used. However, the smaller diame-
ter needle showed fibers with smaller diameters and greater membrane porosity when
compared to the larger diameter needle [38]. Similarly, Kuchi et al. tested needles with
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different diameters, 330, 500, 570, and 720 µm, for the production of polyvinylpyrroli-
done (PVP) fibers with titanium dioxide (TiO2). Fibers with an average diameter of
150 ± 20 nm were created using the needle with the smallest diameter. The average
diameter of the fibers increased to 200 ± 20, 250 ± 20, and 350 ± 20 nm, respectively, when
the needle’s diameter was increased to 500, 570, and 720 µm (Figure 7) [63].
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Thus, smaller needle diameters not only favor the development of fibers with smaller
diameters and without defects, but also increase the porosity of the membranes developed
when compared to fibers obtained with larger needle diameters [64].

- Collector

The type of collector utilized in the electrospinning process is a critical factor. The
collector serves as a conductive substrate for the deposition of fibers in this method.
Typically, the collector is covered with aluminum foil, although some authors have used
alternative materials including conductive paper, wire mesh, or metal [65,66]. The collector
can differ in shape, being a static collector, in the form of a flat metal plate, or a dynamic
collector, such as a rotating metal cylinder, depending on the type of fiber to be obtained.
The use of a flat plate makes it possible to obtain thicker membranes (using the same
deposition time), but it has a small collection area and does not allow the fibers to be
aligned. On the other hand, using the rotating cylinder makes it possible to obtain aligned
fibers and, due to its larger collection area, to obtain membranes with larger fibers. However,
there is some difficulty in guaranteeing the alignment of all of the fibers deposited, as well
as the possibility of the fibers breaking if the rotation is too high [49]. In fact, several
parameters influence the orientation of the fibers, such as the design and rotation of the
collector. Several studies have evaluated these parameters and found that higher rotations
are associated with greater fiber orientation [67,68].

3.1.3. Environmental Parameters

The influence of environmental parameters is generally underestimated by many
researchers, as only a few studies have monitored their effect on the electrospinning process.
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However, the structure and morphology of fibers are also affected by environmental
conditions, namely temperature and humidity [69].

- Temperature

Temperature has a greater influence on the viscosity of the solution, since an increase
in temperature leads to a decrease in the viscosity value and, consequently, a reduction
in the average diameter of the nanofibers obtained. On the other hand, low temperatures
tend to increase the viscosity of the solution, promoting the formation of fibers with larger
diameters [69].

In a study by Mituppatham et al., the synthesis of polyamide fibers with thinner
diameters was favored by an increase in temperature that was accompanied by a decrease
in viscosity. The resulting nanofibers had a diameter of 98 nm at 30 ◦C and 90 nm at 60 ◦C,
respectively [70]. Similar results were obtained by Yang et al. [71]. These authors studied
the effect of temperature on polyacrylonitrile (PAN) and polyvinylpyrrolidone (PVP) fibers
(Figure 8) and showed that in both cases, there was a gradual decrease in the diameter of
the nanofibers from 530 to 280 nm for PAN fibers and from 830 to 540 nm for PVP fibers
as the temperature increased from 20 ◦C to 60 ◦C and from 20 ◦C to 50 ◦C, respectively.
However, for excessively high temperatures, it was found that the solvent evaporated too
quickly and, consequently, the diameter of the fibers reached higher values.
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In general, an increase in temperature favors the formation of fiber membranes with
smaller average diameters. However, excessively high temperature values show the oppo-
site effect, increasing the average diameter of the fibers [29].

- Humidity

Humidity is an environmental parameter that influences the final morphology of fibers
produced by electrospinning. At low humidity values, the fibers dry out quickly due to an
increase in the evaporation rate of the solvent. In addition, there is a chance that the fluid
will dry up at the needle tip, which could cause issues with the electrospinning procedure.
On the other hand, high humidity can promote the development of pores in the nanofibers
and lead to an increase in their diameters [29,69].
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Ghobeira et al. evaluated the effect of relative humidity on the diameter of PCL fibers,
where they varied the humidity between 35% and 65%, keeping the other parameters
constant. For a humidity value of 35%, the fibers had average diameters of 249 nm. As
the humidity increased to 65%, there was a progressive increase in the diameter of the
PCL fibers to 841 nm (Figure 9). This result can be explained by the presence of more
water molecules between the needle and the collector, which reduces the load on the
polymer jet. Consequently, there is a decrease in the intensity of the electric field, which
will limit the proper elongation of the jet, resulting in fibers with larger diameters [68]. The
effect of the humidity parameter was also evaluated by Casper et al. [72] and by Medeiros
et al. for polystyrene fibers [73], where they found that increasing humidity promoted the
production of nanofibers with larger diameters.
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Thus, by examining previous studies, it can be concluded that in the electrospinning
process, an increase in humidity favors the development of fibers with larger diameters,
associated with an increase in water molecules in the atmosphere, and consequently results
in changes in the elongation of the polymer jet. On the other hand, very low humidity
values mean that the solvent evaporates very quickly, preventing the correct formation of
the jet by drying the solution on the needle tip [29,74].

4. Electrospun Membranes for Water Treatment

The choice of polymers used in the electrospinning solution influences the solution’s
viscosity, electrical conductivity, and surface tension, among other properties [75]. The
surface tension of the spinning solution must be overcome by the supplied voltage, and
lowering the surface tension promotes the creation of fibers free of granules [76].

Differentiated nanofibers and membranes are required for different applications, and
the tunability of these materials may be limited by the use of a single polymer. By using the
technology of electrospinning, polymers with various characteristics can be combined and
spun together in a container to enhance membrane performance [77]. Because functionality
from individual components can be integrated, nanofibers generated from a mixture of
polymers can also lead to novel applications [76].

4.1. Synthetic Polymers

Among the various materials used to manufacture nanofibrous membranes by electro-
spinning, synthetic polymers including polyacrylonitrile (PAN), polyvinyl acetate (PVA),
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polyvinylpyrrolidone (PVP), polyetherimide (PEI), or polycaprolactone (PCL) have been
the focus of much attention due to their physicochemical stability, film-forming proper-
ties, and spinning capacity. Table 1 shows some examples of the most common materials
used to produce nanofibrous membranes with possible application in textile wastewater
purification.

Table 1. Examples of electrospun membranes for water treatment.

Membrane Composition Results Ref.

Polyacrylonitrile (PAN) Retention of 99.99% of bacteriophages and 99.9999% of bacteria. [78]

PAN
Haloisite nanotubes (HNTs)

The incorporation of HNTs, especially 1% w/w, improved the mechanical
and thermal properties of the membranes. Rejection rate of 99.5% of
oil/water for membranes with 3% w/w HNTs, and removal efficiency of
31.1% of heavy metal ions.

[79]

PAN
TIME

Jute cellulose nanowhiskers

Good mechanical properties, efficient nanoparticle filtration capacity, and
good oil/water separation (with a rejection rate of over 99%). [80]

PAN
Diethylenetriamine (DETA)

Maximum adsorption capacities: methylene blue—184.84 mg/g; rhodamine
B—367.65 mg/g; safratin T—195.7 mg/g.
The membrane showed higher maximum adsorption capacities when
compared to conventional adsorbents.

[81]

PAN
Structure of zeolitic imidazole-67

(ZIF-67)

Maximum adsorption capacities of malachite green: ZIF-67
membranes—2545 mg/g; ZIF-67/PAN membrane—1305 mg/g.
After four regeneration cycles, the ZIF-67/PAN membrane showed more
than 92% of its original capacity. It also showed good adsorption abilities for
Congo red (849 mg/g) and fuchsin (730 mg/g).
The membrane can be reused by washing it with ethanol.

[82]

PAN
Graphene oxide (GO)

Titanium dioxide
(TiO2)

β-cyclodextrin (β-CD)

In 5 h, the degradation efficiency for methyl orange and methylene blue was
around 93.52% and 90.92%, respectively.
The membranes’ MB and MO degradation efficiency was 80% for the first
three cycles, but dropped to around 68.42% and 65.13% in the fifth cycle,
respectively.
Antibacterial properties against E. coli and S. aureus.

[83]

PAN
Carbon nanotubes (CNTs)

Almost complete degradation after 120 min and 60 min for methylene blue
and indigo carmine, respectively.
Improvements of 38% and 84% in tensile strength and elastic modulus,
respectively, with just 0.05 wt% CNTs.

[84]

Polyacrylonitrile-co-maleic acid
(PANCMA)

GO
TiO2

Under optimized conditions, by the E-spun RGO/TiO2/PANCMA NFs,
90.6% of malachite green and 93.7% of leucomalachite green were adsorbed
in 2 min, and subsequently 91.4% and 95.2% adsorbed were degraded in
60 min under UV irradiation, respectively.
Good recyclability. Before the 14th cycle, the removal efficiencies of
malachite green and leucomalachite were over 91%.

[85]

PAN
GO

High rejection performance (almost 100% rejection of Congo red, 56.7% for
Na2SO4, and 9.8% for NaCl).
The water flow under extremely low external pressure (1.0 bar) increased
significantly due to the structure of the graphene oxide layer and the
nanofibrous support.

[86]
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Table 1. Cont.

Membrane Composition Results Ref.

PAN
Cellulose acetate (CA)

The optimum solution pH values for the adsorption of Fe(III), Cu(II), and
Cd(II) ions were 2, 5, and 6, respectively, and the adsorption equilibria were
obtained in 5, 20, and 60 min.
The amount of saturation adsorption of the nanofibrous membranes (at
25 ◦C) for Fe(III), Cu(II), and Cd(II) was 7.47, 4.26, and 1.13 mmol/g,
respectively.
After five consecutive adsorption and desorption tests, the desorption rate of
the metal ions maintained more than 80% of their first desorption rate. The
AOPAN/RC nanofibers showed excellent regeneration capacity.

[87]

PAN
ZIF-8

With relatively larger surface areas (of 871.0 m2/g) and adequate pore sizes
(from around 0.6 to 0.8 nm), the nanofibers exhibited greater Cr(VI)
adsorption capacity (with qmax of 39.68 mg/g) and good recyclability.

[88]

PAN
Polyaniline (PANI)

The maximum adsorption capacities for lead and Cr2O7
2− on the

PANI-coated membranes were 290.12 and 1202.53 mg/g, respectively.
Greater removal of lead ions (99%) compared to chromium (VI) ions (90%) at
5 mg/L.
The PAN/PANI membrane retained almost 58% and 60% of its initial
adsorption capacity after four cycles for Cr2O7

2− and Pb(II).

[89]

Polyvinyl acetate (PVA)
1,2,3,4 butanetetracarboxylic acid

(BTAC) crosslinked

Good performance in adsorbing the dye Reactive red 141. The maximum
adsorption capacity reached 88.31 mg/g.
If the temperature is increased from 110 ◦C to 130 ◦C, the adsorption
capacity decreases.

[90]

PVA
Silica (SiO2)

Chitosan

The addition of 1.0% wt SiO2 resulted in a significant improvement in dye
rejection and water permeability. Under 0.4 bar transmembrane pressure, the
improved nanocomposite membrane yielded 98% Direct Red 23 rejection
with a water flux value as high as 1711 L/m2h.
It was discovered that the membranes were reusable and antifouling.

[91]

PVA
SiO2

Cyclodextrin

The maximum adsorption capacity for the indigo carmine dye reached
495 mg/g and adsorption equilibrium was reached in less than 40 min.
Recycled through acidification.

[92]

PVA
Chitosan

The maximum adsorption capacity was 266.12 mg/g (Pb(II)) and
148.79 mg/g (Cd(II)). Detailed adsorption studies were carried out at pH 8
and 6 for Cd(II) and Pb(II), respectively.
It is a simpler and more sustainable process than conventional methods.

[93]

PVA
Konjac glucomannan (KGM)

Zinc oxide nanoparticles (ZnO NPs)

Filtration efficiency for ultrafine particles (300 nm) of over 99.99%, superior
to commercial HEPA filters.
Methyl orange removal efficiency of over 98%, with an initial concentration
of 20 mg/L, during 120 min of solar irradiation.
Antibacterial activity (E. coli and Bacillus subtilis).

[94]

Polyvinylpyrrolidone (PVP)
Copper (II) acetate hydrate

Zinc (II) acetate

A total of 100% degradation of mixed dyes (methylene blue, rhodamine B,
and methyl orange, 10 ppm each) in 90 min.
Good reusability (94.1% after five cycles).

[95]

PVP
Graphitic carbon nitride (g-C3N4)

Niobium pentoxide (Nb2O5)

After 120 min in visible light, 98.1% degradation was recorded for
rhodamine B and phenol (10 mg/L each).
No obvious change in the performance of the nanofibers was recorded after
four cycles (remained ≈ 98%).

[96]

PVP
Zinc oxide (ZnO)

Bismuth oxide (Bi2O3)

The compound with a molar ratio of 23:1 (ZnO/Bi2O3) showed the best
activity under both excitations (UV and visible light).
Approximately 95% degradation of rhodamine B (1.0 × 10−5 M, 60 mL) was
reported after 90 min.

[97]
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Table 1. Cont.

Membrane Composition Results Ref.

PVP
Zinc tungstate (ZnWO4)

The degradation efficiency of rhodamine B (10 mg/L) was over 90% in about
90 min of irradiation.
There was no decline in photocatalytic activity after five
photodegradation cycles.

[98]

Lacase
Polyetherimide (PEI)

Polycaprolactone (PCL)

After ten cycles, PCL/PEI/TTL and PCL/PEI/TVL had residual activities of
33.2 ± 0.2% and 26.0 ± 0.9%, respectively.
At 50 ◦C and pH 5, PCL/PEI/TTL demonstrated the highest decolorization
efficiency of orange II and malachite green, reaching over 86% and 46%,
respectively, after eight continuous uses. PCL/PEI/TTL and PCL/PEI/TVL
had maximum removal efficiencies of 64.5 ± 7.6% and 52.6 ± 0.1%,
respectively, and successfully decomposed 2,6-dichlorophenol.
Environmentally friendly, sustainable materials.

[99]

PEI
TiO2

The PEI membrane modified with 0.2% TiO2 achieved a significant removal
rate of E. coli (99%) and humic acid (≈80%).
Degradation of 85% of methylene blue during the photocatalytic process.

[100]

Polystyrene (PS)
GO

PSGO films had a removal capacity ≈ 2.3 times higher than that of pure PS
membranes.
After 120 min, the equilibrium value of the adsorption capacity
(qe = 114 mg/g) was reached for all of the methylene blue concentrations
that were examined. After the first cycle, the removal capacity was reduced
to ≈65%, a value that became constant during subsequent cycles (up to a
maximum of five cycles).

[101]

PEN
Bisphenol A (BPA)

Hydroquinone methanesulfonic acid
potassium salt (HQS)

2,6-difluorobenzonitrile (DFBN)

Methylene blue exhibited a high adsorption capacity of 796.25 mg/g.
Even after eight separation–regeneration cycles, the optimized membrane
achieved a 99% selective removal efficiency of cationic dyes. Good
recyclability and stability at high temperatures.

[102]

The electrospinning approach has effectively converted many synthetic polymers into
nanofibers [103], with polyacrylonitrile (PAN) being of particular interest for the adsorption
of heavy metal ions. This is due to the fact that amidoxime groups (-C(NH2)=NOH) are
easily formed from nitrile groups (-C≡N) in PAN by reacting with hydroxylamine in an
aqueous solution at room temperature [104–106]. The resulting amidoxime groups have a
strong ability to adsorb heavy metal ions through the formation of coordination/chelation
bonds [107–109]. PAN is usually combined with other materials to enhance its charac-
teristics. In the study by Feng et al., an innovative nanomaterial was prepared and used
for the removal of heavy metal ions from wastewater. Polyacrylonitrile/cellulose acetate
(PAN/CA) nanofibrous membranes were created by electrospinning, and subsequently,
amidoxime polyacrylonitrile/regenerated cellulose (AOPAN/RC) membranes were syn-
thesized through a combination of hydrolysis and amidoximation modification. After
characterizing the membranes, they found that the optimum solution pH values for the
adsorption of Fe(III), Cu(II), and Cd(II) ions were 2, 5, and 6, respectively. At 25 ◦C, the
nanofibrous membranes’ saturation adsorption amounts for Fe(III), Cu(II), and Cd(II) were
7.47, 4.26, and 1.13 mmol/g, respectively, with adsorption equilibrium being reached in
5, 20, and 60 min (Figure 10). After five consecutive adsorption and desorption tests, the
desorption rate of the metal ions remained more than 80% of their first desorption rate [87].
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Figure 10. Effect of solution pH value (A) and contact time (B) on adsorption capacity of different
heavy metal ions. During the experiments, the initial concentrations of Fe(III), Cu(II), and Cd(II)
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represents one standard deviation. Reprinted with permission from reference [87].

Given its exceptional mechanical, thermal, and chemical resistance, polyacrylonitrile
(PAN) has become a material that is frequently utilized in the water treatment industry.
Since electrospun PAN nanofibers range in size from tens to hundreds of nanometers, they
have excellent ion adsorption capability as well as tremendous potential for use in the
adsorption of organic dyes due to their high surface area and better surface-to-volume
ratio [110]. In a study by Du et al., RGO/TiO2/PANCMA composite nanofibers were
obtained by electrospinning the dispersive solution of PANCMA, GO, and TiO2, followed
by post-chemical reduction. Under optimized conditions, by E-spun RGO/TiO2/PANCMA
nanofibers, 90.6% of malachite green and 93.7% of leucomalachite green were adsorbed
in 2 min, and subsequently, 91.4% and 95.2% of adsorbed malachite green and leucomala-
chite green were degraded in 60 min under UV irradiation, respectively. In addition, the
nanofibers showed good recyclability and can be reused in several cycles of operations
for adsorption and photocatalytic degradation. In fact, before the 14th cycle, the removal
efficiencies of malachite green and leucomalachite were over 91% [85]. Zhang et al. used the
cationic dye methylene blue (MB) and the anionic dye methyl orange (MO) as model pollu-
tants to investigate the photocatalytic activity of PAN/β-cyclodextrin (β-CD)/TiO2/GO
nanofibrous membranes, which were produced by electrospinning in conjunction with
ultrasound-assisted electrospinning. The membrane that demonstrated the highest dye
degradation efficiency was the one with a minimum diameter of 84.66 ± 40.58 nm and an
8:2 mass ratio of TiO2 to GO. In 5 h, the degradation efficiencies for methyl orange and
methylene blue were approximately 90.92% and 93.52%, respectively. The membranes
maintained an 80% degradation efficiency of MB and MO over the course of three cycles,
declining to around 68.42% and 65.13%, respectively, in the fifth cycle. Additionally, the
PAN/β-CD/TiO2/GO membrane demonstrated antibacterial properties against Staphylo-
coccus aureus and Escherichia coli [83].

The potential of metal–organic frameworks (MOFs) for dye adsorption is also very
significant. However, the actual use of MOFs is hindered by the difficulty of removing
MOF powder from an aqueous solution. The incorporation of MOFs into polymeric fiber
membranes offers a novel approach to attain outcomes that preserve MOFs’ dye adsorption
capability while facilitating the facile extraction of the MOF/dye complex from aqueous so-
lutions. Ji et al. recently used the electrospinning method to successfully construct a zeolitic
fibrous membrane of imidazole-67/polyacrylonitrile (ZIF-67/PAN) with a ZIF-67 loading
ratio of 54%. The ZIF-67 and ZIF-67/PAN membranes have maximal malachite green
adsorption capacities of 2545 and 1305 mg/g, respectively. The ZIF-67/PAN membrane
retained more than 92% of its original fibers after four regeneration cycles. In addition, the
ZIF-67/PAN fibers also showed good adsorption abilities for Congo red (849 mg/g) and
fuchsin (730 mg/g). After being cleaned with ethanol, the membrane could be utilized
again. Therefore, because of their straightforward manufacturing process, superior adsorp-
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tion qualities, ease of separation, and advantageous reusability, ZIF-67/PAN fibers seem to
be attractive adsorbents for the removal of dyes in industrial applications [82].

Polyvinyl acetate (PVA), a biocompatible polymer with good mechanical properties
and biodegradability, has been widely used to form homogeneous miscible systems with
strong chemical stability, film-forming ability, and high hydrophilicity. Furthermore, PVA’s
side chain contains a greater number of hydroxyl groups, which increases its solubility in
water [111]. Therefore, various materials can be hybridized with PVA to form nanofiber
composites to be used as an economical adsorbent for ions and dyes from wastewater. As
stated in an article by Karim et al., lead (Pb(II)) and cadmium (Cd(II)) ions were selec-
tively and highly adsorbed onto nanofiber membranes made of polyvinyl acetate/chitosan
(PVA/Chi) using the electrospinning technique, depending on how acidic the solution was
(Figure 11).
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Figure 11. FESEM images of PVA/Chi nanofibers membranes. Adapted with permission from
reference [93].

Under ideal conditions, as seen in Figure 12, the maximum adsorption capacity was
266.12 mg/g (Pb(II)) and 148.79 mg/g (Cd(II)). For Cd(II) and Pb(II), in-depth adsorption
investigations were conducted at pH 8 and 6, respectively. The PVA/Chi membranes’ ability
to adsorb Pb(II) or Cd(II) ions was unaffected by foreign ions. Thus, PVA/Chi nanofiber
membranes (70:30 PVA/Chi ratio) produced by electrospinning are considered effective
and promising for removing Pb(II) and Cd(II) ions from wastewater with high efficiency.
Furthermore, this method is a simpler and more sustainable process than conventional
methods [93].
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Figure 12. (A) Percentage adsorption of Cd(II) and Pb(II) ions at different pH ranges. (Conditions:
25 mg adsorbent, 10 mL of 400 mg/L solution of Pb(II)/Cd(II) ions, and contact time = 60 min.)
(B) Adsorption of Cd(II) and Pb(II) ions on PVA/Chi NFs membrane. (Conditions: 0.025 g adsorbent,
10 mL of 400 mg/L solution of heavy-metal ions, and contact time = 5–240 min.) Reproduced with
permission from reference [93].

Hosseini et al. developed innovative electrospun nanofibrous membranes with PVA,
chitosan, and SiO2 nanocomposite materials to enhance their mechanical strength and
permeability capabilities. The investigation focused on the morphology, fiber diameter,
porosity, thermomechanical characteristics, and permeability of the synthesized membranes
in relation to different concentrations of SiO2 in the spinning solution (0—M1, 0.5—M2,
1.0—M3, and 2.0—M4 wt%). The affinity membranes that were produced were used to
extract dye from wastewater. It was discovered that adding SiO2 as a reinforcing ingredient
increased the nanocomposite membranes’ resilience. The produced membranes’ Young’s
modulus nearly doubled, from 0.74 MPa for PVA/chitosan to 1.69 MPa for nanocomposite
membranes with the addition of 0.5% wt SiO2. The main discovery was that the addition of
1.0% wt SiO2 resulted in a significant improvement in dye rejection and water permeability,
as seen in Figure 13. Under 0.4 bar transmembrane pressure, the improved nanocom-
posite membrane yielded 98% Direct Red 23 rejection with a water flux value as high as
1711 L/m2h. It was also discovered that the membranes were reusable and antifouling [91].
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Figure 13. Effect of SiO2 concentration on (a) dye removal and (b) adsorption capacity (pH = 2 and
dye concentration = 20 mg/L). Effect of pH on (c) dye removal and (d) adsorption capacity (dye
concentration = 20 mg/L). Effect of dye concentration on (e) dye removal and (f) adsorption capacity
(pH = 2). Reprinted with permission from reference [91].

PVA/SiO2 composite nanofibers including cyclodextrin-functionalized mesostructures
were synthesized, as reported by Teng et al. The preparation procedure combined the
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use of the electrospinning technique with the sol–gel process. The indigo carmine dye
was effectively adsorbed by the PVA/SiO2 nanofiber membranes. In less than 40 min, the
adsorption equilibrium was reached, and the maximum adsorption capacity was 495 mg/g.
Furthermore, for practical usage, the membranes offer good recycling capabilities. It is
also convenient to fix and recover the mesoporous membranes. As a result, this novel
substance may offer a new method for removing dye molecules [92]. Lv and colleagues
synthesized zinc oxide nanoparticle-loaded nanofiber membranes using PVA and konjac
glucomannan (KGM) by means of environmentally friendly thermal crosslinking and green
electrospinning. ZnO@PVA/KGM membranes exhibited a filtration performance of over
99.99% for ultrafine particles (300 nm), surpassing that of commercial HEPA filters. After
120 min of solar light, methyl orange was effectively decolorized with a clearance efficiency
of more than 98% at an initial concentration of 20 mg/L. The resultant fibrous membranes
exhibited enhanced photocatalytic and antibacterial activity against Escherichia coli and
Bacillus subtilis, in addition to their efficiency in air filtration [94].

Polyvinylpyrrolidone (PVP), a very water-soluble polymer, is used to produce systems
that allow for the degradation of dyes from aqueous solutions, serving as a base for other
components. Z-type-CuS/ZnS@PVP nanofibers were created by Sitinjak et al. using
electrospinning with the intention of converting 4-nitrophenol to 4-aminophenol and
degrading the mixtures of methyl orange, rhodamine B, and methylene blue when exposed
to sun light. In 2 h, 4-nitrophenol was reduced to 4-aminophenol, and in 90 min, the
combined dyes (10 ppm each) were completely degraded (Figure 14). The nanofibers
showed excellent stability, with good reuse (94.1% after five cycles) of the catalyst [95].
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Figure 14. UV–vis spectra showing the conversion of (A) 4-nitrophenol and (D) mixed dyes. Plots
of Ct/C0 vs. reaction time comparing PVP only, organic pollutants only, and CuS, ZnS, and
CuS/ZnS@PVP nanofibers to convert (B) 4-nitrophenol and (E) mixed dyes. The reusability per-
formances after five cycles of CuS/ZnS@PVP nanofibers on (C) 4-nitrophenol and (F) mixed dyes.
Reprinted with permission from reference [95].

In the work of Lu et al., zinc tungstate fibers (ZnWO4) with PVP were successfully
produced by electrospinning. A total of 100 mL of aqueous rhodamine B solution (10 mg/L)
was used to test the photocatalytic activity of the fibers under solar irradiation. The
degradation efficiency was over 90% within about 90 min of irradiation. In addition, there
was no decline in photocatalytic activity after five photodegradation cycles [98].

Not widely used in this area, polyarylene ether nitrile (PEN) is a type of high-
performance thermoplastic with adaptable molecular structures, excellent mechanical
properties, chemical and high-temperature resistance, good spinnability, and biocompatibil-
ity [112]. In the study by Li et al., nanofibrous membranes named PEN(B3S7), PEN(B5S5),
and PEN(B7S3) were produced by electrospinning PEN, bisphenol (BPA), hydroquinone
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monosulfonic acid potassium salt (HQS), and 2,6-difluorobenzonitrile (DFBN). When it
came to the cationic organic dye methylene blue, the optimized nanofibers demonstrated a
high adsorption capacity of 796.25 mg/g. Even after eight separation–regeneration cycles,
the cationic dyes’ removal efficiency reached 99% thanks to the improved polymer mem-
brane, which enabled the quick and selective removal of the dyes from mixtures containing
other dye molecules [102]. Thus, the optimized membranes made of PEN showed good
performance in removing dyes under adverse conditions and an easy regeneration char-
acteristic, as well as the possibility of reuse. Based on these characteristics, it is plausible
to say that this observation provides new information for the development of advanced
nanofibrous adsorbents and separation membranes for the purification of wastewater
contaminated with organic dyes.

4.2. Natural Polymers

Bio-based polymers have been used as effective substitutes for synthetic polymers to
reduce their negative effects on the environment because of their benign and ecological
properties as well as their potential for commercial use [113]. With a unique chemical
composition, biocompatibility, biodegradability, and functional chemical groups, such as
hydroxyl, amine, and carboxyl groups, biopolymers have great potential for wastewater
treatment by removing dyes and metal ions through various mechanisms, such as chelation,
electrostatic attraction, and ion exchange [113,114].

4.2.1. Cellulose Acetate

Cellulose acetate (CA) is the most researched derivative of cellulose since it may be
deacetylated to regenerate pure cellulose. [115,116]. The process of acetylation, which
involves substituting glucose units for cellulose hydroxyl groups to a degree of between
two and four on average, produces cellulose acetate. For more than 70 years, CA has been
effectively used in membrane filtration [117–119]. It has been extensively employed in
nanofiltration and ultrafiltration as a selective layer. Considered among the most effective
metal adsorbents, it has distinct functional groups that are modifiable [117,120]. The
functionalization of CA with -COOH, -SO3H, and NH2 offers an opportunity for the
application of CA in the complexation of heavy metals [121–124]. To improve a cellulose
acetate membrane’s ability to adsorb metals, certain nanofillers can be added [117,121,122].

Taha et al. successfully produced cellulose acetate/silica nanofibrous membranes func-
tionalized with NH2 through the sol–gel process combined with electrospinning technology.
The membranes were used to remove Cr(VI) from aqueous solutions. The Langmuir ad-
sorption model provides a good description of Cr(VI)’s adsorption behavior. At pH = 1,
Cr(VI)’s maximum adsorption capacity was calculated to be 19.46 mg/g. After 60 min,
for a Cr(VI) solution concentration of 10 ppm, the membrane’s adsorption efficiency was
98%. The membrane can also be regenerated through alkalinization [122]. In a project
by Zayadi et al., a palm nanoleaf titanium fiber membrane (Nano-PFTF) was fabricated
using cellulose acetate (CA) derived from palm leaf oil (OPF). The nanofiber membrane
combined the adsorption and photocatalytic degradation of pollutants by nitrogen-doped
titanium dioxide (N-TiO2). Under visible light and UV radiation, the Nano-PTFT mem-
brane (CA/N-TiO2) achieved a 96.72% rejection of 10 ppm MB (methylene blue) and a 99%
rejection of 10 ppm Cr(VI) in 120 min, respectively. In addition to separating the pollutants
from the water, the membrane simultaneously reduced the pollutants with the presence of
the photocatalyst N-TiO2 [125].

Cheng et al. successfully developed a uniform coating layer of polydopamine (PDA)
on the surface of deacetylated cellulose acetate (DA) nanofibers using electrospinning. In
order to extract methylene blue (MB) from an aqueous solution, the membrane was used as
a highly effective adsorbent. After 30 h of adsorption at 25 ◦C and pH 6.5, the DA@PDA
nanofiber membrane’s capacity to adsorb the MB dye was 88.2 mg/g, around 8.6 times
higher than that of DA nanofibers, as seen in Figure 15 [126].
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Figure 15. (a) Adsorption capacity of CA, DA, and DA@PDA nanofiber membranes with increasing
adsorption time for the adsorption of MB dye. (b) Digital photographs of the MB solution after being
immersed in the representative CA, DA, and DA@PDA nanofiber membranes. (c) SEM image of the
DA@PDA composite nanofiber after MB adsorption for 24 h. (Adsorption conditions: original MB
concentration was 50 mg/L, weight of adsorbent was 10 mg, temperature was 298 K, and pH was
6.5). Reproduced with permission from reference [126].

In a study by Akduman et al., cellulose acetate nanofiber membranes incorporated
with diatomite (DE) were produced by electrospinning. A range of concentrations of 10, 20,
and 30% DE (w/w polymer) was employed to investigate how different quantities of DE
affected the removal of the dye Reactive Red 141. As a control, pure AC nanofibers were
prepared by electrospinning. The equilibrium adsorption capacity of the AC, AC-10DE,
AC-20DE, and AC-30DE nanofiber membranes after 24 h was found to be 66.26 ± 3.57,
67.83 ± 3.62, 70.71 ± 3.13, and 72.27 ± 2.90 mg/g, respectively, for an initial dye concentra-
tion of 85 mg/L [127].

Furthermore, San and colleagues discovered that the electrospun web of cellulose
acetate nanofibers (AC-WNF) effectively immobilized bacterial cells. Three different species
of bacteria (Aeromonas eucrenophila, Clavibacter michiganensis, and Pseudomonas aeruginosa)
immobilized on AC-WNF were used to decolorize methylene blue (MB) dye in aqueous
conditions. Effective decolorization of the MB dye was achieved in 24 h and the removal rate
was 95%. The web showed good reusability; approximately 45% of the dye’s decolorization
capacity was obtained at the end of the fourth cycle. More precisely, for A. eucrenophila, C.
michiganensis, and P. aeruginosa, MB decolorization decreased to 45.7%, 43.1%, and 48.04%,
respectively [128].

4.2.2. Chitosan

Following cellulose, chitin is the second most prevalent natural polymer on the planet.
Chitin is either deacetylated in an alkaline environment or hydrolyzed enzymatically in the
presence of chitin deacetylase (CDA) to produce chitosan. It is an aminopolysaccharide with
particular characteristics and functions that have a variety of uses, including industrial and
biomedical. Chitosan is a copolymer composed of 2-acetamido-2-deoxy-β-D-glucopyranose
and 2-amino-2-deoxy-β-glucopyranose connected by (1-4)-β-glycosidic linkages. For a
variety of uses, many forms of chitin and chitosan have been created, including gels,
membranes, spheres, microparticles, nanoparticles, and nanofibers [129,130]. Chitosan is
well known for its unique antimicrobial activity and its capacity to adsorb metals [131,132].

Li et al. produced pure chitosan membranes through electrospinning with average
fiber diameters of 86 ± 18, 114 ± 17, and 164 ± 28 nm. Batch adsorption experiments were
carried out using the chitosan nanofiber membranes as an adsorbent to remove acid blue-
113. The chitosan membrane, with an average fiber diameter of 86 nm, had an adsorption
capacity of 1377 mg/g, greater than that of the microscale chitosan sample, which had
an adsorption capacity of 412 mg/g. Furthermore, following four cycles, the membranes
demonstrated good regeneration. Adsorption capacity following the fourth regeneration
cycle was 596.6 mg/g [133]. Likewise, Haider et al. produced chitosan membranes by
electrospinning with nanofibers with a diameter of approximately 235 nm, but for the
adsorption of ions from an aqueous solution. Cu(II) and Pb(II) had equilibrium adsorption
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capacities of 485.44 mg/g (2.85 mmol/g) and 263.15 mg/g (0.79 mmol/g), respectively,
higher than the 45.20 mg/g value for the removal of Cu(II) ions from an aqueous solution
using chitosan pellets [134]. Also, Razzaz et al. developed chitosan membranes with
TiO2 nanoparticles (NPs) incorporated by electrospinning. In a batch setup, the produced
nanofibers’ potential for Pb(II) and Cu(II) ion removal was examined. Cu(II) and Pb(II)
ions had maximal adsorption capacities of 710.3 and 579.1 mg/g at 45 ◦C and 30 min,
respectively, at equilibrium. The chitosan/TiO2 nanofibers could be reused frequently
without significant loss of adsorption performance during five adsorption/desorption
cycles (>80%), as shown in Figure 16 [135].
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Mokhena et al. obtained a thin film of chitosan, with and without silver nanoparticles
(AgNPs), on alginate nanofibers produced by electrospinning. Both membranes, with and
without AgNPs, showed a similar flux and a high rejection of nanoparticles (>98%) and
oil (>93%). Over the course of the five filtration cycles examined, the inclusion of AgNPs
increased the dye Congo red’s rejection, achieving more than 95% rejection. The mem-
branes demonstrated strong antibacterial action against Escherichia coli and Staphylococcus
aureus as a result of the NPs [136].

4.2.3. Alginate

Originating from seaweed, alginate is a widely recognized polyelectrolyte binary
copolymer [137–140]. It contributes to the flexibility and resistance of marine algae against
the adverse forces of water. It is typically found in the intercellular substance (mucilage)
and cell wall matrix. Alginate is a linear polysaccharide consisting of 1–4 glycosidic link-
ages connecting D-mannuronic (M) and L-guluronic (G) units. These units depend on
the source or species, growing conditions, season, and extraction depth, and they show
up along the polymer chain in different sequences and proportions (M/G). The physi-
cal characteristics and reactivity of alginate are determined by the change in M and G
along the alginate chain. It has been discovered that the affinity of alginates for heavy
metals is significantly influenced by functional groups, particularly carbonate ions, and
the molecule shape [140]. When alginate comes into contact with divalent or polyva-
lent metal ions, it can gel at ambient temperature. For specific applications, this phe-
nomenon has been used to prepare various morphologies and structures. Spheres [141],
films [142,143], and hydrogels [144], as well as porous membranes and nanofibers [138],
have been manufactured for different applications, such as wound dressings and metal
adsorption. Due to its antibacterial efficacy and structural resemblance to glycosamino-
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glycan (GAG), one of the important constituents of the natural extracellular matrix (EMC)
present in mammalian tissues, alginate has attracted a great deal of interest for usage in
biomedical applications. Furthermore, alginate’s availability, non-toxicity, biodegradability,
and strong cell compatibility have made it possible to use it in a variety of applications,
including metal recovery [140,141].

However, it remains controversial why it is not possible to carry out alginate electro-
spinning on its own. This has been attributed to the alginate solution’s strong conductivity,
lack of entanglement, and gelation at low concentrations (below the concentration required
for entanglement formation). This is further influenced by the strong surface tension, worm-
like molecular structure, and stiffness of the chains. However, Mokhena et al. were able to
produce alginate membranes by electrospinning for the biosorption of heavy metals from
aqueous solutions. Since the electrospinnability of alginate from its aqueous solution is a
problem, polyethylene glycol (PEO) was used to facilitate its spinnability. The membranes
showed a maximum monolayer adsorption capacity (Q0) of 15.6 mg/g at a pH of 4 for
Cu(II) ions. In a competitive experiment, the removal of metal ions in the mixture followed
the order Cu > Ni > Cd > Co. The removal percentages were 39.2, 37.1, 25.3, and 21.8%,
respectively. After five reuse cycles, the adsorption percentage had only decreased by 2%
from the initial value [145].

Sodium alginate (SA) is a natural copolymer widely found in brown algae. This
polymer’s outstanding biocompatibility, biodegradability, and non-toxicity make it useful
in biological applications like tissue engineering, drug manufacturing, and other industrial
uses. The production of adsorbents for use in adsorption operations is another usage for
SA [146]. Unfortunately, because of its rigid structure, poor solubility, and high solution
viscosity, sodium alginate presents several challenges when used as an adsorbent in the
creation of nanofibers. Combining this polymer with others that have appropriate chain
rotation and low viscosity, like polyvinyl acetate (PVA), is one way to solve this issue [147].
The study by Ebrahimi et al. aimed to manufacture nanofibers using polyvinyl acetate
(PVA) and sodium alginate (SA) to remove cadmium metal ions from aqueous solutions.
To this end, PVA/SA nanofibers (volume ratio 40:60) were produced by electrospinning.
The maximum equilibrium adsorption amount for cadmium, under optimal experimental
conditions, was 67.05 mg/g [148]. In addition, because sodium alginate is highly soluble
in water, SA nanofiber membranes have inadequate stability in aqueous conditions. Thus,
proper crosslinking is also a key factor in achieving the practical application of SA mem-
branes in dye adsorption. Currently, the most used crosslinking technique for materials
based on alginate is the use of calcium chloride (CaCl2). Wang and colleagues electrospun
sodium alginate membranes, which were subsequently crosslinked using calcium chloride
(CaCl2). The values of the SA electrospun nanofiber membranes’ surface area and pore
volume before and after three different crosslinking techniques are displayed in Table 2.

Table 2. BET analysis and mechanical property results of non-crosslinked and differentially
crosslinked SA nanofiber membranes. Table reprinted with permission from reference [149].

Sample Surface Area (m2/g) Pore Volume (cm3/g)
Tensile Strength

(MPa) Elongation at Break (%)

Non-crosslinked 13.97 0.0256 3.8 9.8

CaCl2 crosslinked 13.56 0.0450 10.4 9.9

GA vapor crosslinked 11.86 0.0185 3.7 11.2

TFA crosslinked 15.26 0.0455 3.6 12.3

All of the membranes showed excellent integrated adsorption performance for methy-
lene blue (MB), with a maximum effective adsorption capacity of 2230 mg/g and an
adsorption equilibrium time of 50 min (Figure 17). The methylene blue/methyl orange
(MB/MO) mixture solution can be separated by the nanofiber membranes based on the
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selective adsorption of SA, and they can continue to separate the solution with a high
separation efficiency even after five cycles (>90%) [149].
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Figure 17. Adsorption kinetics (A) and the corresponding pseudo-first-order kinetic plots (B);
pseudo-second-order kinetic plots (C); and adsorption–desorption cycles (D) for MB adsorption
onto differentially crosslinked SA nanofiber membranes at 298 K. Reproduced with permission from
reference [149].

4.2.4. β-Cyclodextrin

β-cyclodextrin (β-CD) is an important polysaccharide [150,151] that has been widely used
as an adsorbent [152,153], since its macrocyclic structure can encapsulate a variety of hydropho-
bic molecules or parts of molecules inside the cavity through non-covalent interactions to form
host–guest inclusion complexes [154,155]. It is not possible to directly remove target molecules
from water using β-CD molecules since they are soluble in water. Therefore, grafting the β-CD
molecules onto an existing substrate is required for water decontamination purposes [156,157]
or to produce β-CD polymers that are insoluble [158–160].

Cyclodextrin fibers produced by electrospinning (CD-F) are very attractive materials
for encapsulating bacteria for bioremediation purposes. For instance, the encapsulated
bacteria utilize cyclodextrin fibers as a food source, in addition to acting as a transport
matrix. Keskin et al. demonstrated an easy approach to encapsulate bacteria in a cyclodex-
trin fiber matrix (CD-F), Figure 18, for application in wastewater treatment. Lysinibacillus
sphaericus, the bacteria, were encased in cyclodextrin nanofibers made by means of electro-
spinning in order to treat textile dye (Reactive Black 5, RB5) and heavy metals (nickel (II)
and chromium (VI)). The bacteria/CD biocomposite showed Ni(II), Cr(VI), and Reactive
Black 5 dye removal efficiencies of 70 ± 0.2%, 58 ± 1.4%, and 82 ± 0.8%, respectively [161].
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Figure 18. Representative SEM images of cyclodextrin fiber (CD-F) encapsulating (a) 0.25% (w/w),
(b) 0.5% (w/w), (c) 1% (w/w), and (d) 2% (w/w) of bacteria. The circles show some of the encapsulated
bacteria in the electrospun fiber matrix. Reprinted with permission from reference [161].

Zhao et al. synthesized water-insoluble fibers based on β-cyclodextrin by electro-
spinning followed by thermal crosslinking. With good recyclability, the crosslinked fibers
demonstrated a high adsorption capacity for the cationic dye methylene blue (MB). Consid-
ering the Langmuir model, the maximal adsorption capacity was 826.45 mg/g. The fibers
exhibited poor adsorption toward the negatively charged anionic dye methyl orange (MO)
as a result of electrostatic repulsion. The membrane could dynamically filter the MB/MO
combination solution at a high flow rate of 150 mL/min based on selective adsorption.
Even after five filtration–regeneration cycles (more than 90%), the fibers were still able to
retain their excellent shape and great separation efficiency [162]. In their study, Liu et al.
described a strategy for a film-type water purifier prepared by including a cyclodextrin
oligomer (CD) in ultrathin bacterial cellulose (BC) nanofibers. The membrane showed
a high adsorption capacity for four representative organic pollutants, including phenol,
bisphenol A (BPA), glyphosate, and 2,4-dichlorophenol (2,4-DCP). The equilibrium adsorp-
tion capacity values were attained after 80 min for phenol, BPA, and 2,4-DCP, and 120 min
for glyphosate. The values were 90.3 mg/g for phenol, 68.1 mg/g for BPA, 81.3 mg/g for
glyphosate, and 222.6 mg/g for 2,4-DCP. The membrane maintained its superior adsorption
ability in the presence of different anions and macromolecules and across a broad pH range.
More importantly, it can be reused after treatment with methanol under ultrasonication.
The removal efficiency in the 5th and 10th cycles (Figure 19) only showed a slight decrease
(<5%) compared to the original removal efficiency [163]. When it comes to the number
of target pollutants, including phenol, BPA, glyphosate, and 2,4-DCP, the ideal product
exhibits an amazing removal capacity that surpasses the majority of adsorbents, including
porous carbon-based materials, that have been previously documented.
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Figure 19. Removal efficiency of BC-CD-2 for each pollutant in the 5th and 10th cycle of the
adsorption–desorption experiment. Reproduced with permission from reference [163].

5. Limitations of Textile Wastewater Filtering Structures by Electrospinning

The past decade has seen a significant increase in interest in advanced electrospin-
ning technology because of its many benefits, including a wide range of material options,
high porosity (>90%), and strong adaptability. Nevertheless, there are some limitations
of this technique owing to the lengthy preparation cycle, the somewhat bigger average
membrane pore size, the poor mechanical strength for modulation, making it difficult to
produce a large mass volume of electrospun fibers, and long-term operation [6,164,165].
An electrospun nanofibrous membrane’s effectiveness might be impacted by several prepa-
ration and processing factors, as seen above. Polymer solution characteristics, operating
circumstances, and environmental variables are the three primary categories. For instance,
the characteristics and functionality of the membranes are greatly influenced by the pore
size and thickness of the nanofibers. In general, when the fiber diameter is reduced, the
membrane’s pore size shrinks as well, reducing water flux and increasing the salt inter-
ception rate [166–168]. Additionally, the high cost and accessibility of some of the used
materials, the equipment (including maintenance), and the expert operators are among
some major drawbacks of this technique [6,164].

Electrospun filtering structures may also show other limitations such as low pressure
and temperature sensitivity, wettability, difficult cleaning, microorganism contaminations,
and membrane fouling [169–172]. Membrane stability is also quite poorly addressed (there
is a lack of long-term experiments in this regard) [164,173,174]. Another drawback of these
materials is the use of non-environmentally friendly materials. However, this work already
provides some insights into the use of eco-friendly natural polymers.

To increase the efficiency of electrospun membranes, the polymer materials and elec-
trospinning procedures shall be further improved to overcome some of the mentioned
limitations. The ecological impact of the membranes, such as their non-toxicity, long-term
durability, and degradability properties, must be continuously optimized.

Besides the limitations of the developed structures, there are some literature gaps
that shall be addressed. First, other types of polymers, both synthetic and natural, are
quite unexplored for wastewater treatment applications. The lack of full-scale or even
pilot-scale cases reveals a scalability issue that has to be addressed [25]. The small amount
of pilot-scale reports lacks economic and environmental analysis [175–177]. Emerging
technologies, such as electrodialysis and membrane bioreactors, are also under-addressed
and should be considered in future works.

6. Conclusions and Outlook

For a very long time, access to safe drinking water has been a serious issue across
the world. Currently, one of the main sources of pollution is wastewater from textile
dyeing. Various combinations of biological, physical, and chemical approaches are used
in traditional technologies to treat textile effluent; however, these methods come with
substantial capital and operating expenses. Membrane-based technologies provide one
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of the best alternatives available for large-scale environmentally sustainable treatment
processes. In this regard, nanofibers have given the problem of water filtration a new
dimension. These nanofibers offer advantageous qualities such as large surface areas,
strength, and an ideal pore size. An easier and more practical way of creating nanofibers is
electrospinning, which allows us to adjust the pore size of the nanofibers. In the last few
decades, there have been innumerable advances in the field of electrospun nanofibrous
membranes. Nanofibrous membranes for the treatment of water and wastewater are
incredibly promising based on the present view of development and application. This
technique offers access to a vast variety of nanomaterials with unique features, such as
their eco-friendliness, degradability, renewability, non-toxicity, and mechanical and thermal
properties, as well as their availability, long-term durability, and cost-effectiveness.

This paper summarizes the process variables that influence the electrospun nanofibers’
physical characteristics and functional capabilities, including large surface area, roughness,
porosity, and surface chemistry (hydrophilicity/hydrophobicity), to offer ways to improve
their efficacy in water and wastewater purification. We have discussed the most recent
developments in the study of water purification using electrospun nanofibers. The most
effective composite nanofibers for filtration applications include electrospun PAN, PVA,
PVP, and CA nanofibers. The use of other natural polymers, such as chitosan or alginate,
that can be extracted from natural sources is a growing field. Electrospun nanofibrous
membranes based on these polymers have already been shown as powerful adsorbents for
several metal ions and dyes, being a promising alternative to synthetic polymers for the
development of textile wastewater filtering structures.

Despite their advantages, electrospun nanofibrous membranes are not without limita-
tions. These include problems with inadequate nanoscale selectivity, mechanical weakness,
high cost of and accessibility to the used materials, the equipment (including maintenance),
and the expert operators. It is also important to note that an electrospun nanofibrous mem-
brane’s effectiveness is impacted by several preparation and processing factors, such as
room temperature and humidity. Another constraint is the lack of large-scale studies. Due
to the variability in the composition of textile wastewater, the application of electrospun
membrane systems in the processing of textile wastewater is difficult, which limits full-scale
studies. The economic analysis of the scarce pilot-scale cases reported is insufficient, and the
application of this type of material in real cases must be further studied. In order to develop
affordable, industrial-scale modules and effective electrospun nanofibrous membranes for
water treatment, research organizations and industrial businesses must work together to
overcome many obstacles. Technical constraints during the fabrication and operation of
nanofiber electrospun membranes, such as membrane stability and mechanical weakness,
should be the subject of future research. Future works shall address the scalability issue,
and joint efforts between scholars and the industry must be made. Economic and technical
analyses are needed in pilot-scale reports, and the environmental impact of the methods
and technologies developed should be considered. The use of natural fibers plays a cru-
cial part in the development of more sustainable methodologies for water filtration. The
recycling of not only textile residues but also natural (marine, agricultural, etc.) waste can
contribute to the development of water treatment technologies in a circular way.

Overall, the application of the electrospinning technique to water treatment technolo-
gies provides a great number of opportunities for effectively purifying textile wastewater,
promising a cleaner and more sustainable future for the industry. Electrospun membranes
do, in fact, have a bright future and are anticipated to play a significant role in the treatment
of refractory contaminated water.
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Abstract: The limited solubility of natural cellulose in water and common organic solvents hinders
its diverse applications, despite being one of the most abundant and easily accessible biopolymers on
Earth. Chemical derivatization, such as cellulose carbamate (CC), offers a pathway to enhance both
solubility and industrial processability. In this study, CC was synthesized by exploiting a novel type
IV deep eutectic solvent (DES) composed of erbium trichloride and urea. This DES was shown to be
not only an environmentally friendly reaction medium/catalyst but also actively participated in the
synthetic process as a reagent. The resultant cellulose carbamate samples were characterized through
FT-IR and elemental analysis. A nitrogen content value of 1.59% was afforded determining a degree
of substitution corresponding to a value of 0.19. One of the key scientific advancements lies in the
preparation of cellulose carbamate using a straightforward and cost-effective method. This approach
utilizes non-toxic compounds, aligning with the principles of green chemistry and contributing to
sustainable development in cellulose derivative production.

Keywords: cellulose; carbamate; derivatization; reactive deep eutectic solvents; erbium trichloride;
green chemistry

1. Introduction

The accumulation of synthetic polymers in the environment has led to significant
environmental pollution issues, which can only be mitigated by exploring biodegradable
and non-toxic biopolymers [1]. In this context, industries play a crucial role in focusing
on sustainable resources and increasing the use of renewable raw materials. Natural
cellulose (Figure 1), due to its abundance and versatility as a biopolymer, represents a
significant resource for various applications [2,3]. Its easy accessibility, biocompatibility,
high mechanical stability, and unique physiochemical properties make it suitable for
applications in biomedical science, environmental science, and sustainable packaging [4,5].
Despite the enormous potential of cellulose, only a small fraction is currently utilized for
further processing [6]. This is attributed to its complex inter- and intramolecular hydrogen
bonding network, leading to reduced solubility in water and most common solvents [7–9].
The OH groups at position 6 are the ones responsible for intermolecular bonding in cellulose.
Consequently, the accessibility of these groups is the limiting factor for cellulose solubility.

Numerous solvents have been explored and/or have been introduced into indus-
try to improve cellulose solubility, such as N,N-dimethylacetamide/lithium chloride
(DMAc)/LiCl, dimethyl sulfoxide/tetrabutylammonium fluoride (DMSO/TBAF), N,N-
dimethylformamide/dinitrogen tetroxide (DMF/N2O4), N-methyl-morpholine-N-oxide
(NMMO), and ionic liquids [10–17]. However, these methods often present limitations,

68



Polymers 2024, 16, 757

especially in terms of cost and environmental impact, necessitating the development of
more cost-effective and environmentally friendly alternatives.
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Figure 1. Chemical structure of Cellulose.

A frequently used approach to enhance cellulose solubility is pre-chemical modifi-
cation, such as converting it into cellulose carbamate (CC), as shown in Scheme 1. This
modification renders cellulose biodegradable and biocompatible, making it an eco-friendly
material with applications in absorbent products, food packaging, chromatography, and
fireproof products [18–24] The conventional “CarbaCell” process involves heating cellulose
with urea, resulting in cellulose carbamates with a nitrogen content (N%) of around 1–2.5%
(Scheme 1) [25]. However, this process faces challenges in industrial reproducibility due
to rigorous conditions, including high temperatures, long reaction times, and the use of a
catalyst [26].
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In response to the need for innovative and efficient methods for cellulose carbamate
preparation, it is worth exploring environmentally sustainable solvents and methods [27–32].
Ionic liquids (ILs), which are traditionally considered environmentally friendly and very
versatile non-conventional solvents for chemical transformations [33–37], have limitations
in terms of biodegradability and sustainability [38–41]. Recently, Deep Eutectic Solvents
(DESs) have gained attention as potential green solvents for biomass processing, offering
biocompatibility and applications in bio-pharma industries [42–53]. Several studies have
emerged in which DESs are used as solvents for the derivatization of cellulose and to
produce various types of nanocelluloses [54–57]. The IV-type class of Deep Eutectic Solvents
formed using hydrated metal salts as a cationic component have been widely used in the
treatment of biomass [36,51]. Recently, a DES based on dimethylurea and zinc chloride was
proposed for the preparation of cellulose methyl carbamate [58]. Nevertheless, zinc chloride
is known to be a toxic salt, capable of accumulating if improperly disposed of [59–64].

Encouraged to seek out more eco-friendly solutions and to address concerns about
toxic salts, we propose the possible combination of erbium trichloride (ErCl3) and urea in
different molar ratios to form a type IV DES. In this regard, erbium salts have emerged
as a sustainable catalytic solution for a series of organic transformations that require the
presence of Lewis acid catalysts [65–67]. Erbium trichloride (ErCl3) was chosen for its
cost-effectiveness, low toxicity, and versatility [65,68–70]. This Lewis acid was combined
with urea, which is not only one of the most used components in DESs but also represents
a promising chemical for cellulose modification as it is a low-cost, readily available, and
non-toxic compound [71]. The developed reactive deep eutectic solvent (RDES), acting as
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a reaction medium, reagent, and catalyst, holds promise in improving the environmental
sustainability of cellulose carbamate production.

2. Materials and Methods
2.1. Materials

Microcrystalline cellulose, Avicel PH-101 (MCC, Mw = 53,470, Mn = 24,235, DP = 350)
was purchased from Sigma–Aldrich (St. Louis, MO, USA). Urea (99.7%) and Er (III) chloride
hexahydrate (ErCl3·6H2O, 99.9%) were purchased from Merck and used as received without
further purification. Deionized water was used in all experiments. The heating necessary
for the preparation of DESs was provided using a Rotavapor Heidolph Laborota 4000
(Heidolph Instruments Italia, Milano, Italy). Drying was carried out using a Vismara
Vacuum Oven 65 stove. The product, after recovery by washing with a solution of HCl 12 M
and filtration, was dried using an Edwards XDS5 diaphragm pump (Crawley, West Sussex,
UK). Ultrasonic irradiation was carried out using a Hielscher VP 2005 Sonicator (Hielscher
Ultrasonics GmbH, Teltow, Germany)

2.2. Preparation of Reactive Deep Eutectic Solvents (RDESs)
2.2.1. Preparation of DES-1 Using the Vacuum Evaporation (VE) Method

ErCl3 (0.5078 g, 0.00185 mol) and urea (0.3719 g, 0.0062 mol) in a 3:10 molar ratio were
weighted in separate vials and dissolved in water. Then the two solutions were mixed
together in a round-bottom flask and dried using a rotary evaporator (at 50 ◦C) until a clear,
homogeneous pink liquid was formed (Table 1). The DES was stored in a desiccator.

Table 1. Preparation of DESs using ErCl3 (anhydrous) or ErCl3·6H2O (hexahydrate) and urea.

Entry DES Components Molar Ratio Preparation Method Time (min) Aspect

1 - ErCl3 anhydrous:
urea 1:1 Vacuum evaporation 60 Pink solid

2 - ErCl3 anhydrous:
urea 1:3 Vacuum evaporation 60 Pink solid

3 - ErCl3·6H2O: urea 1:3 Vacuum evaporation 60
Pink highly viscous
liquid with particles

in suspension

4 DES-1 ErCl3·6H2O: urea
(+ 20% water) 3:10 Vacuum evaporation 60 Clear pink viscous

liquid

5 - ErCl3·6H2O: urea
(+20% water) 3:10 Ultrasonication-assisted

preparation 30
Clear pink viscous

liquid with particles
in suspension

6 DES-2 ErCl3·6H2O: urea
(+20% water) 3:10 Ultrasonication-assisted

preparation 60 Clear pink viscous
liquid

7 DES-3 ErCl3·6H2O: urea 3:10 Heating and stirring 60 Clear pink viscous
liquid

8 DES-4 ErCl3·6H2O: urea 3:10
Ultrasonication-assisted
preparation and vacuum

evaporation
120 Clear pink viscous

liquid

2.2.2. Preparation of DES-2 Using the Ultrasound-Assisted (US) Method

The two components, ErCl3·6H2O and urea, were mixed in a 10 mL glass flask in the
molar ratios indicated in Table 1. The glass flasks were placed in a KQ-300E ultra-sonic
bath (Kunshan ultrasonic instruments Co., Ltd., Kunshan, China) with an ultra-sonic input
power of 300 W and a frequency of 40 kHz. The mixture formed a clear and homogeneous
pink liquid at room temperature after up to 1 h of ultrasonication. The final temperatures
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of the ultrasonic bath could reach up to 50 ◦C due to the long duration of ultrasonication.
DES-2 was stored in a desiccator.

2.2.3. Preparation of DES-3 Using the Heating and Stirring (HS) Method

ErCl3·6H2O (0.5074 g, 0.00185 mol) and urea (0.3743 g, 0.00623 mol) in a 3:10 molar
ratio were placed in the same vial and water (17 µL, 0.95 µmol) was added. The vial was
placed in a water bath at 60 ◦C and stirred magnetically until the formation of a clear pink
liquid was observed (see Table 1). The DES was stored in a desiccator.

2.2.4. Preparation of DES-4 Using Both Ultrasonication and Vacuum Evaporation Methods

DES-4 was prepared by placing 1.01 g of ErCl3·6H2O and 0.74 g of urea (molar ratio
3:10) in a round-bottom flask and combining both ultrasonication-assisted and vacuum
evaporation methods. The reaction was first assisted by ultrasound for 1 h and then it was
stirred using a rotary evaporator at a temperature of 40 ◦C for 1 h. The pink liquid (Table 1)
was finally preserved in a desiccator.

All the DES samples were kept at room temperature for an extra 24 h after their prepa-
ration to ensure the formation of the liquid. All the prepared DESs were characterized by
Differential Scanning Calorimetry (DSC) analysis, Fourier Transform Infrared Spectroscopy
(FTIR), and Polarized Optical Microscopy (POM).

2.3. Differential Scanning Calorimetry (DSC) Analysis of RDESs

DES-1–DES-4 were characterized by Differential Scanning Analysis (DSC) performed
using a DSC instrument (DSC 200 PC Netzsch, Wittelsbacherstraße 42, Selb, Germany).
The temperature ranged from −80 ◦C to 350 ◦C, at 10 ◦C/min, after equilibration for 5 min
at −80 ◦C. The experiments were performed under a nitrogen atmosphere (50 mL/min),
with 15 mg of the sample in aluminum pans with covering lids.

2.4. Polarized Optical Microscopy (POM) Analysis

A small droplet of the prepared DESs was deposited on a microscopic slide for ob-
servation at a magnification of 10×. The Nikon ECLIPSE LV100N polarizing microscope
(Nikon Corporation, Shinagawa Intercity Tower C, Tokyo, Japan) coupled with the Nikon
DS-Fi2 camera was used for recording the polarized light image. The absence of a solid
crystalline structure is evidenced by a polarized light image that is totally black.

2.5. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The prepared DESs were analyzed by means of the KBr sheet. Infrared (FTIR)
spectra were recorded using an FTIR Perkin-Elmer 1720 spectrophotometer over the
4.000–400 cm−1 range at a rate of 0.5 cm/s. Fifty scans were recorded, averaged for each
spectrum, and corrected against ambient air as the background.

2.6. Synthesis of Cellulose Carbamate (CC)
2.6.1. Experiment 1: Reaction in DES-4 Using VE

DES-4 was prepared following the procedure reported above. Subsequently, 0.21 g
of microcrystalline cellulose (a 10-fold molar excess of urea compared to the cellulose
anhydroglucose unit) suspended in distilled water (2.23 mL) was introduced into the flask
containing DES-4. A glass rod was employed to ensure the uniform mixing of cellulose in
DES. The reaction mixture was subjected to continuous stirring using a rotary evaporator at
a reduced pressure at 60 ◦C for 1 h, and then dried in an oil bath at 150 ◦C for an additional
hour. The resulting product was dry and adhered to the flask walls.

After cooling, the recovery of the solid material was carried out by washing with
20 mL of a 1 M HCl solution, followed by filtration and subsequent washing with distilled
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water to remove the unreacted residual DES components. The product was filtered and
dried using a vacuum pump, resulting in a white solid material.

IR νmax(KBr): amide N-H, 3300; amide C=O, 1716.34 cm−1.

2.6.2. Experiment 2: Reaction in DES-4 Using VE and US

In a 10 mL round-bottom flask, DES-4 was prepared. Then microcrystalline cellulose
(0.1030 g) and distilled water (2.23 g, 0.124 mol) were introduced. Gentle mixing was
performed by manually shaking the flask. The reaction was assisted by ultrasound for 1 h.
Subsequently, the mixture was stirred using a rotary evaporator under reduced pressure
at 50 ◦C for 1 h. The product was dried in an oven at 100 ◦C for 24 h. After cooling to
room temperature, the recovery and purification of the CC derivative were carried out
as described in experiment 1. The recovered product was finally dried, resulting in a
gray-colored powder.

2.6.3. Experiment 3: Reaction in DES-4 under US in the Absence of Water

The synthesis was conducted in the absence of water, and therefore, microcrystalline
cellulose (1.0946 g) was dried to eliminate traces of residual moisture until a constant
weight was reached. In a test tube, previously dried microcrystalline cellulose (0.1015 g)
was added to DES-4. The reaction was assisted by ultrasound for 1 h. The product was
dried in an oven at 100 ◦C for 24 h. The test tube was allowed to cool to room temperature,
and the final recovery and purification of the CC derivative was carried out as described in
experiment 1. The obtained product was dried to afford a white-colored solid material.

2.6.4. Experiment 4: Reaction in the Absence of DES-4 under US

To a 10 mL round-bottom flask dried containing cellulose (0.10 g) suspended in water
(6.70 g, 0.372 mol), urea (0.317 g, 0.00062 mol) was added. The reaction mixture was
subjected to continuous stirring using the rotary evaporator at a reduced pressure at 60 ◦C
for 1 h, and then dried in an oil bath at 150 ◦C for an additional hour. The product was
then dried in an oven at 100 ◦C for 24 h and finally allowed to cool to room temperature.
The final recovery and purification of the CC derivative was carried out as described in
procedure 1 affording a white-colored product.

2.7. FT-IR Analysis of CC

Cellulose carbamate (CC) was characterized by means of a Fourier Transform Infrared
(FT-IR) spectrometer (Jasco 4200, Cremella, LC, Italy) and compared with native cellulose.
FT-IR spectra were performed using a Jasco 4200 spectrometer using the KBr disk technique.
Spectra were obtained in the 400–4000 cm−1 range.

2.8. Elemental Analysis of CC

Elemental analysis was carried out to determine the nitrogen content (N%) by a vario
MICRO CHNS V4.0.10 analyzer from Elementar (Langensebold, DE, Germany), where
the samples were burned within a jet injection of oxygen. The gaseous components were
purified and separated on a TPD column before quantification with a thermal conductivity
detector. Helium was used as a carrier gas.

Percentages of the elemental analysis for C, H, and N elements are reported in Table 2.
The degree of substitution (DS) was calculated from the nitrogen content of CC via the
following Equation:

DS =
N × 162.15

14× 100− (N × 43)

where N is the nitrogen content, 162.15 is the molecular weight of the anhydroglucose unit
(AGU) of cellulose, 14 is the atomic weight of the nitrogen, atom and 43 is the molecular
weight of the carbamate group [72].
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3. Results
3.1. DES Formation

At the beginning of our investigation, we considered different procedures for prepar-
ing RDESs to ensure reproducibility: the vacuum evaporation method (VE), the heating and
stirring method (HS), and the ultrasound-assisted method (US). These diverse approaches
may yield distinct outcomes. In fact, variables like temperature, pressure, and water con-
tent, which are influenced by these methods, can shape the final composition of the DESs,
thus affecting their physicochemical properties and stability [73]. Therefore, initially, we
applied the vacuum evaporation method, where all available water was removed, leaving
only the water interacting with the DES components in the system [74,75]. To achieve this,
erbium trichloride and urea in different molar ratios were dissolved in water and stirred
using a rotary evaporator under reduced pressure at 50 ◦C for 1 h until a clear, homoge-
neous pink viscous liquid was formed. ErCl3 in its anhydrous form was found unsuitable
for the intended purpose. The stoichiometric ratios investigated in combination with urea
(1:1 or 1:3) did not produce recognizable DES due to the presence of solid particles of the
salt and rapid solidification of the mixture after cooling (Table 1, entries 1, 2). Similarly, the
use of the hexahydrate form of erbium trichloride, with 1:1 and 1:3 molar ratios, resulted
in the formation of pink and highly viscous liquids with particles in suspension, making
them unsuitable for easy handling and reaction (Table 1, entry 3). Instead, a clear, pink, and
homogeneous liquid was obtained when using erbium chloride hexahydrate and urea in a
3:10 molar ratio (Table 1, entry 4, DES-1). The resulting DES was then dried in a desiccator
containing silica gel until a constant product weight was achieved.

In a further attempt, the DES was prepared using the ultrasonic bath method [76]. As
widely reported in the literature, the use of ultrasound allows for obtaining a more homo-
geneous mixture in a shorter time due to the phenomenon of cavitation [77]. Nevertheless,
the DES was obtained as a clear and homogeneous pink viscous liquid only after 60 min of
ultrasonication of the components (Table 1, entry 6, DES-2).

The preparation of the DES was also attempted using the heating and stirring method.
In this case, 20% of water was added to a mixture of ErCl3·6H2O and urea (in a 3:10 molar
ratio). Subsequently, the components were placed in a round-bottom flask and subjected
to magnetic stirring in a 60 ◦C water bath for 1 h, resulting in the formation of a clear,
viscous pink liquid (Table 1, entry 7, DES-3). A final experiment (Table 1, entry 8, DES-4)
was conducted in the absence of water by exploiting the efficiency of both ultrasound and
vacuum evaporating. The mixture, consisting of erbium trichloride and urea, underwent
ultrasonication for 1 h and was then stirred under vacuum at reduced pressure at 60 ◦C
for an additional 1 h. Even in this case, the product appeared as a pink, viscous liquid
(Figure 2b).
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(a) ErCl3·6H2O and urea, solid reagents in contact; (b) formation of the DES-4 after US and heating.

Taking into consideration the results obtained from previous tests, we inferred that
erbium hexahydrate combined with urea can form a Deep Eutectic Solvent (DES) when a
molar ratio of 3:10 is employed. Additionally, it is observed that the presence of additional
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water for DES formation is not necessary, and both heating and ultrasound simplify the
product formation.

3.2. DES Characterization

The formation of the liquid mixture when the two components were combined in
a 3:10 molar ratio was supported by observation and POM imaging. The POM image
revealed that the DES was formed because a black image was visible, showing that the
sample was completely amorphous, and no crystals remained in the system. The successful
formation of the DESs was further demonstrated by measuring the melting point or glass
transition temperature of the DESs by differential scanning calorimetry (DSC) analysis as
shown graphically in Figure 3.

Polymers 2024, 16, 757 8 of 16 
 

 

 

Figure 3. DSC thermograms of the (a) prepared DESs and (b) single DES-4. 

 

Figure 4. Hypothesis of the hexacoordinated structure of DES-4. 

Figure 3. DSC thermograms of the (a) prepared DESs and (b) single DES-4.

From the thermograms obtained, it was possible to denote how the melting point of
the eutectic is different than its individual components, erbium trichloride (776 ◦C) and
urea (133 ◦C). According to Abbott and collaborators, this change is dependent on the
reticular energies of the salt and hydrogen-bond donors (HBD), the way in which the couple
interacts, and the entropy changes deriving from the formation of a liquid phase [78,79].
Furthermore, by comparing the four thermograms and observing the intensity of the peaks
due to urea as well as the eutectic point, we could deduce that the DES-4 was the best-
prepared one. In fact, DES-4 showed a less intense peak relative to urea than that observed
in the other thermograms (Figure 3b). This indicated a lower amount of urea in the free
state, and consequently, its better coordination with erbium. In this context, the lack of
DES formation when using anhydrous erbium trichloride underlines how crystalline water
represents a fundamental feature for the formation of this category of DES. Therefore, water

74



Polymers 2024, 16, 757

molecules are real ligands coordinated at the center of the erbium atom or associated with
free chloride ions [80].

From the thermogram in Figure 3b, it is also possible to establish how DES-4 has
a high glass-transition temperature (−20.7 ◦C) compared to the other experiments, thus
confirming the stability of the solvent obtained. These observations led us to hypothesize
a structure of the DES formed: erbium is hexacoordinate [81], that is, it forms natural
binding interactions with the three chloride ions and coordinative interactions with three
urea molecules, assuming a hypothetical structure that is represented in Figure 4.
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FTIR characterization of the synthesized DES was conducted in order to study the
functional groups of the components present in the DES and analyze the possible changes in
the structure. The FTIR spectral data of pure urea were in accordance with the literature [82]
showing the vibrational bands of the NH2 group at 3500–3200 cm−1, while the carbonyl
stretching vibration is usually observed in the range of 1680–1650 cm−1. The vibrational
bands at 1623 and 1461 cm−1 correspond to NH and C–N bending, respectively, and C–N
stretching vibration is usually found in the range of 1300–1000 cm−1.

The FTIR spectrum of ErCl3·6H2O (Figure 5a) exhibited an absorption band around
3500–3100 cm−1 associated with the stretching vibrations of hydrogen atoms bound to
oxygen in water molecules and around 1600 cm−1 (H–O–H bending vibration) indicating
the presence of water molecules. The stretching vibrations of Er–Cl bonds appear in the
lower wavenumber region, below 700 cm−1.

The coordination between erbium chloride hexahydrate and urea in DES-4 can indeed
influence the stretching vibrations observed in the FTIR spectrum and are presented in
Figure 5b.

In general, when erbium coordinates with urea or any ligand, it can lead to shifts or
changes in the vibrational frequencies compared to the free ligand or metal salt. Coordina-
tion between erbium trichloride with urea resulted in shifts or splitting of the urea-related
bands, such as the carbonyl (C=O) and amino (N–H) stretching vibrations, depending on
the coordination mode. The FTIR spectrum for the DES-4 displays all bands corresponding
to the functional groups of both constituents; however, a new peak below 2900 cm−1 ap-
peared, which might suggest that new bonds are formed by coordination between urea and
erbium trichloride. The characteristic vibrational modes in urea, including the carbonyl
(C=O) stretching around 1650–1600 cm−1 and the N–H stretching around 3400–3200 cm−1,
are influenced by the coordination with erbium ions and the presence of water molecules.
The carbonyl vibration in urea showed a shift from 1678 cm−1 and overlaps with the bands
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in the FTIR of erbium trichloride, indicating that the coordination bonds were mainly
formed between the oxygen of the carbonyl in urea and the metal ion.
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3.3. Synthesis of Cellulose Carbamate

The role of DES-4 as a solvent, reagent, and catalyst was assessed in the preparation
of cellulose carbamate. The presence of a large excess of urea in this DES-4 indicates that
consumption of urea in the cellulose carbamate preparation does not disrupt the DES
solvent system. Various experiments were conducted under different conditions to identify
the most suitable procedure for obtaining carbamate, as schematically summarized in
Table 2.
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Table 2. Optimization data for the synthesis of CC.
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Sample Substrate CC Preparation
Method

Reaction Time
(min) N (%) a Degree of Substitution b

1 Cellulose + H2O Vacuum evaporation 60 1.59 0.19
2 Cellulose + H2O US 30 1.42 0.17
3 Dried cellulose US 30 0.86 0.10

4 c Cellulose + urea Vacuum evaporation 60 0.27 0.05
a value obtained by elemental analysis; b calculated from elemental analysis results; c experiment carried out in
water and in the absence of ErCl3·6H2O.

In the first attempt, a suspension of microcrystalline cellulose (MCC) in water was
added to DES-4. The mixture was stirred using a rotary evaporator under reduced pressure
at 50 ◦C for 1 h, resulting in a pink homogeneous mixture. The obtained mixture was
further dried in an oven at 100 ◦C for 24 h and then in contact with an oil bath at 150 ◦C for
1 h. The product, dry and adhering to the flask walls, was recovered by washing with a
12 M HCl solution, followed by filtration and additional washing with distilled water. The
excess reagents and DES components were removed, and the filtered product was dried
using a vacuum pump. A white material was obtained (Table 2, sample 1).

The FTIR spectra of dried cellulose and cellulose carbamate provide valuable insights
into the chemical changes associated with the carbamation process. Dried cellulose typically
exhibits characteristic peaks in the FTIR spectrum corresponding to the hydroxyl groups at
around 3600–3200 cm−1 and the cellulose backbone vibrations [83,84]. Furthermore, C–O
stretching around 1000–1300 cm−1 is predominant.

Upon carbamation, a distinctive peak emerges in the carbonyl stretching region at
1716.34 cm−1, signaling the introduction of carbamate groups (Figure 6). This peak is
attributed to the C=O stretching vibration of the carbonyl group in the carbamate function-
ality. The presence of this carbonyl peak in cellulose carbamate confirms the successful
functionalization of cellulose with carbamate groups. The intensity and position of the
carbonyl peak can provide information about the extent of functionalization and the nature
of the carbamate groups introduced. This observation aligns with published literature
data [77]. The absorption of cellulose hydroxyl groups at 3429.78 cm−1 decreases during
carbamate formation, consistent with the formation of carbamates, especially with the
primary OH groups [85].

77



Polymers 2024, 16, 757Polymers 2024, 16, 757 11 of 16 
 

 

 

Figure 6. FT-IR spectra of (a) sample 2 (N% = 1.42, DS = 0.17), (b) sample 1 (N% = 1.59, DS = 0.19), (c) 

sample 3 (N% = 0.86, DS = 0.10), (d) sample 4 (N% = 0.27, DS = 0.05), and (e) starting dried cellulose. 

In the second experiment, the synthesis of CC was attempted using ultrasonication 

conditions to enhance mixture homogeneity (Table 2, sample 2). A suspension of MCC in 

water was added to DES-4, and the reaction was assisted by ultrasound for 30 min, fol-

lowed by stirring under reduced pressure using a rotary evaporator at 50 °C for 1 h. Sub-

sequent purification treatments afforded a solid material that was analyzed by FTIR. The 

FT-IR spectrum of the modified cellulose revealed, in this case as well, the presence of the 

characteristic absorption peak due to the stretching vibration of the urethane carbonyl. 

To propose an even more eco-sustainable and convenient synthetic procedure, the 

third experiment was carried out in the absence of water using ultrasonication (Table 2, 

sample 3). Although water is often suggested as an environmentally friendly additive to 

regulate DES viscosity and polarity, it can dramatically alter the DES structure due to the 

rupture of hydrogen bonds between the initial constituents [86]. Cellulose was directly 

suspended in the previously prepared DES-4, and the mixture was subjected to ultrason-

ication for 1 h. The final purification treatments afforded a white powder. 

To verify the need for the catalyst, erbium trichloride, in the synthesis of cellulose 

carbamate, a control experiment was conducted in its absence, using only water as the 

reaction medium (Table 2, sample 4). Cellulose was suspended in water, and urea was 

subsequently added. The reaction was assisted by ultrasound for 1 h. The product ob-

tained from subsequent purification treatments appeared as a copper-colored material. 

The FT-IR spectrum of the sample did not reveal the presence of the typical peak due to 

the urethane carbonyl, indicating that urea did not functionalize the primary hydroxyl of 

cellulose. 

The carbonyl absorption in the FTIR spectra correlates with the nitrogen content, 

with a higher percentage of nitrogen resulting in a greater absorption peak. To verify this 

statement, the nitrogen content value (N%) of CC samples was determined using ele-

mental analysis and the N% for each sample has been reported in detail in Table 2. These 

values were used to calculate the DS of hydroxyl groups on cellulose by carbamate groups 

and to confirm that the first experiment (sample 1) furnished the best experimental con-

ditions for the preparation of CC with the highest nitrogen content (1.59%) that corre-

sponded to a DS of 0.19. 

Figure 6. FT-IR spectra of (a) sample 2 (N% = 1.42, DS = 0.17), (b) sample 1 (N% = 1.59, DS = 0.19),
(c) sample 3 (N% = 0.86, DS = 0.10), (d) sample 4 (N% = 0.27, DS = 0.05), and (e) starting dried cellulose.

In the second experiment, the synthesis of CC was attempted using ultrasonication
conditions to enhance mixture homogeneity (Table 2, sample 2). A suspension of MCC
in water was added to DES-4, and the reaction was assisted by ultrasound for 30 min,
followed by stirring under reduced pressure using a rotary evaporator at 50 ◦C for 1 h.
Subsequent purification treatments afforded a solid material that was analyzed by FTIR.
The FT-IR spectrum of the modified cellulose revealed, in this case as well, the presence of
the characteristic absorption peak due to the stretching vibration of the urethane carbonyl.

To propose an even more eco-sustainable and convenient synthetic procedure, the
third experiment was carried out in the absence of water using ultrasonication (Table 2,
sample 3). Although water is often suggested as an environmentally friendly additive
to regulate DES viscosity and polarity, it can dramatically alter the DES structure due
to the rupture of hydrogen bonds between the initial constituents [86]. Cellulose was
directly suspended in the previously prepared DES-4, and the mixture was subjected to
ultrasonication for 1 h. The final purification treatments afforded a white powder.

To verify the need for the catalyst, erbium trichloride, in the synthesis of cellulose
carbamate, a control experiment was conducted in its absence, using only water as the
reaction medium (Table 2, sample 4). Cellulose was suspended in water, and urea was
subsequently added. The reaction was assisted by ultrasound for 1 h. The product obtained
from subsequent purification treatments appeared as a copper-colored material. The FT-IR
spectrum of the sample did not reveal the presence of the typical peak due to the urethane
carbonyl, indicating that urea did not functionalize the primary hydroxyl of cellulose.

The carbonyl absorption in the FTIR spectra correlates with the nitrogen content,
with a higher percentage of nitrogen resulting in a greater absorption peak. To verify this
statement, the nitrogen content value (N%) of CC samples was determined using elemental
analysis and the N% for each sample has been reported in detail in Table 2. These values
were used to calculate the DS of hydroxyl groups on cellulose by carbamate groups and to
confirm that the first experiment (sample 1) furnished the best experimental conditions for
the preparation of CC with the highest nitrogen content (1.59%) that corresponded to a DS
of 0.19.
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4. Discussion

Cellulose carbamate, synthesized using DES-4, was characterized by an FT-IR spec-
trometer. Analyzing the FT-IR spectra related to the different syntheses attempted, it can
be concluded that well-defined spectra with a more evident peak due to the stretching
of the carbonyl (C=O) of urethane were obtained from the experiments conducted in the
presence of water. From these observations, we can hypothesize the formation of cellulose
carbamate in a DES solvent according to the scheme described in Scheme 2.

From the reaction scheme, it can be observed how in the presence of water, the chloride
ion is replaced in its bond with the erbium and the compound changes from hexacoordinate
to an octacoordinated complex [81,82]. Erbium acting as a Lewis acid catalyst makes the
amide carbon of urea more electrophilic. The formation of isocyanic acid is promoted by
the development of an acid–base reaction that takes place between the amino group of urea
and the water molecule coordinated with the erbium. The resulting ammonia causes the
loss of a proton from the isocyanic cation with the consequent formation of ammonium
chloride. Water favors the displacement of isocyanic acid from its coordination bond with
erbium. Isocyanic acid at this point, being strongly reactive, in the free state allows the
functionalization of cellulose. The presence of water, according to this hypothetical reaction
scheme, is essential to allow the displacement first of the chloride ion and then of the
isocyanic acid. Since the coordination bond between erbium and urea is shorter than the
bonds with chlorine and the coordination bonds with isocyanic acid, it is evident that the
action of water is exerted first in the replacement of chlorine atoms and subsequently in the
replacement of the isocyanate formed, while it has no interference with coordination with
urea being the strongest bond.
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5. Conclusions

In conclusion, a novel type IV DES solvent was effectively prepared and used, exploit-
ing its role as a solvent/catalyst and, at the same time, as an actual reactive component
in the preparation of cellulose carbamate. Considering the comparatively lower toxicity
of ErCl3·6H2O compared to common table salt, we advocate for the adoption of this in-
novative RDES composed of urea and erbium trichloride as an inexpensive, efficient, and
environmentally compatible, non-toxic system for cellulose carbamate production. Notably,
samples with a nitrogen content as high as 1.59% were achieved through this method. The
potential for scalable implementation of this green synthesis approach in the future holds
promise to produce environmentally friendly products, improving cellulose solubility and
streamlining its derivatization process.
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Abstract: Cutin, one of the main structural components of tomato peels, is a waxy biopolymer
rich in hydroxylated fatty acids. In this study, 10,16-dihydroxyhexadecanoic acid (10,16-diHHDA)
was extracted and isolated from tomato peels and exploited to develop fully crosslinked polyesters
as potential candidates for replacing fossil-based metal protective coatings. A preliminary screen-
ing was conducted to select the base formulation, and then a design of experiments (DoE) was
used as a methodology to identify the optimal composition to develop a suitable coating material.
Different formulations containing 10,16-diHHDA and other biorefinery monomers, including 2,5-
furandicarboxylic acid, were considered. To this end, all polyesters were characterized through
differential scanning calorimetry (DSC) and gel content measurements to determine their Tg value
and crosslinking efficiency. Compositions exhibiting the best trade-off between Tg value, chemical
resistance, and sufficiently high 10,16-diHHDA content between 39 and 48 wt.% were used to prepare
model coatings that were characterized for assessing their wettability, scratch hardness, chemical
resistance, and adhesion to metal substrates. These polyester coatings showed a Tg in the range
of 45–55 ◦C, a hydrophobic behavior with a water contact angle of around 100◦, a good solvent
resistance (>100 MEK double rubs), and an adhesion strength to steel higher than 2 MPa. The results
obtained confirmed the potential of cutin-based resins as coatings for metal protection, meeting the
requirements for ensuring physicochemical properties of the final product, as well as for optimizing
the valorization of such an abundant agri-food waste as tomato peels.

Keywords: cutin; agro-waste; polyester resins; coatings; 2,5-furandicarboxylic acid

1. Introduction

Cutin is a polyfunctional biopolyester constituted of C16 and C18 fatty acids, with
dihydroxylated C16 fatty acids being the most abundant ones (more than 60 wt.%) [1–4].
Cutin is one of the main constituents (between 40 and 80 wt.%) of the plant cuticle, the
external layer covering and protecting the aerial parts of plants [5–7]. Therefore, it is
extensively available and easily recoverable from different agricultural sources, among
which tomato peel is the best option [8–10].

Tomato is the second vegetable source produced and consumed worldwide, next
to potatoes. Global tomato production is estimated at around 160 Mt/y, of which up
to 40% are processed (i.e., 40 Mt/y), with California, China, and some UE countries
(Italy, Spain, and Portugal) being major players [11]. A quantity of around 5–30% of
tomato pomace is normally lost as food waste and is used as animal feed or disposed of in
landfills [12]. Instead, it may become an important biosource of sustainable chemicals and
monomers. About 27% of that tomato pomace is represented by skin, of which cutin is a

84



Polymers 2024, 16, 682

major component (40–80% by weight), leading to an estimated global production potential
of 0.2–2.5 Mt/y of cutin [13,14].

Based on these data, cutin is gaining interest as a viable alternative to petroleum-based
monomers and polymers in some target applications. Indeed, thanks to its remarkable
properties, cutin has been considered as a promising candidate for the development of
plant cuticle-like biobased materials to be employed in the food packaging sector, in line
with circular bioeconomy principles and guidelines [15–17].

From this point of view, biodegradability is one of the main features that make cutin
appealing, since it can be decomposed in soil in a reasonably short time (i.e., three to eight
months) at a similar rate compared to bacterial polyhydroxyalkanoates and cellulose, ex-
hibiting higher degradation efficiency than polylactic acid [18–21]. As regards mechanical
properties, cutin polymers show higher elongation at break compared to other commercial
plastics and bioplastics, despite being less rigid [22]. Indeed, tomato cutin exhibits a me-
chanical behavior similar to that of some elastomers, with an elongation at break of 27% and
Young’s modulus of 45 MPa at 23 ◦C and 40% relative humidity, making it more ductile and
less rigid than other polymers such as PLA, P3HB, and cellulose [23]. Furthermore, cutin’s
non-toxicity and water resistance make it a particularly suitable material for metal packag-
ing containers like cans, where food contact approval, chemical inertness, and mechanical
robustness are essential requirements that must be ensured [24,25]. Innovative solutions
for converting tomato skin into biodegradable plastic (BIOPROTO EU-funded project) [26]
and green lacquer for food packaging (Agrimax EU-funded project [27] and TomaPaint
S.r.l. [28]) have been proposed since 2014. However, to the best of the authors’ knowledge,
high Tg polymer coatings from tomato peel waste were not a concern in previous stud-
ies [4,29–31]. A large fraction of industrial coatings is used on metals, and some of the
larger end uses are automotive, appliance, container, and coil coatings. Among the different
products available for metal protective coatings, epoxy resins based on bisphenol A (BPA)
and epichlorohydrin are the most widely employed and have the highest market share of
more than 90% [32]. Nevertheless, BPA is a harmful compound to both the environment
and human beings. Indeed, it has been demonstrated that BPA can migrate to the human
body, causing reproductive anomalies, cardiovascular disease, diabetes, and cancer [33–36].

The global BPA market is around 5.6 Mt/y [37], of which about 20% is used for
epoxy resin production (i.e., 1 Mt/y), and cutin can be generated at a rate of the same
order of magnitude [13,38]. In this scenario, cutin-based materials could perfectly meet
the demand for replacing at least part of BPA-based resins, and their main component,
10,16-dihydroxyhexadecanoic acid (10,16-diHHDA), can be proposed as a building block
for the development of fully biobased, sustainable coatings for metal protection.

The general objective of this work is therefore the development of high Tg and high
cutin monomer content fully biobased coatings for general metal protection applications.
A Tg higher than (at least) 45–50 ◦C is needed in order to obtain a coating surface with
a sufficiently high scratch resistance. On the other hand, a cutin content preferentially
higher than 25–30% by weight is advisable to maximize the exploitation of the particular
renewable resource. The cutin-derived, dihydroxy hexadecanoic acid monomer was ex-
tracted from tomato waste peels and then formulated with other biorefinery monomers (i.e.,
glycerol, citric acid, succinic acid, and 2,5-furandicarboxylic acid) to develop crosslinked
polyesters. Model coatings were prepared and characterized to assess their wettability,
scratch hardness, chemical resistance, and adhesion to metal substrates, resulting in good
physicochemical properties. Therefore, this work can pave the way for the use of cutin-
based crosslinked polyesters as a green alternative to BPA-based resins for industrial
coating applications.

2. Materials and Methods
2.1. Materials

Tomato pomace was kindly supplied by Tomato Farm S.r.l. (Tomato Farm S.r.l., Bettole
di Pozzollo (AL), Italy). Each seasonal batch of biowaste (ca. 50 kg for each) was collected
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at two different times, during the first week of September 2022 and 2023. During the
sampling, the canning plant was processing the following varieties of tomatoes: grape
tomatoes, San Marzano tomatoes, which are a variety of plum tomatoes, vine tomatoes,
and cherry tomatoes. All these tomato varieties were grown in fields located in Italy, mostly
in northern Italy and a few in the south. All reagents and solvents were purchased from
Merck (Merck Life Science S.p.A., Milan, Italy) and used without any further purification if
not otherwise specified.

2.2. Synthesis Procedures
2.2.1. Cutin Depolymerization and 10,16-Dihydroxyhexadecanoic Acid Isolation

In our previous work, we described a procedure for recovering 10,16-diHHDA from
tomato-peel waste [39]. In this work, our protocol was further optimized in terms of both
reaction time and yield of the reaction. Briefly, a known amount (around 30 g) of dried
tomato peels is firstly degreased by Soxhlet employing n-hexane. The vegetable matrix is
then depolymerized in alkaline conditions (ca. 1 M NaOH in methanol) under reflux for 3 h,
filtered to remove solid residue, and left to rest overnight. Eventually, the crude solution is
acidified by HCl down to ca. pH 3 to precipitate the desired 10,16-diHHDA compound that
is recovered in the dichloromethane phase after extraction in a separatory funnel. In this
work, the previously reported protocol was accurately followed, except for immediately
processing the crude mixture resulting from the cutin depolymerization reaction. By
immediately processing the crude mixture resulting from the cutin depolymerization
reaction, a percentage increase of 50% in the yield of 10,16-diHHDA was achieved, when
compared to the results obtained using the procedure developed in our previous work,
without losing in terms of purity of the compound, as detailed explained in Section 3.1.

2.2.2. Synthesis of Bis(2,3-Dihydroxypropyl) Furan-2,5-Dicarboxylate Prepolymer

A mixture of glycerol and 2,5-furandicarboxylic acid dimethyl ester (FDME) in a molar
ratio of 2:1 was put in a three-neck round-bottom flask. The reaction was carried out at
200 ◦C for 4 h under an inert atmosphere and mechanical stirring, in the presence of a
drop of Tin(II) 2-ethylhexanoate as a catalyst. A comparable reaction between 2,5-furan
dicarboxylic acid diethyl ester and ethanol was carried out by Zhao et al., employing
both conventional heating and microwave irradiation [40]. The time and temperature
parameters applied in the current study for the reaction between glycerol and FDME were
derived from the aforementioned research by Zhao et al. [40] Specifically, this synthesis
was conducted under conventional heating conditions, adapting the time and temperature
parameters to the reactants employed and the equipment.

2.2.3. Polyester Resin Formulation and Preparation

The different crosslinked polyester compositions were prepared using the minimum
volume of ethanol as a solvent and Ti(IV) isopropoxide (0.3 wt.%) as a catalyst. The mixture
was stirred to achieve a homogeneous solution, then poured into a Petri dish and allowed
to air-dry to evaporate part of the solvent. The resulting material was transferred into an
oven and cured at 150 ◦C for 2 h at atmospheric pressure, and then kept under vacuum to
complete the removal of volatile by-products. The polycondensation temperature employed
in this study was derived from a previous paper on cutin-like co-polyester films [41].
Initially, a polycondensation time of 24 h was utilized in this study, as outlined in the
abovementioned research. Subsequently, the duration was shortened, as this modification
did not negatively affect the Tg and gel content values.

2.3. Design of Experiments (DoE)

To systematically explore the monomer composition effects on the coating’s Tg, a
design of experiments (DoE) approach was adopted. Specifically, the Box–Behnken design
(BBD) and the response surface methodology (RSM) were employed. The experiments were
established based on a BBD with three factors (i.e., (1) 10,16-diHHDA number of moles,
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(2) glycerol number of moles, and (3) OH/COOH molar ratio) and three levels (10,16-
diHHDA content of 0.5–1.5 mol; glycerol content of 1–4 mol; OH/COOH molar ratio of
0.75–1.25) coded as −1, 0, and +1, as reported in Table 1.

Table 1. Three factors and the corresponding three levels were selected for the Box–Behnken design.

Levels

Factors

10,16-diHHDA
[mol]

Glycerol
[mol]

OH/COOH
Molar Ratio

−1 0.5 1 0.75
0 1 2.5 1

+1 1.5 4 1.25

Box–Behnken design is a rotatable quadratic design with no embedded factorial or
fractional factorial points, where variable combinations represent points lying in the middle
of the edges and the center of the variable space. The number of experiments (N) required
for the development of a BBD is defined by the following equation:

N = k2 + k + cp (1)

where k is the number of factors; and cp is the number of replicates of the central point [42].
In this case, it was chosen to consider three levels and one replicate of the central point,

leading to 13 runs (Table 2). Furthermore, each experiment was performed in duplicate,
resulting in a total number of 26 runs.

Table 2. Uncoded and coded Box–Behnken design for the three-factor system used in this study.

Std. Order 10,16-diHHDA
[mol]

Glycerol
[mol]

OH/COOH
Molar Ratio

1 0.5 (−1) 1 (−1) 1 (0)
2 1.5 (+1) 1 (−1) 1 (0)
3 0.5 (−1) 4 (+1) 1 (0)
4 1.5 (+1) 4 (+1) 1 (0)
5 0.5 (−1) 2.5 (0) 0.75 (−1)
6 1.5 (+1) 2.5 (0) 0.75 (−1)
7 0.5 (−1) 2.5 (0) 1.25 (+1)
8 1.5 (+1) 2.5 (0) 1.25 (+1)
9 1 (0) 1 (−1) 0.75 (−1)
10 1 (0) 4 (+1) 0.75 (−1)
11 1 (0) 1 (−1) 1.25 (+1)
12 1 (0) 4 (+1) 1.25 (+1)
13 1 (0) 2.5 (0) 1 (0)

The experimental design enables the estimation of the system response at any experi-
mental point within the investigation range [43]. The predicted response can be calculated
using the response function, a regression equation in the following form:

y = β0 + k
k

∑
i=1

βixi +
k

∑
i=1

βiix2
i + ∑

j

k

∑
<i=2

βijxixj (2)

where y is the response; xi and xj are variables (i and j range from 1 to k); β0 is the model
intercept of coefficient; βi, βii, and βij are the interaction coefficients of linear, quadratic,
and second-order terms, respectively; and k is the number of independent parameters (in
this study, k = 3) [44].

Minitab® software (version 21.4.2.0, Minitab, Philadelphia, PA, USA) was used to
explore the possibility of obtaining a material exhibiting a Tg value of at least 45–50 ◦C and

87



Polymers 2024, 16, 682

with a sufficiently high cutin monomer content, starting from 10,16-diHHDA, glycerol, and
succinic acid as reactants. This involved assessing the upper and lower limits of Tg as a
function of 10,16-diHHDA content while minimizing the operational time of the analysis.
To this end, Tg was set as the response of the experimental design, while gel content
was considered as an internal validation parameter to ensure efficient crosslinking—and
therefore good physicochemical properties—for the final products. Specifically, a minimum
threshold of 98% gel content was set for polyesters to be considered suitable as metal
protective coatings.

2.4. Coating Preparation Procedure

The final coatings were prepared by solubilizing all the monomers in ethanol at 70 ◦C,
obtaining a homogeneous solution, which was then deposited on an A1008 steel substrate
(Q PANEL, code S, 76 mm × 152 mm × 0.81 mm, ground finish, roughness = 0.51–1.14 µm,
Q-Lab Corporation, Bolton, UK) using a K202 Control Coater (RK Print Coat Instruments
Ltd., Royston, UK). Following the deposition, the coatings were cured at 150 ◦C for 2 h
at atmospheric pressure and then kept under vacuum to complete the removal of volatile
by-products.

2.5. Characterization Techniques

2.5.1. Hydrogen Nuclear Magnetic Resonance (1H-NMR)
1H-NMR spectra were collected using a Bruker AV 400 MHz instrument (Bruker

Corporation, Billerica, MA, USA. The samples were prepared by dissolving 1 mg of the
sample in 1 mL of dimethyl sulfoxide-d6 (DMSO-d6).

2.5.2. Differential Scanning Calorimetry (DSC)

DSC curves were collected using a Mettler-Toledo DSC 823e instrument (Mettler-
Toledo, Columbus, OH, USA). The measurements were performed on 5–20 mg samples
under a nitrogen flux. The thermal history included the following: (i) a first heating run
from −50 ◦C to 150 ◦C (20 ◦C/min); (ii) a cooling run from 150 ◦C to −50 ◦C (20 ◦C/min);
and (iii) a second heating run from −50 ◦C to 200 ◦C (20 ◦C/min). The glass transition
temperature (Tg) was determined as the inflection point of the second heating run.

2.5.3. Gel Content Determination

Gel content measurements were performed by immersing each sample in 30 mL of
ethanol and by maintaining it under magnetic stirring for 24 h at ambient temperature.
Then, each sample was dried under vacuum for 24 h at 60 ◦C and then weighed. The gel
fraction (%gel) was calculated according to the following equation:

%gel =
m f

mi
× 100 (3)

where m f is the mass of the sample after vacuum drying; and mi is the initial mass of
the sample.

2.5.4. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra were collected using a Nicolet Nexus 760 FTIR spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). The samples were prepared by dissolving the
product in acetone and depositing a drop of the obtained solution on a KBr pellet. The
measurements were performed at room temperature, in air, in transmission mode (64 scans
at 4 cm−1 resolution), and in a range of 4000–1000 cm−1.

2.5.5. Hydroxyl Number Determination

The hydroxyl number determination was performed by chemical titration following a
standard procedure reported in the literature [45].
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2.5.6. Coating Characterization Tests

Thermogravimetric (TGA) analysis was performed employing a Q500 (TA Instruments,
New Castel, DE, USA) instrument by heating from room temperature to 500 ◦C with a
heating rate of 10 ◦C/min−1 in a nitrogen atmosphere.

Coating thickness was measured using a digital external micrometer, 0 ÷ 30 mm,
MICROMASTER IP54 (TESA, Renens, Switzerland). The surface wettability of the coatings
was determined at room temperature using an OCA 15Plus (DataPhysics Instruments
GmbH, Filderstadt, Germany) instrument equipped with a CCD camera and a 500 µL
Hamilton syringe, by measuring the static optical contact angle against ultrapure water. The
scratch hardness of the coatings was assessed using dry samples through the Wolff–Wilborn
method, using a set of 14 pencils (grades 9H to 9B), according to ASTM D3363-05 [46].
The chemical resistance of the coatings was evaluated through the solvent rub test, using
methyl ethyl ketone (MEK) as the solvent, according to ASTM D4752 [47]. The adhesive
strength of the coatings was estimated at room temperature using an ARW-T05 tester by
measuring the pulling force required to detach a 20 mm diameter aluminum dolly adhered
to the coating through an epoxy adhesive (EPX/DP460, cured at 25 ◦C for 24 h).

3. Results and Discussion
3.1. Cutin Depolymerization and 10,16-diHHDA Recovery

In order to assess the performance of cutin depolymerization and 10,16-diHHDA
extraction, both the apparent yield (ηg) and the recovery yield (ηr) of the process were
calculated. The former is defined as the ratio between recovered monomer mass and unpro-
cessed tomato peel mass, while the latter is defined as the ratio between extracted monomer
mass and the maximum amount of recoverable cutin from unprocessed tomato peel. The
apparent and recovery yields were calculated according to the following equations:

ηg =
mcm

mbm
× 100 (4)

ηr =
mcm

(m bm − msr)
× 100 (5)

where ηg is the global yield; ηr is the relative yield; mcm is the mass of recovered monomer
obtained after the extraction; mbm is the mass of unprocessed tomato peel weighted before
depolymerization; and msr is the mass of solid residue obtained after depolymerization.

Starting from 30 g of unprocessed tomato peel and performing extraction 24 h after
depolymerization [39], 8 ± 1 g of unreacted solid residue was obtained, resulting in average
apparent and recovery yields of 10,16-diHHDA up to 30 and 40 wt.%, respectively. The
variance in the quantity of the recovered final product is attributed to differences in biomass
provenience and growth conditions, as well as to unquantifiable material losses along the
single processing steps. A remarkable result was obtained by performing acidification and
extraction immediately after depolymerization. In this case, it was possible to increase
global and relative yields up to 45 and 60 wt.%, respectively.

At room temperature and atmospheric pressure, the isolated fatty acid appeared as a
yellow-orange, waxy solid material. The 1H-NMR analysis demonstrated 96% purity of the
extracted 10,16-diHHDA.

3.2. Cutin-Based Polyester Resins Formulation

A preliminary screening was performed to select the best candidates in terms of
solvent and monomer mixture composition, to obtain a material exhibiting a Tg value of at
least 45–50 ◦C and with a sufficiently high cutin monomer content.

To this end, solubility tests were performed, and all components showed better solu-
bility in ethanol than in other common solvents tested, leading to the choice of using the
former as a diluent in the following experiments. Then, citric acid and succinic acid were
investigated as co-sources of –COOH groups as they are both Krebs cycle intermediates,
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making them easily available bio-based renewable raw materials suitable for food-contact
applications. Eventually, the molar ratio between 10,16-diHHDA and glycerol was con-
sidered as a variable to study the effect of this parameter on the properties of the final
product. Polyester resins were prepared starting from 0.5 g of 10,16-diHHDA, setting the
molar ratio between –OH and –COOH groups equal to 1, and using ethanol as a solvent. Tg
value and crosslinking efficiency were assessed using DSC and gel content measurements,
respectively. The results obtained are reported in Table 3.

Table 3. Glass transition temperature (Tg) and gel content values for coatings were obtained by
mixing different percentages of 10,16-dihydroxyhexadecanoic acid (10,16-diHHDA), citric acid (CA),
succinic acid (SA), and glycerol (Gly) in the preliminary screening. The molar ratio between –OH and
–COOH groups was kept equal to 1 for all the mixtures considered.

Coating Components Weight Fractions
[%]

Molar Fractions
[%]

Tg
[◦C]

Gel Content
[%]

10,16-diHHDA 75 67 −11 92CA 25 33

10,16-diHHDA 83 67 −7 94SA 17 33

10,16-diHHDA 38 19
33 98SA 43 52

Gly 18 29

10,16-diHHDA 33 15
35 99SA 47 54

Gly 21 31

10,16-diHHDA 25 11
43 98SA 51 56

Gly 24 33

Succinic acid-based resins showed a slightly higher Tg and gel content than the citric
acid-based ones. Looking at the ternary mixtures, it was concluded that by slightly increas-
ing the glycerol content, the Tg of the material definitely increased as well. Nevertheless,
the role played by the single components (as well as by the interactions among them) in
determining the properties of the final product still needs to be extensively investigated.

To this end, a design of experiments (DoE) methodology was used to find the optimal
composition for obtaining the most suitable material to be used as a coating in food
applications. 10,16-diHHDA, succinic acid, and glycerol were selected as monomers
(Figure 1).
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3.3. Box–Behnken Design

To analyze the response surface design of the experiments, Minitab® software (version
21.4.2.0) was employed. Specifically, collected data corresponding to the combinations
identified in Table 2 were imported into the tool. This allowed the validation of the assumed
significance of the main factors and formulation components through statistical evidence.
To enhance accuracy, all experiments were performed in duplicate, following the principles
of repetition and randomization. The functions “Create Response Surface Design” and
“Analyze Response Surface Design” within the software were utilized.

The response function generated as the output of the analysis is given by the following
regression equation:

Tg = −65.0486 − 4.16667x1 + 2.72222x2 + 169.0x3 − 4.25x2
1 − 0.361111x2

2
−81.0x2

3 + 0.166667x1x2 − 7.00x1x3 + 5.00x2x3
(6)

where Tg is the glass transition temperature; and x1, x2, and x3 are 10,16-diHHDA content,
glycerol content, and OH/COOH molar ratio, respectively.

To evaluate the goodness-of-fit and the significance of the model, the determination
coefficient (R2), the correlation coefficient (R), and the adjusted determination coefficient
(R2

adj) were calculated, and the Analysis of Variance (ANOVA) was performed (Table 4).

Table 4. Analysis of Variance (ANOVA) and Model Summary of the quadratic regression model for
the prediction of glass transition temperature (Tg).

Source DF Adj SS Adj MS F-Value p-Value

Model 9 3135.62 348.40 112.61 0.000
R = 0.992 R2 = 0.985 R2

adj = 0.975

The determination coefficient (R2 = 0.985) indicates that 98.5% of the variation in the
response is explained by the model. The adjusted determination coefficient (R2

adj = 0.975) is
very high and close to the determination coefficient, confirming that the model was highly
significant. Furthermore, the correlation coefficient (R = 0.992) is very high, indicating a
good correlation between the actual and predicted responses. The statistical significance of
the model is also confirmed by the very high F-value (F-value = 112.61) and the very low
p-value (p-value << 0.05). The F-value and p-value are used to assess the null hypothesis for
the regression, i.e., that the model does not explain any of the variation in the response. The
higher than 1 the F-value and the lower than 0.05 the p-value, the stronger the evidence against
the null hypothesis. Furthermore, the adequacy of the model can be validated in a visual
way using a parity plot, displaying how accurate the estimated responses are against the
experimentally observed ones (Figure 2). Each point has a pair of Cartesian coordinates (x, y)
such that its actual and predicted Tg values represent its abscissa and ordinate, respectively. A
good correlation between collected and estimated data is evidenced by the fact that the linear
fit for the data points, namely the red line (y = 0.984x + 0.322, with R2 = 0.984) plotted in the
graph, is very close to a 45-degree line (y = x), representing the ideal case where predicted
values match actual ones.

The regression equation was used to calculate the Tg values predicted by the response
function and then compare them to the experimental results for all the samples. Further-
more, once the model was validated, it was used as a predictive tool to identify the cutin
monomer content for a composition leading to the target Tg value of 50 ◦C (Simulation
1), as well as to estimate the glass transition temperature for the composition containing
the highest 10,16-diHHDA weight fraction (Simulation 2). In both cases, the accuracy
of the model was verified by preparing duplicates of the corresponding polyesters and
characterizing them using DSC and gel content measurements. Run experiments and their
corresponding collected data are reported in Table 5.
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Table 5. Box–Behnken design and simulation experiments with the actual and predicted responses
(“Tg, actual” and “Tg, predicted”, respectively) and 10,16-dihydroxyhexadecanoic acid weight frac-
tion, sorted by glass transition temperature from the highest to the lowest.

Run No. 10,16-diHHDA
[mol]

Glycerol
[mol]

OH/COOH
Molar Ratio

Tg, Actual
[◦C]

Tg, Predicted
[◦C]

10,16-diHHDA
Weight Fraction

[%]

Simulation 1 a 0.5 6 1
48

50.13 847
16 0.5 4 1 43 41.75 12
3 0.5 4 1 41 41.75 12
7 0.5 2.5 1.25 33 32.50 19

12 1 4 1.25 33 33.25 23
25 1 4 1.25 33 33.25 23
20 0.5 2.5 1.25 32 32.50 19
13 1 2.5 1 27 25.00 32
5 b 0.5 2.5 0.75 27 24.50 14
4 1.5 4 1 24 25.00 27

14 0.5 1 1 24 24.50 33
17 1.5 4 1 24 22.75 27

18 b 0.5 2.5 0.75 24 24.50 14
26 1 2.5 1 23 25.00 32

10 b 1 4 0.75 23 23.25 17
1 0.5 1 1 21 23.75 33

23 b 1 4 0.75 21 23.25 17
11 1 1 1.25 13 11.25 52
24 1 1 1.25 12 11.25 52
8 1.5 2.5 1.25 11 11.50 40

21 1.5 2.5 1.25 10 11.50 40
9 b 1 1 0.75 10 8.75 41

22 b 1 1 0.75 8 8.75 41
19 b 1.5 2.5 0.75 7 7.00 31
6 b 1.5 2.5 0.75 7 7.00 31
15 1.5 1 1 6 4.25 55
2 1.5 1 1 2 4.25 55

Simulation 2 1.5 1 1.25
5 −0.44 601

a This point falls outside the investigation range defined in this Box–Behnken design. b This composition showed
a gel content lower than 98%.
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As evident from Table 5, the Box–Behnken design demonstrated that there is no
possibility of achieving the target Tg value of 50 ◦C within the investigation range defined
in this study in terms of selected monomers (factors) and molar ratios between them (levels).
As for the compositions identified by the BBD, the combination of 0.5 mol of 10,16-diHHDA,
4 mol of glycerol, and a stoichiometric OH/COOH molar ratio led to the highest glass
transition temperature (i.e., 41–43 ◦C), but a too low cutin monomer content. The collected
data outline a clear trend such that Tg is negatively affected by increasing 10,16-diHHDA
and decreasing glycerol contents, as well as by OH/COOH molar ratios deviating from the
ideal stoichiometric value (OH/COOH = 1). In the case of unitary value, the expectation is
to achieve a closer-to-perfect network structure, free from defects and unreacted functional
groups that could create defect points. To explore the effects of an off-stoichiometric value
on the network structure, the OH/COOH molar ratio was selected as a factor, with its
three levels (i.e., 0.75, 1, and 1.25), to assess its impact on glass transition temperature. The
highlighted trend can be graphically visualized using the main effects plot, which displays
the main effects of the analyzed factors on Tg (Figure 3).
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Figure 3. Main effects plot for Tg, showing the mean for the Tg values computed for each level of the
three factors, namely 10,16-diHHDA, Glycerol, and OH/COOH molar ratio.

Different levels of factors affect the response differently. The steeper the slope of the
line, the greater the magnitude of the main effect. 10,16-diHHDA and glycerol monomers
show constant influence on glass transition temperature in both the passages between
levels −1 and 0 and between levels 0 and +1. Furthermore, their respective middle levels
and means of Tg are almost coincident. A rather different behavior is underlined for the
OH/COOH molar ratio, showing how glass transition temperature is way more dramat-
ically affected by an excess of –COOH groups (OH/COOH = 0.75) than by an excess of
–OH groups (OH/COOH = 1.25) in the system, since the slope of the line passing through
levels –1 and 0 is steeper than the one passing through levels 0 and +1. In the case of an
OH/COOH = 1.25, there were probably defects in the polymer networks induced by the
excess of unreacted –OH groups that caused a slight decrease in the conversion degree of
the crosslinking reaction—and therefore in the Tg value. Nevertheless, all of the compo-
sitions with an over-stoichiometric OH/COOH molar ratio showed a gel content greater
than or equal to the threshold value of 98%, indicating a sufficient extent of crosslink-
ing. Conversely, in the case of OH/COOH = 0.75, the excess of –COOH groups led to
a surplus of mono- and bi-functional monomers and a lack of trifunctional monomers
with –OH groups (i.e., glycerol). As a result, the system did not fulfill the following two
conditions that generally maximize the extent of crosslinking: (1) a stoichiometric balance
between reacting groups (in this case, –OH and –COOH), and (2) a mean functionality
of the mixture higher than 2, favored by increasing polyfunctional reacting species and
reducing monofunctional ones. Indeed, as reported in Table 5, all of the compositions
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with an under-stoichiometric OH/COOH molar ratio showed a gel content lower than
the threshold value of 98%, which is undesirable for high-performance protective coat-
ings. For the above-discussed remarks, polyesters obtained from the formulations with
OH/COOH = 0.75 were considered unsuitable for the target application.

As for the model, the collected data demonstrate that the estimation is reliable not
only within the study range defined in this Box–Behnken design but also outside. Indeed,
the accuracy of the prediction was verified for both Simulation 1 (entry 1 in Table 5) and
Simulation 2 (last entry in Table 5)—the latter being a combination of levels encompassed
in the BBD; the former presenting a glycerol content of 6 mol, which is higher than 4 mol,
corresponding to the glycerol level coded as “+1”. In both cases, the experimentally
observed Tg values were fairly consistent with the ones calculated using the regression
equation generated as the output of the analysis. Therefore, the model is a valid and
useful predictive tool to estimate glass transition temperature for any combination of
10,16-diHHDA, glycerol, and succinic acid monomers that is represented by a point falling
within the investigation range and/or reasonably close to its boundaries.

Considering this statistical analysis, the variation in the initial formulation can rep-
resent a good strategy to modify the Tg of the final coating, adapting it to the desired
requirements. As already stated in Section 3.2, a minimum Tg value of at least 45–50 ◦C
was fixed, because this enabled a good trade-off between sufficiently high scratch hardness,
commonly associated with high Tg values, and good post-cure formability of the already
coated metal strips without cracks and defects, usually achieved with lower Tg. In any case,
the highest value of the Tg obtained with this statistical analysis is around 40 ◦C, which is
still lower than the target value of 50 ◦C. On the other hand, any attempt to further increase
the Tg value—even by considering different levels rather than the ones defined in this
Box–Behnken design (e.g., a glycerol content of 6 mol, as in Simulation 1)—would result
in a material containing a too low 10,16-diHHDA weight fraction, preventing a proper
valorization of such an abundant agri-food waste as tomato peels.

To increase the Tg and optimize the 10,16-diHHDA content in the final coating, it was
decided to introduce a stiffer heterocyclic biobased prepolymer in place of the aliphatic,
highly mobile glycerol, i.e., the bis(2,3-dihydroxypropyl) furan-2,5-dicarboxylate monomer
(Section 3.4). Thanks to the presence of a furan ring, this compound can form strong
intermolecular interactions due to its ring conformational constraints, leading to a reduction
in the mobility of the polymer chains in crosslinked coatings. This can cause a decrease
in the free volume in the crosslinked polymeric network, increasing its glass transition
temperature. Furthermore, this prepolymer is a derivative of 2,5-furandicarboxylic acid
(FDCA), one of the “hottest” biobased monomers in modern green chemistry, available from
various integrated biorefinery routes, and a candidate to replace fossil-based terephthalic
acid in many polymer-related applications [48].

3.4. Synthesis of the Bis(2,3-Dihydroxypropyl) Furan-2,5-Dicarboxylate Prepolymer

To further increase the Tg of the final product, the base formulation of the cutin-based
resins was therefore modified by replacing glycerol with an FDCA prepolymer constituted
by the bis(2,3-dihydroxypropyl) furan-2,5-dicarboxylate. A simplified reaction scheme for
the synthesized prepolymer is shown in Figure 4.
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Figure 4. Simplified reaction scheme of the transesterification between 2,5-furandicarboxylic acid
dimethyl ester and glycerol, yielding bis(2,3-dihydroxypropyl) furan-2,5-dicarboxylate as the main
product and methanol as polycondensation by-product.
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The reaction was run in a stoichiometric excess of glycerol (1 mole of FDME to 2 moles
of glycerol). The progress of the reaction was monitored by periodically sampling the crude
mixture and measuring FT-IR spectra (Figure 5).
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Figure 5. FT-IR spectra: 2,5-furandicarboxylic acid dimethyl ester (FDME); the system at the begin-
ning of the reaction (t0); the system after two hours since the beginning of the reaction (t1); and the
system after four hours (t2).

The signal at 1585 cm−1, attributed to the stretching vibration of the C=C bonds in the
furan ring, was used as an invariant reference peak to normalize all the spectra. The broad
absorption band in the region 3700–3100 cm−1 is ascribed to the stretching vibration of
terminal O–H groups in the glycerol and the final FDCA prepolymer. The peaks detected at
3131 cm−1 are associated with the stretching vibration of the =C–H bonds in the furan ring.
The absorption band in the region 3000–2840 cm−1 is related to the stretching vibration
of –CH2 and C–H in the backbone. The signal at 1735 cm–1 is attributed to the stretching
vibration of the C=O bond in ester groups. The broad absorption band in the region
1310–1200 cm−1 is ascribed to the stretching vibration of the C–O–C bond in ester groups.
The peak detected at 1020 cm–1 is associated with the stretching vibration of the C–O–C
bond in the furan ring.

The progress of the reaction can be assessed by looking at the broad adsorption band
in the region 3700–3200 cm−1. As the reactants are converted into the products, methanol
is released and evaporated because of the operating conditions (the reaction was run at
200 ◦C, and methanol boils at 65 ◦C). The decrease in the total number of –OH groups
within the system caused by the polycondensation led to a decrease in the intensity of
the adsorption band related to the stretching vibration of terminal O–H groups. Another
interesting marker of the condensation reaction is the splitting of the unique, unstructured
very broad signal into two well-distinct bands at around 3700–3400 and 3400–3100 cm−1,
starting from the unique broader band.

1H-NMR was also performed to check the prepolymer structure (Figure 6).
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Figure 6. 1H-NMR spectrum in DMSO-d6 of the synthesized FDCA prepolymer.

The peak detected at 7.44 ppm is attributed to the two ideally homotopic Ha atoms
of the furan ring. Due to the different isomers available for the condensation reaction of
FDCA, the signal is not a singlet but a more complex multiplet. The doublet centered at
5.03 ppm and the triplet centered at 4.72 ppm are ascribed to He and Hb atoms, respectively.
The complex signal in the region 4.41–4.29 ppm is associated with the H atoms of the
terminal hydroxyl groups in glycerol and the co-products. The multiplet in the region
of 3.80–3.75 ppm is attributed to Hf atoms. The complex signal centered at 3.43 ppm is
ascribed to Hc and Hd atoms in glycerol and its co-products. Except for the characteristic
residual not-deuterated solvent signal, centered at 2.50 ppm, namely dimethyl sulfoxide-d6
(DMSO-d6), the unassigned signals are likely attributed to some oligomers formed during
the reaction.

The equivalent hydroxyl number of the synthesized prepolymer was experimentally
determined in view of its use to replace glycerol and supply each system with the same
number of –OH groups provided in the glycerol-based polyester resins. To this end, the
following equation was used:

mprepolymer,i =
nglycerol,i × 3

OHexp
(7)

where mprepolymer,i is the mass content of the FDCA prepolymer needed in the ith formu-
lation; nglycerol,i is the molar content of glycerol in the ith formulation; and OHexp is the
experimentally determined equivalent hydroxyl number of the synthesized prepolymer.

To assess the possible beneficial effects of the higher rigidity of the central furan ring
on glass transition temperature, two combinations of levels encompassed in the study
range defined by this BBD were selected and modified. Specifically, glycerol was replaced
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with the FDCA prepolymer in the formulations exhibiting the highest and lowest 10,16-
diHHDA content, namely, compositions coded as “Simulation 2” (last entry in Table 5)
and “3” (entry 3 in Table 2), respectively. As demonstrated by the results reported in
Table 6, the introduction of the prepolymer into the reaction system led to a remarkable
increment of around 40 ◦C in the glass transition temperature of the final crosslinked
coatings when compared to previously obtained materials. Based on this evidence, two
additional formulations showing a Tg around 10–15 ◦C and a gel content not lower than 98%
were modified as well, expecting the same increment of around 40 ◦C in the glass transition
temperature of the final crosslinked coatings as in the previous cases, as a consequence of
replacing glycerol with the FDCA prepolymer. The compositions coded as “11” (entry 11
in Table 2) and “8” (entry 8 in Table 5) were selected to prepare model polyester coatings.
These concerning data are reported in Table 6.

Table 6. Glass transition temperature (Tg) and gel content for coatings were obtained by mixing
different weight percentages of 10,16-dihydroxyhexadecanoic acid (10,16-diHHDA), the prepolymer
synthesized from 2,5-furandicarboxylic acid dimethyl ester (FDME) and glycerol (FDCA prepolymer),
and succinic acid (SA).

Resin
Components

Weight Fractions
[%]

–OH Fraction
from 10,16-diHHDA

[%]

–COOH Fraction from
10,16-diHHDA

[%]

Tg
[◦C]

Gel Content
[%]

10,16-diHHDA 48
50 31 41 100FDCA prepolymer 31

SA 21

10,16-diHHDA 39
40 25 54 100FDCA prepolymer 38

SA 23

10,16-diHHDA 28
29 18 53 100FDCA prepolymer 45

SA 27

10,16-diHHDA 7
8 4 83 100FDCA prepolymer 56

SA 37

The composition constituted by 39 wt.% of 10,16-diHHDA, 38 wt.% of FDCA pre-
polymer, and 23 wt.% of succinic acid (entry 2 in Table 6, from here on referred to as
“C39F38”) was selected as the most promising candidate for coating applications. Indeed,
it exhibited the best trade-off between glass transition temperature and 10,16-diHHDA
content, meeting the requirements for both ensuring good physicochemical properties
of the final material and quantitative valorization of tomato-peel waste. To assess the
potential effects of a 10,16-diHHDA-enriched formulation on the chemical, mechanical,
optical, and physical properties of the coating, the composition constituted by 48 wt.% of
10,16-diHHDA, 31 wt.% of FDCA prepolymer, and 21 wt.% of succinic acid (entry 1 in
Table 6, from here on referred to as “C48F31”) was investigated as well, resulting in a Tg
lower than 50 ◦C, set as a threshold. DSC thermograms and thermogravimetric analyses
for C39F38 and C48F31 coatings are shown in Figure A1. The two cutin- and FDCA-based
crosslinked polyesters showed less than 2% weight loss at 200 ◦C during TGA in an N2
atmosphere, indicating good thermal stability even at high temperatures. Both coatings
were also characterized by assessing their wettability, scratch hardness, chemical resistance,
and adhesion to the substrate (Table 7).

The chemical resistance of the cutin-based polyester coatings was evaluated by a
solvent rub test using methyl ethyl ketone (MEK) as the solvent. Both materials success-
fully passed more than 100 double rubs without failure or breakthrough of the surface,
demonstrating high chemical inertness. An adhesive strength higher than 2 MPa for the
prepared films on steel substrates was estimated by performing pull-off adhesive tests,

97



Polymers 2024, 16, 682

confirming their potential applicability as the inner lining of food and beverage cans.
As a result, even a percentage of around 50 wt.% of 10,16-diHHDA does not negatively
impact the functionality of the material in terms of the properties here investigated by
technological tests.

Table 7. Key technological features of selected coatings.

Coating
Components

Weight
Fractions

[%]

Thickness
[µm]

Water Contact
Angle

[◦]

Pencil
Hardness

MEK Test
[Double Rubs]

Pull-Off
Strength

[MPa]

10,16-diHHDA 39
42 101 ± 1 HB >100 >2.15FDCA

prepolymer 38

SA 23

10,16-diHHDA 48
44 100 ± 1 HB >100 >2.20FDCA

prepolymer 31

SA 21

4. Conclusions

In this paper, we showed that the monomer derived by the depolymerization of
tomato’s cutin present in the peels of this fruit (i.e., a biowaste from the canning industry)
can be converted into fully biobased crosslinked networks by a high-temperature poly-
esterification reaction with other biorefinery co-monomers bearing hydroxyl and carboxylic
groups such as succinic acid, glycerol, and 2,5-furandicarboxylic acid. To investigate the
effect of the co-monomer contents on the Tg of cutin-derived coatings, a Box–Behnken
design and response surface methodology were utilized for coatings comprising 10,16-
diHHDA, glycerol, and succinic acid. Among the compositions identified by the Bex–
Behnken design, a combination of 0.5 mol of 10,16-diHHDA, 4 mol of glycerol, and a
stoichiometric OH/COOH molar ratio led to a higher glass transition temperature (i.e.,
41–43 ◦C) but a cutin monomer content lower than desired. To obtain a coating with a Tg
higher than 45–50 ◦C and a cutin monomer content exceeding 25–30 wt.% to exploit the
agro-waste renewable sources, a furan dicarboxylic acid-based prepolymer was developed
and used as a substitute for glycerol. Through careful optimization of the monomer mix
composition, this study showed how coating films characterized by remarkable properties
determined from technological tests, like chemical resistance and good adhesion to metals,
as well as relatively high levels of scratch hardness and Tg values of around 50 ◦C, can be
obtained. The employed formulations completely avoid the use of fossil-based and toxic
external curing agents like polyisocyanates and melamines. The “green” profile and the
technological properties of cutin-based polymer films make them potential candidates as
internal can coatings for the food industry, a market that is nowadays still dominated by
BPA-based epoxy coatings. While the results obtained in this study from technological
characterizations are promising, it is important to note that further research is essential
to comprehensively assess the potential of cutin-based metal protective coatings. This
includes an in-depth examination of their anticorrosion properties, toxicological profiles,
durability, and post-cure metal formability through rigorous testing.
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Abstract: Black locust flower extract contains various polyphenols and their glucosides contribute to
the potential health benefits. After intake of these bioactive compounds and passage through the
gastrointestinal tract, their degradation can occur and lead to a loss of biological activity. To overcome
this problem, the bioactive compounds should be protected from environmental conditions. This
study aimed to encapsulate the black flower extract in the microparticles based on biodegradable
polysaccharides, alginate, and chitosan. In the extract, the total antioxidant content was found
to be 3.18 ± 0.01 g gallic acid equivalent per 100 g of dry weight. Also, the presence of lipids
(16), phenolics (27), organic acids (4), L-aspartic acid derivative, questinol, gibberellic acid, sterol,
and saponins (2) was confirmed using the UHPLC–ESI–MS analysis. In vitro assays showed that
the extract has weak anti-α-glucosidase activity and moderate antioxidant and cytotoxic activity
against the HeLa cell line. The extrusion method with secondary air flow enabled the preparation of
microparticles (about 270 µm) encapsulated with extract. An encapsulation efficiency of over 92%
was achieved in the alginate and alginate–chitosan microparticles. The swelling study confirmed a
lower permeability of alginate–chitosan microparticles compared with alginate microparticles. For
both types of microparticles, the release profile of antioxidants in the simulated gastrointestinal fluids
at 37 ◦C followed the Korsmeyer–Peppas model. A lower diffusion coefficient than 0.5 indicated
the simple Fick diffusion of antioxidants. The alginate–chitosan microparticles enabled a more
sustained release of antioxidants from extract compared to the alginate microparticles. The obtained
results indicated an improvement in the antioxidant activity of bioactive compounds from the extract
and their protection from degradation in the simulated gastric conditions via encapsulation in
the polymer matrixes. Alginate–chitosan showed slightly slower cumulative antioxidant release
from microparticles and better antioxidant activity of the extract compared to the alginate system.
According to these results, alginate–chitosan microparticles are more suitable for further application
in the encapsulation of black locust flower extract. Also, the proposed polymer matrix as a drug
delivery system is safe for human use due to its biodegradability and non-toxicity.

Keywords: black locust flower; UHPLC–ESI–MS analysis; release profile; antioxidant activity;
cytotoxic activity; anti-α-glucosidase activity

1. Introduction

Free radicals that represent highly reactive molecules naturally occur in the human
body during various metabolic processes. They serve as a defense mechanism against
harmful substances. However, when their production becomes excessive and surpasses the
body’s antioxidant capacity, it leads to a state known as oxidative stress [1]. Oxidative stress
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has a negative impact on all biological systems and is responsible for the pathogenesis
of various diseases: atherosclerosis [2], diabetes and related complications [3], cancer [4],
etc. In recent years, there has been considerable interest in natural antioxidants derived
from plant sources, including phenolic acids, flavonoids, and other bioactive molecules [5].
These compounds are valued for their multifaceted effects on health and functionality. In
particular, they exhibit antioxidant, antimicrobial, and other bioactive properties, which
makes them very attractive compounds with broad applications in the pharmaceutical,
cosmetic, and food industries. Unfortunately, these compounds are subject to degradation
under the influence of external factors, which limits their application [6]. In addition,
simultaneous gastrointestinal digestion leads to a decrease in antioxidant levels and antiox-
idant activity [7]. Antioxidant compounds often exhibit astringent effects and have a bitter
taste that limits their use in oral formulations [8]. An effective approach to preserve the
health-beneficial attributes of antioxidants involves their encapsulation within polymer
matrices [9]. This strategy not only enhances their stability and bioavailability but also
mitigates unpleasant tastes and elevates the overall quality of the final product. Among the
existing encapsulation methods, microencapsulation is considered one of the most efficient
techniques to improve the delivery of phytochemicals [10]. It ensures their controlled or
sustained release while improving their physicochemical properties. Various biopolymer
materials are used for the encapsulation of bioactive compounds, among which polysac-
charides have attracted the attention of many researchers [11]. Due to its natural origin,
availability, non-toxicity, biocompatibility, and thermal and chemical stability, sodium algi-
nate is a suitable polysaccharide for the encapsulation of bioactive compounds, including
plant extracts [12].

Alginates are anionic polysaccharides extracted from different types of algae. It is com-
posed of 1–4 linked α-L-guluronic (G) and β-D-mannuronic acids (M), alternately arranged in
homopolymeric (poly-M and poly-G) and mixed blocks (MG). The G/M ratio determines the
permeability and swelling properties of alginate gel [13]. The alginate solution can gel in the
presence of divalent cations, such as Ca2+, Zn2+, or Sr2+. The hydrogel is formed by selectively
binding two adjacent guluronates in poly-G or MG blocks with multivalent cations (e.g., Ca2+

ions), forming a compact structure known as an “egg-box“ [14]. Alginate microparticles are
characterized by high porosity, which enables easy and fast diffusion of water or other fluids.
This phenomenon leads to a decrease in the yield of encapsulated compounds [15]. Due to this
reason, the alginate structure is modified using cationic polyelectrolytes (chitosan). Chitosan,
a copolymer of β-(1-4)-2-acetamido-D-glucose and β-(1-4)-2-amino-D-glucose, is a partially
deacetylated product of chitin. It is a mucopolysaccharide isolated from the waste shells
of crabs and shrimps. Through electrostatic interactions, chitosan forms a strong complex
membrane between its amino residues and carboxyl residues of alginate, with which it coats
the surface of alginate microparticles [12]. The prepared microparticles exhibit controlled
permeability and mucoadhesive properties. They are stable at pH > 3, making them accept-
able for application in the gastrointestinal tract [16]. Alginate–chitosan microparticles can be
produced using two methods: either by combining a sodium alginate solution with a CaCl2
solution containing chitosan or by incubating calcium alginate microparticles in a chitosan
solution [17].

The black locust (Robinia pseudoacacia L.) is one of the most widespread, woody, decid-
uous species around the world [18]. The raw parts of black locusts represent a promising
source of antioxidants. Only the flower is used in medicine because the other organs of this
plant contain high concentrations of robinin, which is toxic to humans [19]. Robinin is a
thermally sensitive compound, so the extract can be safe for use after the preparation at
higher temperatures. In traditional folk medicine, the black locust flower is employed to
address various health concerns [20]. It is used to treat conditions, such as hemoptysis, metr-
orrhagia (abnormal uterine bleeding), and other gynecological diseases. Additionally, it is
believed to alleviate symptoms associated with colds, fever, migraines, skin diseases, and
even bleeding in the colon. Pharmacological studies confirm the antimicrobial [21], antioxi-
dant [20], and anticancer activity of black locust flower extract [22]. These properties of the
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extract can be attributed to rutin, hyperoside, epigallocatechin, ferulic acid, quercetin, and
others [23,24]. Also, the presence of acacetin, secundiflorol, mucronulatol, isomucronulatol,
and isovestitol flavonoids in all parts of the black locust was confirmed [25].

Due to the presence of different functional groups in the structure (carboxylic, keto,
aldehydic, alcoholic, etc.), the bioactive compounds found in black locust flower extract are
susceptible to degradation within the gastrointestinal tract following oral administration.
Such degradation can lead to a decrease in their pharmacological activity or to the formation
of various degradation products that could pose risks to human health. In this study, the
encapsulation of the ethanolic extract of black locust flower in alginate and alginate–
chitosan microparticles was carried out to retain the antioxidant activity of the extract and
prevent the degradation of antioxidants in gastrointestinal fluids.

2. Materials and Methods
2.1. Chemicals and Reagents

In this study, absolute ethanol (Sani-Hem doo, Novi Bečej, Serbia), Folin–Ciocalteu’s
reagent (Carlo Erba Reagents, Val de Reuil, France), calcium chloride dihydrate, methanol,
acetic acid (Zorka Pharm, Šabac, Serbia), gallic acid (purity of 97%) (Merck, Darmstadt,
Germany), α-glucosidase, 4-nitrophenyl α-D-glucopyranoside (PNP-G), acarbose, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), butylhydroxytoluene (BHT), 3-(4,5-dimethylthiazol-2-
yl)-2,5-dyphenyl tetrazolium bromide (MTT), phosphate-buffered saline (PBS), dimethyl
sulfoxide (DMSO), sodium dodecyl sulfate (SDS), RPMI 1640 nutrient medium, simulated
gastric fluid (pH 1.2, SGF), and simulated intestinal fluid (pH 7.4, SIF) without enzyme
(Sigma-Aldrich, St. Louis, MO, USA), alginic acid sodium salt (very low viscosity), water
(LC-MS grade), acetonitrile (LC-MS grade), formic acid (Thermo ScientificTM, Waltham,
MA, USA), chitosan (molecular weight from 100,000 to 300,000) (Acros Organics, Thermo
Fisher Scientific, Geel, Belgium) were used. Other used chemicals were pro analysis quality.

2.2. Plant Material

A dried black locust flower (Robinia pseudoacacia L., Fabaceae) was obtained from
the Institute for Medicinal Plants Research “Dr. Josif Pančić” (Belgrade, Serbia). Before
extraction, the plant material was ground in an electric mill and sieved on a sieve shaker. A
fraction of 0.5 mm was used for further analysis. The moisture content of 10.6% (m/m) was
determined after drying the plant material at 105 ◦C in a laboratory oven until a constant
mass was achieved.

2.3. Preparation and Characterization of Black Locust Flower Extract
2.3.1. Extraction Procedure

Black locust flower extract was prepared using ultrasound-assisted extraction in an
ultrasonic bath (Sonic, Niš, Serbia). The total power of the device was 3 × 50 W, while
the frequency was 40 kHz. The extraction was carried out using 60% (v/v) ethanol at the
extraction temperature of 60 ◦C and the liquid-to-solid ratio of 10 mL/g for 30 min. The
liquid extract was separated from the solid matrix via vacuum filtration.

2.3.2. Total Antioxidant Content

The total antioxidant content (TAC) in the obtained extract was determined according
to the spectrophotometric method using Folin–Ciocalteu’s reagent [24]. Its content was
expressed as a gram equivalent of gallic acid per 100 g of dry weight (g GAE/100 g d.w.).

2.3.3. Antioxidant Activity According to DPPH Assay

The antioxidant activity of the extract was determined using the DPPH assay. The
inhibition of DPPH radicals (IDPPH) was calculated according to Equation (1):

IDPPH (%) =
Ac − (As − Ab)

Ac
× 100 (1)
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where Ac, As, and Ab are the absorbances of the control solution, sample solution, and
blank solution at 517 nm, respectively. The synthetic antioxidant BHT was used as a
positive control solution. The half maximum inhibitory concentration (IC50) was obtained
via interpolation from the functionality between the inhibition of DPPH radicals and the
sample concentration [24].

2.3.4. Anti-α-Glucosidase Activity

The anti-α-glucosidase activity of black locust flower extract was determined using
the 400 mU/mL of α-glucosidase enzyme solution in a 0.1 M phosphate buffer (pH 6.8).
Initially, the stock of the analyzed extract was dissolved in DMSO and then diluted using
0.1 M phosphate buffer (pH 6.8), so the final concentrations were 333.33, 166.67, 83.33, 41.67,
20.83, 10.42, and 5.21 µg/mL. In the 96-well plates, 50 µL of the extract dilutions were
preincubated with 50 µL of enzyme solution for each well at 37 ◦C for 15 min. Afterwards,
50 µL of the substrate solution, 4-nitrophenyl α-D-glucopyranoside (1.5 mg/mL PNP-G in
phosphate buffer), was added and absorbance A1 was measured at 405 nm. This solution
was incubated at 37 ◦C for another 15 min whereupon second absorbance A2 was measured
at 405 nm. Acarbose was used as a positive control. The percentage of enzyme inhibition
(Ie) was calculated according to the following formula (Equation (2)):

Ie (%) =
A2s − A1s
A2b − A1b

× 100 (2)

where A1b, A2b and A1s, A2s are the absorbances of the blanks (phosphate buffer, DMSO,
enzyme solution, and substrate PNP-G) and sample, respectively. The IC30 value (estimated
concentration of compounds that caused 30% inhibition of α-glucosidase activity) was
determined using linear regression analysis [26].

2.3.5. Cytotoxic Activity According to MTT Assay

MTT assay was used to estimate the viability, proliferation, and cytotoxicity of the
black locust flower extract. The stock solution was prepared by dissolving the extract in
DMSO to the concentration of 400 µg/mL. A solution series (12.5–200 µg/mL) was prepared
via dilution of the stock solution in the RPMI 1640 nutrient medium supplemented with
10% fetal bovine serum, 3 mM L-glutamine, 1% penicillin-streptomycin, and 25 mM HEPES
buffer and adjusted to pH 7.2 using bicarbonate solution in 96-well microtiter plates (Nunc,
Nalgene, Denmark). The HeLa cells (human cervical adenocarcinoma), LS-174 cells (cells
of human colon carcinoma), A549 (non-small cell lung carcinoma), and normal MRC-5 cells
(human lung fibroblasts) from American-Type Culture Collection (ATCC, Manassas, VA,
USA) were seeded in a nutrient medium at 37 ◦C in a humidified atmosphere (95% air,
5% CO2) and incubated for 72 h. The density of HeLa, LS-174, MRC-5, and A549 cells
was 2000, 7000, 5000, and 5000 cells/well, respectively. Yellow MTT reagent (20 µL) at the
concentration of 5 mg/mL PBS (phosphate buffered saline) was added into each well and
incubated for 4 h. After that, the colourimetric reaction occurred and a purple formazan
product was formed due to the reduction of MTT dye. Formazan was extracted by adding
100 µL of 10% (m/v) SDS into the wells. On the next day, the absorbance of the sample was
measured at 570 nm on a Multiskan EX reader (Thermo Labsystems, Beverly, MA, USA). A
blank solution contained a nutrient medium. The antiproliferative effect of the extract was
monitored in relation to the control culture of cells.

The cell’s survival was calculated according to Equation (3) [27]:

S(%) =
At − Ab
Ac − Ab

× 100 (3)

where At, Ab, and Ac are the absorbances of treated cells with the extract, blank solution,
and control solution at 570 nm, respectively. The IC50 value represented the sample
concentration that inhibited 50% of the cell’s proliferation relative to the untreated control.
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2.3.6. Chromatographic Analysis

Validated ultra-high-performance liquid chromatography coupled with mass detection
(UHPLC–MS) was used to identify bioactive compounds of black locust flower according
to the previously described method with slight modification [28]. The Dionex Ultimate
3000 UHPLC+ system was equipped with a quaternary pump and diode-array detector
(DAD). The LCQ Fleet Ion Trap spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
had a heated electrospray ionization probe installed (HESI-II, ThermoFisher Scientific,
Bremen, Germany). Xcalibur (version 2.2 SP1.48) and LCQ Fleet (version 2.1) software were
used for data acquisition, collection, and analysis. The separation of bioactive compounds
was achieved using a Hypersil gold C18 (50 mm × 2.1 mm, 1.9 µm) column at 40 ◦C. A
mobile phase consisted of phase A (water + 0.1% (v/v) formic acid) and phase B (acetonitrile
+ 0.1% (v/v) formic acid). Gradient elution was used as follows: 0–10 min (5–95% B),
10–12 min (95% B), 12–12.1 min (95–5% B), and 12.1–15 min (5% B). The flow rate of the
mobile phase was 0.3 mL/min, while the injection volume was 3 µL. The wavelengths of
280, 320, 340, and 360 nm were chosen for spectrum scanning of bioactive compounds.
The negative ion mode mass spectra were obtained via full range acquisition from m/z
110 to 2000 using HESI with the following parameters: source voltage, 5 kV; capillary
voltage, −40 V; tube lens voltage, −80 V; capillary temperature, 275 ◦C; and sheath and
auxiliary gas flow (N2), 42 and 11 (arbitrary units). A data-dependent scan based on
collision-induced dissociation (CID) was used to fragment ions. The normalized collision
energy of CID was 35 eV. The bioactive compounds were identified via comparison of the
mass of molecular and fragment ions with the available literature data.

2.4. Encapsulation of Black Locust Flower Extract in the Microparticles

The alginate microparticles were encapsulated with black locust flower extract using
the coaxial air flow extrusion method. An aqueous solution of alginate (1.5%, m/v) was
prepared by mixing alginate overnight to completely dissolve it. Black locust flower extract
was added to the alginate solution. The obtained homogeneous solution was transferred to
a plastic syringe of 100 mL and added dropwise through a metal needle with a straight-cut
tip and a diameter of 26 G (0.45 × 12 mm). The volumetric flow rate of the prepared
solution was 33.3 mL/h, while a coaxial air flow pressure was 0.8 bar. The formed drops
broke off from the tip of the needle in the form of a stream of tiny droplets under the
influence of gravity and coaxial airflow. The spherical microparticles were dropped and
solidified in the crosslinking solution of calcium chloride (2%, w/v) to a total volume of
200 mL. The volumetric ratio of the alginate solution to the calcium chloride solution was
1:2. According to the same procedure, alginate–chitosan microparticles encapsulated with
black locust flower extract were prepared. The chitosan solution (0.5%, m/v) was dissolved
in 0.5% (v/v) acetic acid (acidity regulator).

2.5. Characterization of Microparticles

The prepared alginate and alginate–chitosan microparticles encapsulated with the ex-
tract were dried before further analysis. The drying process was carried out in a laboratory
oven heated to 50 ◦C for 24 h.

2.5.1. Determination of the Shape and Size of Microparticles

The shape and size of the microparticles were determined using an optical microscope
(Leica DM 750, Leica Microsystems, Wetzlar, Germany) equipped with a digital camera.
The sphericity factor (SF) used to evaluate the roundness of the formed microparticles was
calculated according to Equation (4) [29]:

SF =
Dmax − Dper

Dmax + Dper
(4)

106



Polymers 2024, 16, 688

where Dmax is a maximum diameter (mm) passing through the central part of the mi-
croparticle; Dper is a diameter directed at Dmax that passes through the central part of the
microparticle (mm).

Microparticles are ideal spheres if SF is around zero. A greater degree of distortion of
the shape of the microparticle is achieved when SF has higher values.

2.5.2. Determination of Encapsulation Efficiency

Fresh microparticles were vortexed with sodium citrate in a mass ratio of 1:5 for 15 min
to destroy their structure. The TAC in the citrate solutions was determined according to the
previously described procedure in Section 2.3.2. The encapsulation efficiency of antioxi-
dants was calculated as the ratio of TAC in the citrate solution of destroyed microparticles
to the initial extract of black locust flower used for encapsulation.

2.5.3. Swelling Study

The swelling ability of encapsulated alginate and alginate–chitosan microparticles
was evaluated gravimetrically under the conditions of SGF and SIF. The swelling of mi-
croparticles was analyzed at 37 ◦C as follows: 0.05 g of dry microparticles were weighed
and immersed in 20 mL of the SIF for 2 h, after which the microparticle samples were
transferred to 20 mL of the SGF for the next 22 h. Measurements of the mass of the swollen
microparticles were performed on an analytical balance. The swelling degree (SD) of
microparticles was calculated according to Equation (5) [30]:

SD(%) =
mt −mi

mi
× 100 (5)

where mt is the mass of swollen microparticles at time t and mi is the mass of dry micropar-
ticles (xerogel).

2.6. In Vitro Release of Antioxidants from Microparticles

Antioxidant release from dry encapsulated microparticles was monitored under SGF
and SIF conditions at 37 ◦C. About 0.6 g of microparticles were immersed and stirred in
30 mL of SGF at 100 rpm and 37 ◦C. At certain time intervals, 2 mL of aliquots were taken
from the medium. Instead of the aliquot, the equivalent volume of fresh SGF was added
to the analyzed solution. The release of antioxidants in SGF was monitored for up to 2 h.
After that, the microparticles were filtered, dried, and then combined with 30 mL of SIF
preheated to 37 ◦C with constant stirring at the same temperature. The sampling procedure
was repeated according to the previously described method until the microparticles were
completely disintegrated. In the collected aliquots (2 mL), the TAC was determined. The
obtained results were expressed as the cumulative antioxidant release from microparticles
through time. The various kinetic models, including zero order, first order, Higuchi, Hixson–
Crowell, Korsmeyer–Peppas, and Baker–Lonsdale models were applied to describe the
antioxidant release process from the polymer matrix. Excel add-in DD Solver was used to
model the obtained data.

2.7. Determination of Antioxidant Activity of the Extract after Its Release from Microparticles in
Gastrointestinal Fluids

The antioxidant activity of the extract was also determined after the release of antioxi-
dants from alginate and alginate–chitosan microparticles in SGF and SIF at 37 ◦C. About
0.1 g of dry microparticles encapsulated with the extract were immersed in 10 mL of SGF
or SIF. After 2 h of antioxidants release, 100 µL of the sample was taken and the antioxidant
activity was determined.

2.8. Statistical Analysis

All data were carried out in triplicate and expressed to be mean ± standard devia-
tion (SD). Analysis of variance (ANOVA) according to multiple range tests was used to
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determine statistical differences among samples. IBM SPSS Statistics software (version 27,
Chicago, IL, USA) was applied to evaluate the statistical differences among samples. The
statistically significant differences were those whose p < 0.05.

3. Results and Discussion
3.1. Characterization of Black Locust Flower Extract
3.1.1. Total Antioxidant Content

Before the encapsulation of the black locust flower extract, the TAC of 3.18 ± 0.01 g
GAE/100 g d.w. was determined according to the spectrophotometric method. Hall-
mann [31] reported a tenfold lower TAC of about 3.91 mg/g d.w. for the 80% (v/v) methano-
lic extract obtained via maceration with stirring. Unlike this extract, the lyophilized 70%
(v/v) ethanolic extract had almost tenfold higher TAC of 311.93 ± 0.01 mg GAE/g d.w.
according to Jurca et al. [32]. These data indicate that the TAC depends on the extraction
technique and solvent used. Bratu et al. [33] also determined a TAC of 0.72 ± 0.02 mg
GAE/mL for the 50% (v/v) ethanolic extract obtained via maceration at room temperature
for 72 h. This data is not comparable since the unit for the TAC is not expressed as in
this study.

3.1.2. Anti-α-Glucosidase Activity

The black locust flower extract showed weak anti-α-glucosidase activity. Its IC30
value of 291.24 ± 21.23 µg/mL was less than the standard substance, acarbose (IC50 of
119.72 ± 4.64 µg/mL). Unlike the weak anti-α-glucosidase activity of the black locust
flower extract, the prepared extracts in other similar studies did not show significant activ-
ity. The 40% (v/v) ethanolic extract of flowers from Ganghwa island (Republic of Korea)
expressed weaker α-glucosidase inhibitory activity compared to our extract, with an IC50
value of 2.39 mg/mL [34]. According to Sarikurkcu et al. [35], among the black locust
flower extracts from Turkey, ethyl acetate extract showed the highest anti-α-glucosidase
activity (109.01 mg acarbose equivalent/g extract) compared to acetone, methanolic, and
aqueous extracts (51.69, 36.76, and 44.68 mg acarbose equivalent/g extract, respectively).
These results were correlated with a significant amount of total polyphenols found in the
extract: 46.9 mg gallic acid equivalent/g extract, 51.99 mg rutin equivalent/g extract were
flavonoids, and even 3.96 mg catechin equivalent/g extract were condensed tannin [35]. So
far, it has been shown that polyphenols participate in glucose absorption through α-amylase
and α-glucosidase inhibition, which are key enzymes in the digestion of carbohydrates [36].
More precisely, due to their ability to precipitate proteins, hydrolysable and condensed
tannins are good enzyme inhibitors. Tannins, especially condensed tannins, are effective in-
hibitors of α-glucosidase, and their effectiveness can be compared with synthetic inhibitors
(acarbose), while the inhibition of α-amylase is mediated by hydrolyzing tannins [37]. On
the other hand, the black locust leaf from Japan showed better anti-α-glucosidase activity
compared to the flower, where at 50 µg/mL the inhibitory activity was only 15% and at
200 µg/mL activity reached 93%, which was far more than the standard, acarbose (IC50 of
13 mg/mL) [38].

3.1.3. Cytotoxic Activity

The cytotoxic activity of the prepared extract was estimated based on an MTT assay.
In Table 1, the IC50 values of the extract against tumor and healthy cell lines expressed as
micrograms per milliliter are depicted. As can be noticed, the extract was only efficient
against the HeLa cell line, while in all other cases these values were higher than 200 µg/mL.
The compounds were classified based on the IC50 values. According to the National
Cancer Institute (NCI) of the United States, the extract had moderate cytotoxic activity
since the IC50 value ranged between 21 and 200 µg/mL [39]. This extract was presented
as a tumor-selective agent because it had a weak cytotoxic activity against the MRC-5
cell line (IC50 > 200 µg/mL). Uzelac et al. [40] also analyzed the cytotoxic activity of the
extract of black locust flower from the territory of Istria (Croatia) during vegetation in
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2021. They concluded that the 70% (v/v) methanolic and 80% (v/v) ethanolic extracts did
not show cytotoxic activity against Vero African green monkey kidney cells because the
IC50 values (in that paper, IC50 is presented as the LC50 value) were higher than 1 mg/mL.
Bratu et al. [33] also confirmed the cytotoxic activity of 50% (v/v) ethanolic extract of black
locust flower prepared via maceration against HeLa cells. That extract did not express the
cytotoxic effect against the palatal mesenchymal stem cells. Cvetković et al. [41] analyzed
the cytotoxic activity of methanolic extract of black locust flower obtained using Soxhlet
extraction. They concluded that the extract had no significant cytotoxic activity on MRC-
5 and MDA-MB-231 (human breast cancer) cell lines. Also, the results of the analysis
indicated a great anti-invasive potential in MDA-MB-231 cells.

Table 1. IC50 values (n = 3) of black locust flower extract according to the MTT assay.

Cell Lines IC50 (µg/mL)

HeLa 161.99 ± 6.88
MRC-5 >200
LS-174 >200
A549 >200

3.1.4. UHPLC–MS Analysis

The qualitative content of black locust flower extract was determined using the
UHPLC–MS method. A base peak chromatogram of the extracts recorded in the neg-
ative mode is presented in Figure 1.
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The molecular or adduct ions and their fragment ions for 89 quantified compounds,
of which 59 are identified compounds, are depicted in Table 2. Among the identified
compounds are lipids (16), phenolics (27), organic acids (4), L-aspartic acid derivative,
questinol, gibberellic acid, sterol, and saponins (2).
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Table 2. The identified compounds in the black locust flower extract using the UHPLC–MS method.

No. Rt, min Molecular or Adduct Ion,
m/z Fragment Ions, m/z Compound Class of

Compounds References

1 1.41 116.96 89 (100%) unknown

2 1.35 136.67 91 (100%) protocatechuic aldehyde phenolic
aldehyde [42]

3 1.27 136.97 109, 91 (100%) 2,4-dihydroxybenzaldehyde phenolic
aldehyde [42]

4 0.95 161.07 143, 115, 99 (100%), 89, 57 3- or 4-hydroxy-2-oxoglutaric acid keto organic acid [43]
5 0.81 191.13 173, 145, 129, 111 (100%), 101 citric acid organic acid [43]

6 1.29 218.13 a 200, 130, 99, 88 (100%) D-(+)-pantothenic acid organic acid
(vitamin)

7 1.44 224.96
[M−H + HCOOH + HOH]− 179 (100%), 161, 143, 119, 89 3- or 4-hydroxy-2-oxoglutaric acid phenolic

aldehyde

8 0.98 239.04 a

[M−H + HCOOH]− 193 (100%), 165, 124, 114 ferulic acid hydroxycinnamic
acid

9 4.13 250.08 204, 146, 132 (100%), 115, 91, 88 L-aspartic acid derivative α-Amino acid
10 5.44 252.12 a 234, 137, 136 (100%), 92 4-amino benzoic acid derivative organic acid
11 10.01 265.28 a 97 (100%) oxidized fatty acid fatty acid
12 12.4 271.3 253, 225 (100%) pinobanksin flavanonol [44]
13 10.29 285.39 267, 223 (100%) hexadecanedioic acid fatty acid [45]
14 8.41 287.47 269 (100%), 223, 211, 169, 155, 139 fustin flavanonol [46]
15 12.94 299.36 253 (100%) questinol quinone [47]

16 7.17 301.35 273, 255, 239, 193, 179 (100%),
151, 107 quercetin flavonol [48]

17 4.07 305.01 261 (100%), 224, 201, 181, 128 gallocatechin flavanol [49]

18 9.43 311.45 293 (100%), 275, 253, 235, 223, 201,
183, 171 hydroxydioxoheptadecenoic acid fatty acid [50]

19 9.75 313.39 295 (100%), 277, 213, 201, 195, 183,
179, 171, 129 dihydroxy-octadecenoic acid fatty acid [51]

20 1.18 321.06 277 (100%), 259, 215, 128 12-hydroxy-6, 8, 10,
13-octatetraenedioic acid fatty acid [52]

21 8.44 327.47 309 (100%), 291, 263, 251, 225, 209,
197, 183

9,12,13-trihydroxyoctadecadienoic
acid fatty acid [50]

22 8.33 327.5 309, 291 (100%), 239, 197, 171 hirsutenone diarylheptanoid [53]

23 8.3 329.43 311, 293, 229, 211, 171 (100%) 11,12,13-trihydroxyoctadecenoic
acid fatty acid [50]

24 12 343.41 325, 283 (100%), 254, 225, 211 unknown

25 7.52 345.58 a 327, 317, 301, 291, 285, 271, 245, 239,
229, 215 (100%), 195, 181 gibberellic acid plant hormone

26 2.27 355.04 337, 216, 209, 191 (100%), 173, 129 coumaroylglucaric acid isomer phenolic acid [54]

27 2.07 355.27 337, 322, 309, 209, 191 (100%),
173, 147 coumaroylglucaric acid isomer phenolic acid [54]

28 0.61 387.2 [M−H + HCOOH]− 341 (100%), 251, 195, 179 caffeic acid hexoside hydroxycinnamic
acid [55]

29 4.73 395.14 377, 349 (100%), 179, 143 unknown
30 11.47 409.4 361, 251, 171, 153 (100%) lyso-phosphatidic acid (16:0) phospholipid [56]
31 12.86 411.32 368, 281, 147, 129 (100%) unknown

32 6.95 423.57 405, 279 (100%), 249, 235, 205, 169,
139, 122 unknown

33 10.57 431.42 171, 153 (100%)
N-

acylglycerophosphatidylethanolamine
(18:3)

phospholipid [56]

34 11.19 433.45 329, 313, 279, 171, 153 (100%)
N-

acylglycerophosphatidylethanolamine
(18:2)

phospholipid [56]

35 12.56 437.37 420, 313, 285, 279, 263, 251, 171,
153 (100%)

36 6.35 447.55 a 357, 327, 285 (100%), 255, 241, 165 kaempferol-3-O-glucoside flavonol

37 7.55 449.58 a 431, 413, 403, 353, 327, 301, 287
(100%), 269, 251, 239 isookanin-7-O-glucoside flavanone

38 5.1 459.23 441, 399, 381, 295, 287, 242, 173,
157 (100%)

sterol-hexose conjugates
(ST21:3;O;Hex)/sterol (ST

27:4;O6)
sterol [50]

39 11.93 463.21 445, 426, 417 (100%), 399, 356, 345,
301, 255, 161 quercetin-3-O-glucoside flavonol [48]

40 10.23 476.41 402, 384, 277, 233, 171, 153 (100%)
N-

acylglycerophosphatidylethanolamine
(18:2)

phospholipid [56]

41 12.71 480.46 434, 412, 390, 350, 279, 200 (100%) unknown

42 7.4 483.57 465, 439, 421, 391 (100%), 229,
172, 153 unknown

43 7.43 491.36 [M−H + HCOOH]− 445, 343, 303, 283 (100%) glycitein-o-hexoside isoflavone [57]
44 13.52 499.42 313, 261, 255 (100%), 243, 187 unknown
45 5.65 501.18 483, 403, 250, 206 (100%), 164, 147 unknown

46 7.37 503.36 459 (100%), 441, 365, 345, 327,
281, 187 liquiritigenin derivative flavanone [57]

47 11.72 505.43 487, 467, 361, 267, 255 (100%), 249,
231, 205, 189

monoacylglyceryl glucuronides
(16:0) glycerolipid [50]

48 6.56 511.47 493, 452, 431 (100%), 285 unknown
49 14.05 547.51 a 287 (100%), 277, 269 fustin derivative flavanonol
50 11.81 555.13 509, 486, 475 (100%), 280 unknown
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Table 2. Cont.

No. Rt, min Molecular or Adduct Ion,
m/z Fragment Ions, m/z Compound Class of

Compounds References

51 10.82 555.52 a 538, 495, 476, 390, 285 (100%), 269,
223, 195 cyanidin derivative anthocyanin

52 11.16 557.66 a 287 (100%), 269, 239, 221 fustin derivative flavanonol
53 10.76 564.37 520, 504 (100%), 279, 251 unknown
54 10.7 571.46 409, 391, 315, 283, 255 (100%), 241 palmitoyl-glycerophosphoinositol phospholipid [58]

55 10.13 577.43 532, 514, 475, 317, 299 (100%), 225,
207, 165

sulfoquinovosyl
monoacylglycerols (18:3) polar lipid [50]

56 10.07 577.55 521, 469, 371, 299 (100%), 277, 225,
207, 189, 165 unknown

57 12.37 579.34 445, 410, 392 (100%), 323, 256, 187 unknown

58 11.9 583.46 537, 442, 299 (100%), 287, 225, 207,
183, 165 unknown

59 6.22 593.44 549, 339, 327, 285 (100%), 255, 239,
227, 211, 186 kaempferol rutinoside flavonol [54]

60 10.32 595.5 507, 415, 341, 315, 279 (100%), 261,
241, 223 lyso-phosphatidylinositols (18:2) phospholipid [56]

61 12.82 607.32 575 (100%), 563, 531, 487, 475, 329,
311, 295, 277

diosmetin-7-O-glucuronide-3′-O-
pentoside flavone [59]

62 6.44 623.06 577 (100%), 507, 350, 300 isorhamnetin-O-rutinoside flavonol [48]
63 11.22 625.28 579 (100%), 557, 341, 306, 287 unknown
64 7.34 637.43 [M−H + HCOOH]− 591 (100%), 335, 283, 268 acacetin-rhamnoglucoside isomer flavone [59]
65 10.38 647.28 601 (100%), 485, 323 galacturonoglucan glucan [60]
66 11 649.33 621, 603 (100%), 423 unknown [56]

67 12.24 653.25 [M−H + HCOOH]− 607 (100%), 311 diosmetin-7-O-glucuronide-3′-O-
pentoside flavone [59]

68 13.14 721.56 683, 678, 595, 465 (100%), 416, 409,
391, 329, 255 unknown

69 5.94 739.41 593 (100%), 431, 369, 285, 246
kaempferol-3-O-robinoside-7-O-

rhamnoside
(robinin)

flavonol [61]

70 9.51 763.82 632, 613, 571, 551, 525, 498, 455
(100%), 437, 407, 358, 249 unknown

71 6.69 767.46 749, 707, 657, 483, 325,
283 (100%), 268

kaempferol-3-O-(4-coumaroyl)-
(feruloyl)-glucoside

(isomer)
flavonol [62]

72 6.66 767.52 a 749, 592, 483, 283 (100%), 268, 240 acacetin derivative flavone
73 6.98 769.25 723 (100%), 415, 283 unknown
74 13.6 774.26 728 (100%), 579 unknown
75 9.61 793.78 750, 613, 603, 454 (100%), 436 unknown
76 6.79 799.24 753 (100%), 529 unknown

77 12.79 827.75 810, 720, 626, 558, 539,
287 (100%), 269 fustin derivative flavanonol [46]

78 8.8 881.82 838 (100%), 778, 723, 381 unknown
79 12.21 883.55 721, 391, 335, 329 (100%), 291 unknown

80 9.65 921.73 876, 822 (100%), 741, 652, 585, 564,
457, 401 unknown

81 5.37 947.08 991 (100%), 787 unknown
82 8.91 957.36 822, 797, 708, 498 (100%), 453 triterpenoid saponin saponin
83 9.29 970.98 924 (100%), 827, 719 unidentified saponin saponin
84 9.25 971.3 840 (100%), 714 unknown
85 8.87 985.44 819 (100%), 595, 447 unknown
86 13.04 997.28 966, 746, 718 (100%) unknown
87 8.15 1001.05 992, 982, 934, 363 (100%) unknown

88 7.78 1003.37
[M−H + HCOOH]− 959, 896 (100%), 640 triterpenoid saponin saponin

89 6.85 1155.44 577 (100%) sulfoquinovosyl
monoacylglycerols (18:3) dimer polar lipid

Numbers in parentheses (C:N) indicate the number of carbon atoms (C) and double bonds (N) in the fatty acid
side chains. Rt—retention time. a https://massbank.eu/MassBank/ (available 1 February 2024).

Lipids. Polar lipids (2), phospholipids (6), glycerolipids (1), and fatty acids (7) were
detected in the extract. Of the polar lipids, monoacylglycerol in conjugation with sulfo-
quinovosyl moiety had an [M−H]− ion at m/z 577 (55); i.e., its dimer had an [M−H]− ion
at m/z 1155 (89). Compounds 30, 33, 34, 40, 54, and 60 were identified as phospholipids
with an [M−H]− ion at m/z 409.4, 431.42, 433.45, 476.41, 571.46, and 595.5, respectively.
Among the glycerolipids, monoacylglyceryl glucuronides (C:N 16:0) (47) were detected at
tR 11.72 min with an [M−H]− ion at m/z 505.43. Fatty acids represent the most abundant
compounds among lipids. Hexadecanedioic acid, which represents a long-chain fatty acid,
was assigned as compound 13 with an [M−H]− ion at m/z 285.39 and tR 10.29 min. The
peak at tR 10.01 min originated from oxidized fatty acid (11), which had an [M−H]− ion at
m/z 265.28. Compounds with [M−H]− ions at 311.45 (18) and 321.06 (20) were identified as
hydroxy fatty acids. Dihydroxy (19) and trihydroxy (23) octadecenoic acids had [M−H]−
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ions at m/z 313.39 and m/z 329.43, respectively. Another trihydroxy fatty acid (21) with
an [M−H]− ion at m/z 327.47 occurred at tR 8.44 min. Tian et al. [63] also confirmed the
presence of various fatty acids in the extract of black locust flower from China.

Phenolics. In the extract, the main polyphenolic classes identified were flavonoids
(flavanonols (5), flavonols (7), flavones (3), isoflavones (1), flavanones (1), flavanols (1), an-
thocyanins (1)), hydroxycinnamic acids (2), phenolic acids (2), phenolic aldehydes (3), and
diarylheptanoids (1). Fustin (14) with an [M−H]− ion at m/z 287.47 and its three various
derivatives (49, 52, 77) were from the flavanonol class. A strong antioxidant pinobanksin
(12), which had the characteristic fragment ions at m/z 253 and 225, also belongs to this class
of compounds. Quercetin, kaempferol, and isorhamnetin as flavonols were noticed in the
glycosidic form. Compounds 16 ([M−H]− ion at m/z 301.35) and 39 ([M−H]− ion at m/z
463.21) were assigned as quercetin and its glycosidic derivative, respectively. Kaempferol-3-
O-glucoside (36), kaempferol rutinoside (59), kaempferol-3-O-robinoside-7-O-rhamnoside
(robinin) (69), and kaempferol-3-O-(4-coumaroyl)-(feruloyl)-glucoside (isomer) (71) had
molecular ions at m/z 447.55, 593.44, 739.41, and 767.46, respectively. The peak at tR
6.44 min with an [M−H]− ion at m/z 623.06 originated from isorhamnetin-O-rutinoside
(62). The three various flavones (64, 67, and 72) were identified in the extract, with two
being acacetin derivatives (64 and 72). Compound 64 quantified at tR 7.34 min gave an
adduct ion with formic acid [M−H + HCOOH]− at m/z 637.43. The effect of collision
energy caused the loss of a rhamnoglucoside moiety from this molecule resulting in the
appearance of a fragment ion at m/z 283. Consequently, compound 64 was tentatively
assigned to be an acacetin-rhamnoglucoside isomer. The molecular ion at m/z 767.52 was
noted as an acacetin derivative (72). According to the literature data, the peak at tR 12.24
min that resulted from diosmetin-7-O-glucuronide-3′-O-pentoside (67) had an [M−H +
HCOOH]− ion at m/z 653.25 and fragment ions at m/z 607 and 311. Compound 43 ([M−H
+ HCOOH]− ion at m/z 491.36) was characterized as isoflavone glycitein-O-hexoside.
Compound 46 exhibited a molecular ion at m/z 503.36. This compound corresponds to
a liquiritigenin derivative. Flavanol gallocatechin (17, [M−H]− at m/z 305.01) produced
fragment ions at m/z 261, corresponding to the loss of CO2 (−44 Da). Among flavonoids,
cyanidin derivative (51) was also identified based on an [M−H]− ion at m/z 555.52 and clas-
sified as anthocyanin. Ferulic acid (8), which belongs to hydroxycinnamic acids, had a peak
at tR 0.98 min. Its mass spectrum had a molecular ion at m/z 239.04. The glycosidic deriva-
tive of caffeic acid with an [M−H]− ion at m/z 387.2 was also found in the chromatogram
at tR 0.61 min. Two different peaks with almost the same molecular ions at about m/z 355
and fragment ions at m/z 191 (100%) were noted as coumaroylglucaric acid isomers (26 and
27). Compounds 2, 3, and 7 were identified as phenolic aldehydes, wherein compounds 2
and 3 had approximately the same [M−H]− ions at about m/z 137 and a main fragment
ion at m/z 91. Compound 7 was the third identified phenolic aldehyde with an adduct
ion [M−H + HCOOH + HOH]− at m/z 224.96 and fragmentation ions at m/z 179, 161, 143,
119, and 89. This compound was characterized as 3- or 4-hydroxy-2-oxoglutaric acid. A
relatively small class of secondary metabolites (diarylheptanoid) belonging to the phenolics
group was also identified. Compound 22 (hirsutenone) exhibited an [M−H]− ion at m/z
327.5 and fragmentation ions at m/z 309, 291, 239, 197, and 171. Due to their potential
therapeutic and organoleptic features, diarylhepatanoids can be considered nutraceuticals.

The identified phenolic compounds in the black locust flower extract are in accordance
with previously reported data [40]. The phenolic content of the extract was studied for the
black locust flower from different areas of cultivation. Uzelac et al. [40] and Tian et al. [63]
analyzed the phenolic content of 70% (v/v) ethanolic extracts of black locust flowers from
the territory of the Istra region (Croatia) and China, respectively. Via mutual comparison of
their results, as well as the results obtained in this study, it can be concluded that the climate
conditions of plant cultivation and extraction conditions are of crucial significance to the
phenolic content. It is known that these phenolic compounds generally have a beneficial
effect on human health.
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Organic acids. Compound 4 ([M−H]− ion at m/z 161.07) was assigned as hydroxy
oxoglutaric acid (keto acid). The molecular ions at m/z 191.13, 218.13, and 252.12 (5, 6, and
10) belong to the organic acids which are used as vitamins.

Amino acids. L-aspartic acid derivative (compound 9) had an [M−H]− ion at m/z 250.08.
Quinones. Questinol (compound 15) with an [M−H]− ion at m/z 299.36 was noticed

at tR 12.94 min.
Hormones. Compound 25 was identified as gibberellic acid with an [M−H]− ion at

m/z 345.58.
Sterols. Hexose conjugate of sterol (compound 38) with an [M−H]− ion at m/z 459.23

has occurred at tR 5.1 min.
Glucans. The peak of galacturonoglucan (compound 65) with an [M−H]− ion at m/z

647.28 was found at tR 10.38 min.
Saponins. The peaks at tR 8.91 min and tR 7.78 min with an [M−H]− ion at m/z 957.36

(compound 82) and an [M−H + HCOOH]− ion at m/z 1003.37 (compound 88) were due to
the presence of triterpene saponins. Compound 83 (tR = 9.29) had an [M−H]− ion at m/z
970.98 and fragment ions at m/z 924, 827, and 719. According to the literature data, the
detected compound is most likely saponin [64].

3.1.5. Antioxidant Activity

The antioxidant activity of the extract was estimated based on its IC50 value which
was found to be 120.9 ± 0.08 µg/mL. The synthetic antioxidant BHT had the IC50 value of
35.31 ± 0.12 µg/mL. Antioxidants can be characterized based on their IC50 value according
to the following classification: “very strong” if the IC50 value is less than 50 µg/mL,
“strong” if the IC50 value is between 50 µg/mL and 100 µg/mL, “moderate” if the IC50
value is between 100 µg/mL and 150 µg/mL, and “weak“ if the IC50 is 150–200 µg/mL [65].
Based on this classification, the black locust flower extract can be considered a moderate
antioxidant, while BHT belongs to the group of very strong antioxidants. Although BHT
has better antioxidant activity, the extract is a source of natural antioxidants that, due to its
origin, may be more suitable for human health. In the literature, the antioxidant activity of
black locust flower is also described regardless of the used solvent and extraction technique.
The comparison of obtained data is very hard because of the different units used. According
to the DPPH assay, the lyophilized 70% (v/v) ethanolic extract of black locust flower had
an antioxidant capacity of 3.58 ± 0.11% [32]. Bratu et al. [33] determined the antioxidant
activity of ethanolic extract to be 0.141 ± 0.02 µM Trolox equivalent/mL using DPPH assay.

3.2. Characterization of Microparticles
3.2.1. Shape and Size of Microparticles

The size, texture, and shape of encapsulated microparticles, as well as proof of chitosan
binding, were estimated based on microscopic analysis. The extract was homogenously
distributed within the alginate part of the microparticles. The average particle size of
alginate and alginate–chitosan microparticles was 228.0 ± 8.5 and 273.0 ± 10.0 µm, re-
spectively (Figure 2). The increase in microparticle size can be justified by forming a
polyelectrolytic membrane as a result of electrostatic interactions between alginate and
chitosan. Yousefi et al. [66] also noticed an increase in the size of the alginate–chitosan
microparticle encapsulated with Viola odorata Linn. extract.

The calculated SF values for alginate and alginate–chitosan microparticles were
0.141 ± 0.2 and 0.165 ± 0.3, respectively. These values indicate the absence of an ideal
spherical morphology in the majority of prepared microparticles; i.e., the prepared mi-
croparticles belong to an elongated shape (SF > 0.07). This is in correlation with the other
available literature data [67]. The absence of sphericity in the microparticles can lead to
a reduction in their mechanical and chemical resistance [68]. It is known that the size
and sphericity of alginate–chitosan microparticles, produced via the extrusion dripping
method, depend on the process variables (needle size, encapsulation flow surface tension of
crosslinking solution, viscosity, and mixing velocity) [68,69]. Having this in mind, the lack
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of total sphericity for prepared microparticles can be attributed to any mentioned factors.
However, since the microparticles are designed for oral administration, the size and shape
are not as crucial as those intended for intravenous or intraperitoneal application.
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3.2.2. Encapsulation Efficiency

The encapsulation efficiency of black locust flower extract in the alginate and alginate–
chitosan microparticles was 92.56 ± 3.21% and 92.05 ± 2.88%, respectively. A significant
change in encapsulation efficiency has not occurred due to the presence of the chitosan
membrane. The remaining amount of extract was not encapsulated because of its loss and
the rapid degradation of unstable compounds during the encapsulation process. Villate
et al. [67] also obtained a similar encapsulation efficiency.

3.2.3. Swelling Study

One of the most important features of hydrophilic microparticles, such as alginate
and alginate–chitosan microparticles, is swelling when coming into contact with water
or other fluids at physiological pH values. Kanokpanont et al. [17] reported the swelling
ability to be even over 2000% or 20 g of water per 1 g of alginate–chitosan xerogel. The
SD of microparticles depends on the pH value of the solution [70]. This factor has a
significant influence on the release mechanism of encapsulated compounds from the extract.
The swelling ability of encapsulated alginate and alginate–chitosan microparticles was
monitored in conditions of different pH values at 37 ◦C for 24 h. Firstly, the microparticles
were stored in SGF for 2 h; after that, they were filtered, transferred, and stored in SIF for
the next 22 h. The dependences of the SD of encapsulated microparticles on time for pH 1.2
and pH 7.4 are depicted in Figure 3.
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At pH 1.2, the SD of alginate microparticles was intensively grown in the first 2 h
reaching a maximal value of 372.2 g of water per g of xerogel (372.2%) (Figure 3). This
is probably the result of the hydration of hydrophilic groups in alginate molecules. Af-
ter transferring the microparticles in SIF (pH 7.4), the SD continuously increased up to
2051.6 g/g of xerogel. The SD of alginate–chitosan microparticles grew to 241.4 g of water
per g of xerogel (241.4%) in the first 2 h (Figure 3). This increase probably occurred due to
the hydration of the hydrophilic group in alginate and chitosan molecules as well as the
protonation of amino groups of chitosan molecules at lower pH values [71]. In that case,
repulsive forces are created, which affect the partial separation of the two polymers and the
creation of pores that allow easier penetration of water. The SD reached 1309.1 g of water
per g of xerogel (1309.1%) after transferring microparticles in SIF (pH 7.4) for 24 h. The
high SD value indicated the possible separation of polymer chains due to the ionization
of carboxylic groups without breaking the chemical bonds in the polymeric net. A similar
change in SD has been noticed for both types of microparticles in SGF and SIF. The SD
values for alginate microparticles were significantly higher than those for alginate-chitosan
microparticles. The chitosan membrane reduces the permeability of alginate microparticles
due to the formation of a polyelectrolytic complex between the amino groups of chitosan
and the hydrophilic groups of alginate. The formed complex does not allow easy penetra-
tion of fluid inside the alginate–chitosan microparticles. Pravilović et al. [72] also showed a
lower SD of alginate–chitosan microparticles encapsulated with thyme extracts compared
to the alginate microparticles. The results of swelling studies indicated that SD increased
as the pH value of the medium increased. This behavior of microparticles is desirable
since they should be resistant to the conditions of the gastric environment (pH 1.2) but also
enable the release of the extract compounds in the conditions of the intestinal environment
(pH 7.4).

3.3. In Vitro Studies of Antioxidants Release in Simulated Gastrointestinal Fluids

A cumulative antioxidant release (expressed in percentage) from alginate and alginate–
chitosan microparticles under the conditions of SGF and SIF is depicted in Figure 4. Initially,
the rapid release of 7.01% and 6.16% of antioxidants from alginate and alginate–chitosan
microparticles in SGF occurred within the first 6 min, respectively. This release profile
is due to the difference in antioxidant concentrations between the interior and exterior
mediums of the microparticles. The sustained release of antioxidants from alginate (55.96%)
and alginate–chitosan (51.95%) microparticles was noticed up to 2 h in SGF. The slower
release of antioxidants occurred after transferring microparticles in the conditions of SIF.
After 6 h in SIF, exactly 60.11% and 56.56% of antioxidants were released from alginate
and alginate–chitosan microparticles, respectively. Villate et al. [67] reported an analogous
in vitro release profile of cannabinoids from alginate–chitosan microparticles using a similar
model. In their study, the cumulative release of cannabinoids in SGF during the first 2 h
was significantly lower (about 20% of the total encapsulated compound). They obtained
almost the same percentage of cumulative release as in this study after 6 h. The low pH
value of SGF impacted the formation of alginic acid in alginate which interfered with
antioxidant release from microparticles; i.e., it led to the low cumulative release [73]. The
acidic degradation of antioxidants in the gastric environment is one of the factors that
negatively impacts their oral bioavailability [74].

In this study, the antioxidants release profiles in both types of microparticles were
quite similar. The percentage of released antioxidants from alginate microparticles was
higher than from alginate–chitosan microparticles, which was caused by the presence of a
chitosan membrane [75]. The membrane reduced the diffusion of antioxidants from the
inner parts of microparticles to the exterior environment and extended the drug release
profile [76]. The zero order, first order, Higuchi, Hixson–Crowell, Korsmeyer–Peppas, and
Baker–Lonsdale models were applied to fit the obtained data for antioxidant release from
the polymeric matrix. The fit goodness of the experimental data was estimated based on
the statistical parameters, such as the coefficient of determination (R2), adjusted coefficient
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of determination (Radj
2), root mean square error (RMSE), and Akaike information criterion

(AIC). It is recommended that the model has a higher coefficient of determinations and
lower RMSE and AIC. The Korsmeyer–Peppas model was proved to be the best model for
describing both release profiles because the highest R2 value (around 0.84) and lowest AIC
value (around 44) were found in this model (Table 3). The R2 value of 0.84 showed that 84%
of the variance in antioxidant release could be explained using this model. The Korsmeyer–
Peppas model is suitable for use in drug release from hydrogels or other systems which
change shape and volume during this process. In this model, the diffusion coefficients of
0.305 and 0.322 were obtained for antioxidant release from alginate and alginate–chitosan
microparticles, respectively. The values of n less than 0.5 indicate the simple Fick diffusion.
In the case of values greater than 0.5, a non-Fickian release occurs indicating diffusion in
the hydrated matrix and relaxation of the polymer. Since the diffusion exponents were
lower than 0.5, the release of antioxidants was subjected to the simple Fickian diffusion.
This fact implied the controlled release of antioxidants via a diffusion process [77]. Fickian
diffusion is defined by a high rate of solvent diffusion into the matrix and a low rate of
polymeric relaxation.
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Table 3. Kinetic models and statistics parameters of fitting the data of antioxidant release from
alginate and alginate–chitosan microparticles at 37 ◦C.

Kinetic Model Equation Alginate Microparticle Alginate–Chitosan
Microparticle

Parameter Goodness of Fit Parameter Goodness of Fit

Zero order F = k0t k0 = 13.446

R2 = –0.4241
Radj

2 = –0.4241
RMSE = 23.7987

AIC = 58.9172

k0 = 12.547

R2 = –0.2469
Radj

2 = –0.2469
RMSE = 21.4682

AIC = 57.4743

First order F = 100×
(

1− e−k1t
)

k1 = 0.299

R2 = 0.2264
Radj

2 = 0.2264
RMSE = 17.5400

AIC = 54.6451

k1 = 0.247

R2 = 0.2719
Radj

2 = 0.2719
RMSE = 16.4048

AIC = 53.7084

Higuchi model F = kH
√

t kH = 30.572

R2 = 0.6575
Radj

2 = 0.6575
RMSE = 11.6704

AIC = 48.9411

kH = 28.372

R2 = 0.7112
Radj

2 = 0.7112
RMSE = 10.3328

AIC = 47.2368
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Table 3. Cont.

Kinetic Model Equation Alginate Microparticle Alginate–Chitosan
Microparticle

Parameter Goodness of Fit Parameter Goodness of Fit

Korsmeyer–
Peppas
model

F = kKPtn kKP = 38.296
n = 0.305

R2 = 0.8675
Radj

2 = 0.8410
RMSE = 7.9514
AIC = 44.2930

kKP = 34.892
n = 0.322

R2 = 0.8701
Radj

2 = 0.8442
RMSE = 7.5899
AIC = 43.6414

Hixson–
Crowell
model

F = 100×
(

1− (1− kHCt)3
)

kHC = 0.076

R2 = 0.0204
Radj

2 = 0.0204
RMSE = 19.7379

AIC = 56.2979

kHC = 0.065

R2 = 0.1062
Radj

2 = 0.1062
RMSE = 18.1759

AIC = 55.1437

Baker–Lonsdale
model

3
2 ×

(
1−

(
1− F

100

) 2
3
)
− F

100 = kBLt kBL = 0.024

R2 = 0.7877
Radj

2 = 0.7877
RMSE = 9.1895
AIC = 45.5952

kBL = 0.019

R2 = 0.8105
Radj

2 = 0.8105
RMSE = 8.3700
AIC = 44.2875

R2—coefficient of determination; Radj
2—adjusted coefficient of determination; RMSE—root mean square error;

AIC—Akaike information criterion; F—cumulative antioxidants release; k0, k1, kH, kKP, kHC, kBL—release constant
of zero order, first order, Higuchi, Korsmeyer–Peppas, Hixson–Crowell, Baker–Lonsdale, respectively.

3.4. Antioxidant Activity of the Extract after Its Release from Microparticles in
Gastrointestinal Fluids

The antioxidant activity of black locust flower extract encapsulated in alginate and
alginate–chitosan microparticles was determined after 2 h in SGF or SIF. The calculated
IC50 values of the samples are depicted in Table 4. With both types of microparticles, a
higher antioxidant activity of the extract was noticed in the conditions of SIF. The extract
encapsulated in alginate–chitosan microparticles expressed a better antioxidant activity
compared to the extract encapsulated in alginate microparticles in the conditions of SIF.
In this case, the chitosan membrane also had an important role in preventing the loss of
antioxidant activity of the extract in the conditions of SGF. The obtained data are expected
considering the alginate microparticles are degraded at the higher pH values, while they
are stable in an acidic environment. The chitosan membrane enhances the microparticle
stability, causing the reduction in antioxidants released in SGF [17]. Comparing the IC50
values of the extract before (120.9 ± 0.08 µg/mL) and after encapsulation, it can be noticed
that the antioxidant activity significantly increased. The reason for such behavior is proba-
bly due to the synergistic effect of the extract, alginate [78], and chitosan [79], which is also
known to possess antioxidant activity.

Table 4. IC50 values (µg/mL) of encapsulated extract of black locust flowers in alginate–chitosan and
alginate microparticles in SGF and SIF.

Microparticle Simulated Gastric Fluid Simulated Intestinal Fluid

Alginate 109.4 ± 0.06 89.6 ± 0.07
Alginate–chitosan 115.7 ± 0.03 68.3 ± 0.05

According to the carried-out analyses, the alginate–chitosan microparticles were
shown as a more suitable drug delivery system compared to the pure alginate microparti-
cles due to the slower antioxidants release in simulated gastrointestinal fluids and better
antioxidant activity of the sample. The main contribution of this study is the preparation
of microparticles encapsulated with black locust flower extract at the laboratory level
by protecting its antioxidant activity. To provide the scale enlargement of microparti-
cle production, the procedure should be adjusted to the appropriate equipment at the
industrial level.
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4. Conclusions

The ethanolic extract of black locust flowers represents a source of antioxidant com-
pounds with a TAC of 3.18 ± 0.01 g GAE/100 g d.w. The UHPLC–ESI–MS method also
indicated the presence of 27 phenolic compounds. According to MTT and DPPH assays,
the extract had moderate antioxidant and cytotoxic activity against the HeLa cell line. The
extract can be considered a tumor-selective agent due to having no cytotoxic effect against
the normal MRC-5 cell line. To protect and stabilize the extract from the conditions of the
gastrointestinal tract in vitro, the encapsulation via extrusion method was used for the
preparation of microparticles based on alginate and alginate–chitosan. In alginate–chitosan
microparticles, the chitosan membrane reduced the permeability of alginate microparticles
and directly impacted the protection of antioxidants and their low diffusion from the inner
part of microparticles to the exterior medium. Also, the antioxidant activity of the extract
was improved after its encapsulation in the microparticles. This is most likely caused by
the synergistic effects of chitosan and alginate, which have expressed antioxidant activity.
In summary, the prepared microparticles had standard quality characteristics in gastroin-
testinal environments. The procedure for microparticle preparation did not require the
use of expensive equipment and toxic solvents and did not produce any hazardous waste
harmful to human health or the environment. All research was carried out at the laboratory
level. For further commercial application of these microparticles, it is necessary to study
new industrial equipment and procedures for their preparation.
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Abstract: There is a growing emphasis on seeking stabilizing agents with minimal transformation,
prioritizing environmentally friendly alternatives, and actively contributing to the principles of the
circular economy. This research aimed to assess the stability of a novel spray-dried hydrocolloid
from high Andean algae when introduced into an aqueous solution. Nostoc sphaericum freshwater
algae were subject to atomization, resulting in the production of spray-dried hydrocolloid (SDH).
Subsequently, suspension solutions of SDH were meticulously prepared at varying pH levels and
gelling temperatures. These solutions were then stored for 20 days to facilitate a comprehensive
evaluation of their stability in suspension. The assessment involved a multifaceted approach, en-
compassing rheological analysis, scrutiny of turbidity, sedimentation assessment, ζ-potential, and
measurement of particle size. The findings from these observations revealed that SDH exhibits a
dilatant behavior when in solution, signifying an increase in with higher shear rate. Furthermore, it
demonstrates commendable stability when stored under ambient conditions. SDH is emerging as a
potential alternative stabilizer for use in aqueous solutions due to its easy extraction and application.

Keywords: stability; high Andean algae; hydrocolloid; SDH solution

1. Introduction

Suspension stabilizers find widespread applications in various industrial processes,
ranging from the formulation of consumable foods, and pharmaceuticals, to water treat-
ment. Maintaining the suspension of solids in an aqueous medium not only enhances the
visual quality of foods and drugs [1,2] but, in water treatment, it also improves the efficiency
of removing both suspended and dissolved materials. Achieving these objectives relies
on the utilization of stabilizing agents, which can be of chemical origin or derived from
biological origin [3,4]. Nevertheless, the use or production of these stabilizers may generate
waste, posing potential environmental challenges. Consequently, there is a growing interest
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in developing stabilizers from biological origins that are environmentally friendly and
contribute to the principles of the circular economy.

A diverse array of stabilizing agents, including guar gum, xanthan gum, sodium
alginate, pectins, carrageenans, gelatins, and locust bean gum, are extensively employed
due to their exceptional functionality. These ingredients have significantly transformed
the landscapes of the food and pharmaceutical and water treatment industries, with their
availability in the market reflecting their synthetic, semi-synthetic, or natural origins [3,5–7].
With a heightened consumer awareness of environmental conservation and sustainabil-
ity, there is a discernible preference for natural hydrocolloids, with algae emerging as
prominent contenders in this category [8,9].

On the other hand, the extraction processes of commercial gums or hydrocolloids in
many cases require the use of organic solvents and strong acidic or basic media [10,11],
generating waste that negatively impacts the environment. Given this, the proposal of
extraction with environmentally friendly methods is recurrent, so an alternative is extraction
by atomization, and nostoc, being an algae with high moisture content (around 98%), is
ideal to be subjected to this process.

While the majority of marine algae have undergone extensive study and exploitation in
the food industry, the scientific knowledge and utilization of freshwater algae, particularly
their extracted derivatives like the hydrocolloids of Nostoc sphaericum, remain limited.
Nostoc sphaericum, an algae thriving as a renewable natural resource in the lagoons and
wetlands of the Peruvian Andes, represents an area of untapped potential [12–14]; it has a
protein content of 24.01%, fat 1.88%, ash 6.19%, fiber 8.84%, carbohydrates 57.32%, humidity
10.57%, and pH 6.91 in dehydrated samples on a wet basis [14].

Introducing novel stabilizers with broad applications poses a formidable challenge for
the current industry, and the exploration of high Andean algae, such as Nostoc spaericum,
holds promise in meeting these expectations. However, understanding the key parameters
of the stabilizers or hydrocolloids, including ζ potential, particle size, and rheological
behavior, is imperative [5,15–17]. Additionally, comprehending their behavior during
storage is essential. The stability of stabilizing agents in an aqueous medium over time
is critical during application. This aspect becomes particularly significant in preventing
the undesired sedimentation of suspended solids, a concern in various liquid products
such as nectars, juices, and dairy-derived concentrates, and especially in the context of
suspended drugs. Conversely, in applications where agglomeration is desired, such as
certain processes [18–22], sedimentation becomes a favorable outcome.

The stability of hydrocolloids in aqueous solution hinges on various factors, including
hydrocolloid concentration, pH, temperature, and mixing speed. This stability can be
characterized by understanding key parameters such as ζ potential, particle size, molec-
ular weight, shear stress, strain rate, and activation energy [18–22]. While these control
parameters are well-established for commercial hydrocolloids, determining them for a new
hydrocolloid is essential to define its potential.

In the high-altitude lagoons of Andahuaylas, a province of the Peruvian Andes, algae
of the genus Nostoc flourishes at elevations above 4000 m. Remarkably, these algae serve as
a folkloric food source for the residents of the local communities.

Despite its content of hydrocolloids with favorable techno-functional properties [14,23],
this algae currently lacks commercial significance, potentially serving as a valuable alterna-
tive to commonly used industry hydrocolloids. The research is directed towards evaluating
the aqueous stability of a newly developed spray-dried hydrocolloid derived from high
Andean algae, specifically Nostoc sphaericum.

2. Materials and Methods
2.1. Raw Material

The samples of atomized hydrocolloid (SDH) of Nostoc sphaericum were supplied by
the Laboratory of Research in Advanced Materials for Water Treatment of the National
University José María Arguedas, Peru. They were extracted by atomization according to
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the methodology proposed by Choque et al. [14], which consists of liquefying the algae
with distilled water in a 1/1 ratio, then being sieved at 45 microns, then atomized at 100 ◦C
inlet temperature, air speed of 600 L/s, and suction speed of 38 m3/h in a mini spray dryer
model B-290, Buchi brand (Flawil, Switzerland).

2.2. Preparation of Hydrocolloid Suspensions

Suspensions were formulated in accordance with Table 1. The process involved
adjusting the pH of distilled water with 0.1 M citric acid. Subsequently, 100 mL of the
solution was taken, and 1 mg of SDH along with potassium sorbate 1 mg was added
(added to prevent microbial growth). The mixture was stirred at 1500 rpm for 1 min
for homogenization and then left in agitation at 60 rpm for 24 h. To achieve uniform
temperature, the suspensions were heated at 60 and 80 ◦C under continuous agitation at
60 rpm until a constant temperature was reached (refer to Figure 1). Following this, the
suspensions were cooled down to room temperature for subsequent evaluations.

Table 1. Experimental design matrix.

Treatment Factor 1: pH Factor 2: Concentration (ppm) Factor 3: Temperature (◦C)

T1 6.5 100 60
T2 6.5 100 80
T3 4.5 100 60
T4 4.5 100 80
T5 6.5 70 60
T6 6.5 70 80
T7 4.5 70 60
T8 4.5 70 80
T9 6.5 100 40
T10 6.5 70 40
T11 4.5 100 40
T12 4.5 70 40
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Figure 1. SDH solution preparation and analysis flowchart. Figure 1. SDH solution preparation and analysis flowchart.

2.3. SDH Characterization

The determination of the point of zero charge (PZC) involved preparing solutions with
varying pH values (ranging from 2 to 12). In each case, 0.05 g of SDH was added to 50 mL of
each solution and stirred at 150 rpm for 24 h at room temperature. The resulting solution’s
pH was then measured, and the PZC was determined by identifying the intersection point
of the initial pH and final pH curve [24].

In a separate analysis, SDH was subject to examination using a Thermo Fisher
(Waltham, MA, USA) FTIR spectrometer in ATR mode. This analysis focused on identifying
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influential functional groups within the range of 4000 to 400 cm−1, with a resolution of
4 cm−1.

Additionally, X-ray diffraction analysis was conducted using a Bruker diffractometer,
model D8-Focus (Karlsruhe, Germany), (Cu Kα1 = 1.5406 A◦) at 40 kV and 40 mA, with a
PSD Lynxeye detector. The degree of crystallinity was determined by calculating the ratio
between the area corresponding to the crystalline phase and the total area under the XRD
curve using Equation (1) [25].

CD (%) =
Scr.p

St
× 100, (1)

Crystal size is not interchangeable with particle size, as crystals are contained within
particles. Therefore, the average crystal size (D) was calculated from the diffractogram
using Scherrer’s formula (Equation (2)) [26].

D =
k.λ

β.cosθ
, (2)

where k represents Scherrer’s constant (0.9), λ is the wavelength of the X-ray source
(0.15406 nm), β denotes the peak width of the diffraction peak profile at half maximum
height, a result of the small size of the crystallites (in radians), and θ signifies the position
of the peak (in radians). The data were analyzed using Origin Pro 2023 software.

The morphology of the SDH was examined using a scanning electron microscope
(SEM), particularly the Prism E model by Thermo Fisher (Waltham, MA, USA), operating
at an acceleration voltage of 25 kV and a magnification of 1000×.

2.4. Analysis of Rheological Behavior

The experimental samples underwent continuous testing using an Anton Paar rota-
tional rheometer, specifically the MCR702e model (Graz, Austria). The rheometer featured
a concentric cylinder arrangement, and the tests were conducted at controlled shear rates
ranging from 1 to 300 s−1 and at temperatures of 40, 60, and 80 ◦C. The acquired data
were analyzed using shear stress models designed for non-Newtonian fluids, specifically
the Power Law, Herschel–Bulkley, and Casson models, the details of which are presented
in Table 2.

Table 2. Rheological models for non-Newtonian fluids.

Model Equation Parameters

Power law τ = kγn k, n (3)
Herschel–Bulkley τ = τy + kHγn τy, kH , n (4)
Casson τ1/2 = τy

1/2 + (k γ)1/2 τy, k (5)

Donde: τ, yield stress (Pa); γ, shear rate, (s−1); k, consistency index (Pa.sn); n, behavioral index; τy, elastic limit or
yield point (Pa); ηB, plastic viscosity (Pa.s.); kH , consistency index (Pa.sn).

The rheological models underwent adjustment via non-linear regression, employing
the least squares difference as the convergence criterion and evaluated using the Quasi-
Newton (QN), Simplex/Quasi-Newton (SQN), and Rosenbrock/Quasi-Newton (RQN)
methods [27,28]. To assess the model’s quality, key metrics including the adjusted cor-
relation coefficient (R2), the residual mean square of the error (MSE) calculated using
Equation (6), and the mean absolute percentage of the error (MAPE) determined through
Equation (7) were considered.

MSE =
∑i(xi − x̂i)

2

n
, (6)
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MAPE =
1
N

N

∑
i=1

|xi − x̂i|
xi

(7)

In the given equations, xi represents the observed value; x̂i denotes the predicted
value; n signifies the number of observations, and N represents the totalnumber of experi-
mental observations.

Similarly, an assessment of the dispersion of residuals was conducted, employing crite-
ria such as Random (R), Slightly Random (SR), and Tendentious (T). Models demonstrating
the best fit exhibited a random distribution of residuals.

These analyses were conducted at a significance level of 5%, utilizing Excel sheets, the
Solver utility, and Statistica V12 software (Statsoft, Tulsa, OK, USA).

2.5. Determination of Temperature Dependence

The influence of temperature on the rheological behavior was examined by assessing
the activation energy (Ea), providing insights into the behavior of colloidal solutions,
interpenetrating networks, and nanofluid flow. This parameter is linked to the energy
necessary for the interchain displacement of polymers, with higher Ea values indicating
elevated crosslinking [29,30]. The calculation of Ea was carried out using the Arrhenius
equation (Equation (8)) based on the consistency index values.

k = k0e−
Ea
R . 1

T , (8)

where k is the consistency index of the fitted model; k0 is the pre-exponential factor; R is the
universal gas constant (8.314 kJ/kmol.K), and T is absolute temperature, K.

2.6. SDH Suspension Stability Evaluation

The stability of the suspensions was evaluated for 20 days, employing indicators such
as turbidity, sedimentation, color, and ζ potential.

For each SDH suspension formulation, 20 mL was dispensed into flat-bottomed tubes
with a diameter of 1.6 cm. Subsequently, 10 mL of suspension was extracted from the top of
each treatment at rest, and turbidity was measured at intervals of 4 days for 20 days. The
measurements were conducted by recording the transmittance at 560 nm using a UV-Vis
spectrophotometer, specifically the Thermo Fisher Genesys 150 UV model (Waltham, MA,
USA). Distilled water with potassium sorbate at the study pH served as a control. It is
noteworthy that samples were discarded after each measurement.

To assess sedimentation, 8 mL of the tube’s remaining volume was extracted and
discarded, leaving 2 mL. The residual content was vigorously vortexed at 3000 rpm for
2 min to achieve sediment homogenization. Subsequently, the homogenized sample was
subject to spectrophotometric analysis, measuring transmittance at 560 nm. This process
was repeated over a span of days, with readings taken at 4-day intervals.

The color stability of the suspensions was evaluated in the CIE L* a* b* color space,
employing specific criteria. Luminosity (L*) was gauged on a scale from 0 = black and
100 = white, while chroma values a* and b* were utilized to determine color characteristics
(+a = red, −a = green, +b = yellow and –b = blue) [31]. For this analysis, treatment samples
were examined using a Konica Minolta colorimeter, model CR-5 (Japan), and readings
were recorded in the reflectance module. Additionally, the color index (CI*) was calculated
using Equation (9), providing a singular numerical representation of the color index as
follows [32]:

• If CI* −40 to −20, colors range from blue-violet to deep green.
• If CI* −20 to −2, the colors range from deep green to yellowish green.
• If CI* −2 to +2, represents greenish yellow.
• If CI* +2 to +20, colors range from pale yellow to deep orange.
• If CI* +20 to +40, colors range from deep orange to deep red.
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CI* =
a*·1000

L*·b* , (9)

For the ζ potential measurements, a 2 mL aliquot was extracted from each treat-
ment and transferred to a polystyrene cell. Then, the samples were subject to analysis
using dynamic light scattering equipment (DLS, Zetasizer ZSU3100, Malvern Instruments,
Worcestershire, UK). The instrument operated at 632.8 nm, a scattering angle of 90◦, and an
electric field strength of 5 V/cm. To ensure accuracy and reproducibility, readings were
performed in triplicate.

2.7. Statistical Analysis

The data on the stability properties of the SDH solutions were collected in Excel sheets
and were evaluated by measuring the main effects and interactions of the input variables
using the Statistica V12 software. The PCA analysis was carried out by standardizing the
data of the response variables to integer values through the Origin Pro 2022b Software.

3. Results and Discussion
3.1. Zero Charge Point (ZCP)

The zero charge point (ZCP), also known as the isoelectric point, represents the pH
value at which a substance in a solution carries no electrical charge. This parameter
significantly influences the stability of substances in aqueous media [33,34]. Values be-
low pHZCP indicate a higher availability of functional groups with a positive charge in
the substance [33,35]. In the case of SDH, the reported pHZCP was approximately 8.1
(Figure 2a). This finding suggests that in the aqueous medium, SDH has the capacity to
adsorb negatively charged molecules by physisorption or chemisorption at a pH lower than
the pHZCP.
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3.2. Diffractometric Analysis and Degree of Crystallinity

Powdered materials are often favored for their enhanced stability and extended shelf
life, especially when processing high crystallinity; this is in contrast to amorphous materials,
which tend to retain more water [36,37], which could lead to microstructural collapse and
microbiological instability [38,39].
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Although the diffractogram of SDH reveals an overall amorphous structure (Figure 2b),
two discernible peaks, at 9.17◦ and 19.52◦ of 2θ, respectively, indicate the presence of
crystalline zones. These zones are associated with materials featuring non-covalent bonds
and gelling qualities, such as CMC, citrus pectin, guar gum, and alginates among
others [36,38,40–43].

The XRD pattern of SDH reports a degree of crystallinity at 71.98% and amorphous
content at 28.02%, signifying a substantial level of crystallinity. This heightened crystallinity
is likely attributed to the protein content within SDH [44], rendering it a stable material
during storage and thereby enhancing its shelf life significantly [36,39].

3.3. FTIR Analysis

Fourier transform infrared analysis (FTIR) is instrumental in unraveling the intricate
interactions involving stretching, bending, and torsion of chemical bonds within materi-
als [14,45]. A pronounced peak of high intensity centered around 3400 cm−1. (Figure 2c)
signifies the stretching of hydroxyl groups present in water, amides, carbohydrates, and
carboxylic acids. Simultaneously, intense peaks at approximately 2900 cm−1 are indicative
of vibrations from the methyl groups of carbohydrates, a characteristic feature of biological
origin material [46].

The peak around 1600 cm−1 is attributed to the -OH stretching of adsorbed water
molecules, suggesting a highly hygroscopic material as a result of its hydrocolloid con-
tent [7]. Furthermore, the peak at 1410 cm−1 is associated with the stretching of the C-O,
C-H, and -OH single bonds, predominantly from carbohydrates [47].

Conversely, the peak observed at approximately 1050 cm−1 signifies the stretching
of the C-O, C-O-C, and C-OH bonds within the polymeric chains of carbohydrates and
proteins [2,47]. Peaks registering below 1000 cm−1 constitute the distinctive fingerprint of
SDH, attributed to the stretching of the C-H and C-O bonds inherent to carbohydrates, a
characteristic feature of hydrocolloids [47,48].

3.4. SEM Analysis

Particle morphology serves as a macroscopic representation of molecular arrangements
within a material [49]. In the SEM image (Figure 2d), spherical shapes predominate, a
characteristic tendency of materials containing carbohydrate-protein-lipid complexes. This
configuration arises from interactions among nonpolar groups within the particle, leading
to them agglomerating in spherical form [47]. The splashed or dented shapes in the
photomicrograph are attributed to the rapid vaporization of water during the atomization
process, causing contractions on the particle surface [43]. Such morphological features are
traits of spray-dried materials [44,50].

3.5. Rheological Analysis

A noticeable increase in shear stress corresponding to shear rate was observed for all
the formulations (Figure 3), displaying a consistent trend, especially among formulations
with a pH of 4.5. Although the temperature allows the shear stress to be slightly increased,
the opposite effect was observed at pH 6.5.

The concave curve fitted to the Power Law model yielded R2 values exceeding 0.9898,
and the Herschel–Bulkley model resulted in R2 values surpassing 0.9929. In both models,
behavior index values (n) exceed 1.0 (Table 3), which suggests that the solution behaves
as a dilatant fluid. This behavior aligns with shear thickening dispersions [23,51,52], a
characteristic observed when subject to a wide range of cutting rates [53–55]. Notably, this
behavior intensified with significantly increasing temperature (Figure 4a), likely attributed
to the thickening capacity of the hydrogels and gums [53,56,57], although no significant
differences of n with SDH concentration and pH of the solution have been evidenced
(p-value < 0.05).
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Table 3. Parameters and statistical values of rheological models for SDH solutions.

Model T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

Power Law

k(Pa.sn × 10−4) 2.5042 1.7931 1.1154 0.7935 1.3742 1.1315 0.9657 0.6444 3.6937 1.5130 3.4568 1.8615
n 1.3772 1.4125 1.5196 1.5741 1.4457 1.5068 1.5473 1.6229 1.2557 1.4010 1.2951 1.4350
R2 0.9942 0.9898 0.9996 0.9999 0.9995 0.9997 0.9996 0.9999 0.9883 0.9998 0.9950 0.9986
MSE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001
MAPE 0.0892 0.1149 0.0703 0.0568 0.0495 0.0599 0.1522 0.0659 0.3849 0.0587 0.1107 0.0747
Residuals R R R R R R R R R R R R
EM QN QN QN QN QN QN QN QN QN QN QN QN

Herschel-Bulkley

τy(Pa × 10−4) 53.4769 56.4827 44.5463 31.8798 0.0000 18.7968 55.7519 53.5837 0.0000 0.0000 0.0000 0.1239
kH(Pa.sn × 10−4) 1.2746 0.7209 0.9518 0.7023 1.3742 1.0556 0.7876 0.5272 3.6938 1.5131 3.4568 1.8579
n 1.5185 1.6041 1.5466 1.5949 1.4457 1.5187 1.5821 1.6573 1.2557 1.4010 1.2951 1.4354
R2 0.9961 0.9929 0.9997 0.9999 0.9995 0.9997 0.9997 0.9999 0.9968 0.9997 0.9958 0.9988
MSE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001
MAPE 0.0579 0.0990 0.0320 0.0216 0.0495 0.0452 0.4167 0.0179 0.3850 0.0587 0.1107 0.0745
Residuals R R R R R R R R R R T R
EM QN QN QN QN QN QN QN QN QN QN QN QN

Casson

τy(Pa × 10−4) 0.0109 0.0423 0.2735 0.4306 2.0557 0.3171 0.1104 0.0620 0.0158 0.3009 0.1378 0.0247
k(Pa.sn × 10−4) 11.834 10.060 17.718 17.189 14.458 17.119 18.020 18.452 10.530 13.066 16.298 19.236
R2 0.9456 0.9426 0.9353 0.9270 0.9433 0.9385 0.9329 0.9211 0.9630 0.9545 0.9656 0.9507
MSE 0.0001 0.0001 0.0024 0.0026 0.0014 0.0021 0.0026 0.0032 0.0001 0.0008 0.0010 0.0020
MAPE 0.2130 0.2187 0.4176 0.5376 0.4910 0.4587 1.1148 0.5534 0.6942 0.4808 0.3843 0.4534
Residuals T T T T T T T T R T T T
EM SQN SQN QN SQN SQN SQN QN SQN SQN SQN SQN SQN

Where EM, estimation method; R, random; T, trending; QN, Quasi-Newton method; SQN, Simplex and Quasi-
Newton method; MSE, mean square of the error; MAPE, mean absolute percentage of the error.
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The consistency index, denoted as k in the Power Law model or kH in the Herschel–
Bulkley model, serves as an indirect measure of viscosity, indicating that as the fluid
density increases, it becomes thicker or more viscous. Notably, a significant decrease in the
consistency index was observed with increasing temperature (Figure 4b). It exhibited an
increase with the concentration of SDH and pH of the solution (p-value < 0.05), implying
that higher concentrations of SDH lead to thicker solutions, exemplified by higher values
at concentrations of 100 ppm of SDH as seen in T1 and T9 (Table 3).

Regarding the elastic limit or yield point (τy), no consistent trend was observed.
However, in some instances, it increased with the temperature and the solute concentration
(Figure 4c), indicating a greater shear stress requirement to initiate the deformation of the
SDH solution. Higher values of τy have been observed for the Herschel–Bulkley model
compared to the Casson model (Table 3). Though these values depend only on the fit of the
model, both present the same trends.

Concerning viscosity behavior, an increase was noted in correlation with the shear rate
for all SDH formulations. However, no clear trend was evident with temperature (Figure 5).
This indicates that as the shear rate increases, the fluid undergoes rapid deformation,
exhibiting rheopectic behavior. This manifestation is indicative of crystallization induced
by continuous shear, a characteristic feature of dilatant fluids [57,58]. As gelatinization
progresses, SDH granules swell and become more deformable, contributing to this observed
rheopectic behavior.

To study the changes of the hydrocolloid in solution, it is essential to heat the mix-
ture under controlled conditions while continuously recording the viscosity changes over
time [59]. This can be measured through the rapid viscoanalyzer (RVA); this method is char-
acterized by a faster mixing action, which allows understanding of the rheopectic behavior
through pasting curves, providing information on the initial gelatinization temperature
and range, maximum or peak viscosity, swelling capacity (during heating), retrogradation
and syneresis (during cooling), final viscosity or in a state of equilibrium, and capacity to
form gels (in resistance to heat and mechanical agitation). These parameters allow us to
know the useful life or the behavior of hydrocolloids in solution during storage [60,61].
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The rheopectic behavior of SDH solutions becomes apparent with heating, as the
apparent viscosity shows a tendency to increase over time. Notably, samples heated
within the initial 4 min exhibit peak viscosity values, reaching levels between 8.5 to 10 cP
in the temperature range of 60 to 90 ◦C (Figure 6). However, for durations exceeding
20 min, higher viscosity values are consistently reported across all aqueous formulations,
particularly around 30 ◦C. This phenomenon can be attributed to the elevated content
of total solids dissolved in the dispersant solution produces, leading to an increase in
viscosity. This increase restricts intermolecular movement driven by hydrodynamic forces
due to the complex and branched structure of SDH. Consequently, the solution establishes
intermolecular bonds, contributing to the observed rise in viscosity [62].
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3.6. Activation Energy of Solutions with SDH

The activation energy serves as a metric for quantifying the energy required to over-
come resistance in the flow of a viscous fluid [30,63]. It can be calculated using the consis-
tency index, an indirect measure of viscosity. Our study reveals a significant increase in Ea
in the presence of the SDH, which is more pronounced at higher pH levels. Specifically, at
100 ppm of SDH, the Ea value was determined to be 37.74 kJ/mol (Table 4).
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Table 4. Activation energy in SDH solutions.

Treatment
Ea (kJ/mol) R2

pH ppm T (◦C)

4.5 70 40
29.127 0.97084.5 70 60

4.5 70 80

4.5 100 40
37.043 0.90794.5 100 60

4.5 100 80

6.5 70 40
8.190 0.91446.5 70 60

6.5 70 80

6.5 100 40
37.740 0.9816.5 100 60

6.5 100 80

This rise in Ea can be attributed to the increased viscosity of the solution. Conse-
quently, a higher shear stress is required to induce deformation in the parallel plates of the
water-SDH system. This observation underscores the interdependence of temperature and
viscosity, a behavior commonly noted in various hydrocolloid materials and gums [64–66].
Elevated Ea values signify a greater demand for external energy to facilitate molecular
movement. This correlation aligns with heightened viscosity attributed to the presence
of macromolecules with gel-forming capabilities, resulting in more stable during thermal
processing and exhibiting non-Newtonian behavior [62,67–69]

3.7. SDH Suspension Stability

The stability of SDH was evaluated through the variation in turbidity and sedimen-
tation over time. Undesirable occurrences such as phase separation, precipitation, and
agglomeration of hydrocolloids in solution are due to the thermodynamic incompatibil-
ity between phases, and these are particularly problematic in industries like food where
appearance is crucial [33,70].

These phenomena are influenced by various factors intrinsic to the hydrocolloid,
including concentration, particle size, electric charge, solubility, molecular weight, and
ionic strength. Simultaneously, the solvent medium is sensitive to pH and temperature
conditions. Achieving stability necessitates a delicate balance of attractive and repulsive
interactions between the hydrocolloid and the solvent medium [71,72].

In Figure 7a, it is evident that there is high turbidity in the SDH solution on the
initial day, signifying the extensive dispersion of SDH particles. Subsequently, from day
1 to day 8, there was a noticeable decline in transmittance, indicative of agglomeration,
coalescence, and sedimentation of the hydrated SDH particles. From day 8 onwards, the
transmittance increases, which translates into lower turbidity of the SDH solution. This
suggests that the sedimented agglomerates are resuspended due to the hydration of the
hydrocolloid molecules, producing a decrease in the sedimented particles, giving, as a
result, high transmittance values for the sediments (Figure 7c). Notably, high transmittance
values are reported for the sediments (Figure 7c). Furthermore, the observation from day
16 onwards indicates the stability of the SDH, suggesting that the hydrocolloid remains
stable over extended periods. This stability is attributed to the hydration of SDH particles,
establishing a delicate equilibrium between the attractive and repulsive forces governing
the interactions between SDH particles and water.
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The impact of the application dosage of SDH is notably significant in influencing
the turbidity and sedimentation of the solution, as illustrated in Figure 7b,d. Higher
concentrations exhibit reduced stability, attributed to the increased availability of SDH
particles for agglomeration. It is worth noting that this susceptibility to agglomeration may
also be influenced by the presence of additional constituents [71]. Conversely, pH emerges
as a critical determinant of stability, with optimal stability observed in an acid medium,
specifically at pH 4.5, Notably, significant differences among treatments are evident during
the assessment of stability over various days, as detailed in Table 5.

Table 5. Significant difference between treatments for turbidity and sedimentation.

Treatment

Turbidity Sedimentation

Day
p-Value *

Day
p-Value *

0 1 4 8 12 16 20 0 1 4 8 12 16 20

T1 a a c e d d c <0.05 -- b a c c d a <0.05
T2 b ab b e c d c <0.05 -- b b c d d b <0.05
T3 c ab c d c cd c <0.05 -- c c e e e c <0.05
T4 d a c d c d c <0.05 -- d d d e e d <0.05
T5 e ab ab cd b bc b <0.05 -- a e a a b e <0.05
T6 f b a bc a a a <0.05 -- c,d f b b a f <0.05
T7 g ab a a a ab ab <0.05 -- e g c b c g <0.05
T8 h ab ab ab a ab a <0.05 -- c,d h c b d h <0.05

* Different letters indicate a significant difference, evaluated through the Tukey test at 5%, n = 5.

3.8. ζ Potential and Particle Size of SDH Suspension

The stability of the SDH hydrocolloid particles in an aqueous medium was assessed
through the ζ potential, a measure of the electrical charge indicating either repulsion or
attraction [73]. Negative values ranging from −10 to −40 mV signify robust stability by
fostering the repulsion of negatively charged particles. However, it is crucial to acknowl-
edge that this stability is subject to influence from factors such as pH, concentration, and
ionic strength [20,74,75].
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The SDH in solution displayed zeta potential values ranging between −17 to −31 mV,
as depicted in Figure 8a. Initial values fell within the range of −23 to −30 mV, experiencing
a notable increase by day 8. This upward shift suggests a decline in stability, as evidenced by
the current rise in sedimentation (Figure 7a). After 20 days, zeta potential values were noted
within the range of −24 to −28 mV, indicative of sustained stability for SDH throughout
the storage period. Notably, there were significant differences between treatments, as
indicated by the p-value (<0.05) in Table 6. These ζ potential align with observations in
other hydrocolloids such as pectins, carrageenans, xanthan gum, and alginates, among
others [14,20,76].
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Table 6. Significant difference between treatments for ζ potential and particle size.

Treatment

ζ Potential (mV) Size Particle (nm)

Day
p-Value *

Day
p-Value *

1 4 8 12 16 20 1 4 8 12 16 20

T1 a a,b c a b b <0.05 a a c,d c,d c b <0.05
T2 a a b a,b b b <0.05 d b b a,b c b <0.05
T3 a a,b,c d c a,b b <0.05 d a,b a,b a,b a a <0.05
T4 a a,b,c c c a,b b <0.05 a,b b,c c,d c,d b,c b <0.05
T5 a d a a a b <0.05 c,d a,b a a a a <0.05
T6 a c a a,b,c a,b b <0.05 c,d d,e c c c b <0.05
T7 a a,b,c b b,c a a <0.05 b,c c,d c b,c a,b a <0.05
T8 a b,c c,d c a a,b <0.05 c,d e d d c b <0.05

* Different letters indicate a significant difference, evaluated through the Tukey test at 5%, n = 3.

Its commendable stability is attributed to the abundance of negatively charged func-
tional groups, such as carboxyl, carbonyl, and hydroxyl in SDH, as elucidated by the FTIR
analysis (Figure 2c). The increase in pH enhances the prevalence of negative charges, aug-
menting the stability of SDH in solution, as evidenced by a significant effect (Figure 8b). In-
triguingly, this contrasts with the behavior observed in gelation temperature and
the impact of SDH addition, a departure from the typical response seen in analogous
materials [74,77,78].
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On the other hand, the particle size closely correlates with ζ potential, with nanometric
sizes facilitating optimal dispersion of hydrocolloids and thereby promoting stability [21,22].
It has been observed that the particle size of SDH in solution decreases considerably with
the progression of storage time (Figure 8c), initially ranging between 650 to 900 nm. By
days 16 and 20, it fluctuates between 300 to 500 nm, displaying a tendency to maintain
uniformity, albeit with slight differences observed between treatments (p-value < 0.05)
(Table 6). This behavior signifies a high degree of dispersion for SDH, contrasting with
relatively low values of ζ potential. Although no significant effect has been observed with
pH, storage time and gelation temperature do have a considerable influence (Figure 8d).

3.9. PCA for the Treatments and Properties of the SDH Solution

PCA allows the exploration of data grouping based on principal components (PC)
that explain the most significant variability in the dataset. Two primary components were
identified, with the first PC1 (44.99%) grouping T1 and T2 on the left side of Figure 9.
These treatments are notably influenced by the consistency index (k), indicating a tendency
toward lower viscosity. On the right side, T7 and T8 are clustered, characterized by a pH
of 4.5 and 0.07 g of SDH/L. These treatments exhibit higher turbidity, zeta potential, and
particle size; these properties are desirable in aqueous food systems.
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Additionally, PC2 (26.90%) reveals that T6 displays greater transmittance (measured
as turbidity), while T4 and T3, situated in the negative part below, do not exhibit influential
properties. This comprehensive analysis provides valuable insights into relationships
between different treatments and their key properties.

Thus, the SDH hydrocolloid reported good stability in an aqueous medium, so this
material could be used as an active ingredient in food products, pharmaceuticals, cosmetics,
textiles, and paints due to the high solubility it presents. Likewise, it presents good stability
against variations in pH (between 4.5 and 6.5) and temperature (between 60 and 80 ◦C).
However, there are aspects to overcome, such as the residual color of SDH, which would
considerably affect food products and drugs.

4. Conclusions

Nostoc sphaericum, a freshwater algae native to the Peruvian Andes, serves as a valuable
source for extracting spray-drying hydrocolloid (SDH). This hydrocolloid exhibits favorable
characteristics, rendering it highly stable in aqueous medium, with zero charge point at
approximately pH 8.1, a crystallinity degree of 71.98%, and an average particle size of
4.12 nm. In the aqueous medium within the pH range of 4.5 to 6.5, SDH demonstrates
dilatant behavior conforming to the Power Law (R2 > 0.99). Notably, its viscosity ranges
from 8.5 to 10 cP at temperatures spanning 60 to 90 ◦C, displaying an activation energy
fluctuating between 8.19 to 37.74 kJ/mol. Extended storage stability tests conducted up
to day 20 reveal consistent turbidity, minimal sedimentation, ζ potential ranging between
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−31 to −17 mV, and particle size maintaining a steady range of 300 to 500 nm with low
variability over time. Given these attributes, SDH emerges as a potential alternative
stabilizer for application in aqueous media due to its exceptional stability. Although there
is still the challenge of overcoming the depigmentation of the hydrocolloid, as well as the
sensory study applied in food systems.
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Abstract: Cellulose derivatives have attracted attention as environmentally friendly materials that
can exhibit a cholesteric liquid crystal (CLC) phase with visible light reflection. Previous reports
have shown that the chemical structures and the degrees of substitution of cellulose derivatives
have significant influence on their reflection properties. Although many studies have been reported
on CLC using ethyl cellulose (EC) derivatives in which the hydroxy groups are esterified, there
have been no studies on EC derivatives with etherified side chains. In this article, we optimized
the Williamson ether synthesis to introduce pentyl ether groups in the EC side chain. The degree of
substitution with pentyl ether group (DSPe), confirmed via 1H-NMR spectroscopic measurements,
was controlled using the solvent and the base concentration in this synthesis. All the etherified
EC derivatives were soluble in methacrylic acid (MAA), allowing for the preparation of lyotropic
CLCs with visible reflection. Although the reflection peak of lyotropic CLCs generally varies with
temperature, the reflection peak of lyotropic CLCs of completely etherified EC derivatives with MAA
could almost be preserved in the temperature range from 30 to 110 ◦C even without the aid of any
crosslinking. Such thermal stability of the reflection peak of CLCs may be greatly advantageous for
fabricating new photonic devices with eco-friendliness.

Keywords: ethyl cellulose; Williamson ether synthesis; cholesteric liquid crystal; Bragg reflection;
methacrylic acid

1. Introduction

Given the concerns about the mass consumption of the finite petroleum resources that
remain on the Earth, the promotion of research and development on functional materials
prepared from biomass resources is of prime importance for the realization of a sustainable
society. Cellulose and its derivatives have recently attracted renewed interest as one of
the biomass resource options because of their safety and biocompatibility. Cellulose is
the naturally occurring homopolymer of β-D-glucopyranose, and it has been widely used
as a raw material for paper dating back to the times of ancient civilizations. As one
of their unique properties, cellulose derivatives can demonstrate a liquid crystal phase,
allowing for dissolving them in solutions [1] or suspensions [2]. The emergence of the
liquid crystal phase depends on the solubility of the polymer in the solvent and the polymer
concentration. Such a liquid crystal phase is called the lyotropic liquid crystal phase. Due
to these interesting properties of cellulose and its derivatives, numerous studies have been
conducted to explore their application potential as functional materials [1,2].

Hydroxypropyl cellulose (HPC) and ethyl cellulose (EC), as depicted in Figure 1, are
among the representative cellulose derivatives that can be obtained by reacting natural
cellulose, in this case, with propylene oxide and ethylene oxide, respectively. Owing to their
safety, both HPC and EC are nowadays utilized as not only ink [3,4] and pharmaceutical
additives [5,6] but also thickeners and coating agents in interdisciplinary industrial fields [7].
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More interestingly, EC has been reported as a biodegradable material, which fits into the
concept of the circular economy [8].
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Figure 1. (A) Chemical structure of hydroxypropyl cellulose (HPC). (B) Chemical structures of ethyl
cellulose (EC) and its derivative tethering pentyl ether side chains (EC-Pe) synthesized in this study.

Another interesting property of HPC and EC is their ability to exhibit a cholesteric
liquid crystal (CLC) phase with visible light reflection in solutions [1,9–12]. When powdery
HPC or EC is dissolved in solvent(s) at high concentrations, the viscous solution shows a
lyotropic CLC phase with light reflection characteristics depending on the concentration
of cellulose derivative. For instance, the lyotropic CLC phase appears when dissolving
pristine HPC in water [1,12–14] or methanol [15]. As another precedent, solutions of
pristine EC in organic solvents such as chloroform [11,16] or acrylic acid (AA) [17] also
exhibit the lyotropic CLC phase. Such a light reflection phenomenon is regarded as a
kind of Bragg reflection [18–20]. The mechanism of the Bragg reflection color change of
HPC or EC solutions with their concentration can be explained by the difference in CLC
structure. The CLC structure is characterized by periodic helical molecular assemblages.
This molecular structure causes periodic modulation of the reflective index of the CLC,
thereby leading to the emergence of light reflection. The maximum wavelength (λ) of the
Bragg reflection peak is numerically expressed as the following equation:

λ = n·p (1)

where n denotes the average reflective index of CLC and p is the helical pitch length [21].
The reflection peak wavelength of CLC is significantly dependent on the concentrations
of HPC [13] or EC [17] solutions, leading to their wide range of potential applications
as concentration indicators, reflective color displays [22], full-color recording media [23],
tunable lasers [24], and so forth.

In this context, HPC can exhibit a CLC phase depending on the temperature when the
hydroxy groups in its side chains are chemically modified [25]. A substance that exhibits
a liquid crystal phase within a certain temperature range is called a thermotropic liquid
crystal. It has been reported that when the hydroxy groups in the side chains of pristine
HPC are esterified [9,25–27] or etherified [25], the reflection peak wavelength of CLC can
be controlled by temperature in either case. Moreover, the reflection peak of CLCs from
HPC derivatives generally shifts to the longer wavelength side upon undergoing a heating
process. Such changes in the reflection peak wavelength can be ascribed to the modulation
of p depending on the temperature [19]. Interestingly, the reflection properties of esteri-
fied HPC derivatives and etherified HPC derivatives differ. In the case of esterified HPC
derivatives, the reflection peak appears at the longer wavelengths at the same temperature
when the substitution degree of hydroxyl groups in the side chain of pristine HPC de-
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creases [28]. However, the etherified HPC derivatives show a reflection peak at the shorter
wavelength side at the same temperature, accompanied by a decline in the substitution
degree [25]. Based on these precedents, it can be understood that the p value of CLC from
HPC derivatives greatly depends not only on the concentration or temperature but also
their substitution degree.

Previously, Gray and Guo reported that esterified EC derivatives exhibit a lyotropic
CLC phase when dissolved in solvents at appropriate concentrations [11,16,18]. Like
esterified or etherified HPC derivatives, the reflection peak wavelength of the solutions of
esterified EC derivatives can be controlled by temperature. However, the research progress
on the CLCs of EC derivatives has lagged behind that of HPC derivatives because the
chemical modification of EC is not as easy as that of HPC due to the inferior solubility
of pristine EC to organic solvents. In addition, etherification with alkyl halides has low
reaction efficiency, whereas esterification with alkanoyl chlorides proceeds with high
yields. Therefore, no reports have yet been released on CLCs prepared from etherified EC
derivatives. As mentioned above, the reflection properties of CLC change significantly in
the case of HPC derivatives depending on the presence or absence of carbonyl groups as
well as the substitution degree. Accordingly, this situation motivates us to investigate the
optical properties of etherified EC derivatives. This is extremely important to comprehend
the CLC behaviors of EC derivatives for the fabrication of new cellulose-based photonic
materials. Moreover, it is also essential to elucidate the effect of the degree of etherification
of EC derivatives on the reflection properties of CLCs.

In this study, we optimized the etherification of hydroxy groups of pristine EC in
order to obtain EC derivatives possessing pentyl ether groups (EC-Pe), as presented in
Figure 1B. During the course of our systematic syntheses, we found that the degree of
substitution with a pentyl ether group (DSPe) rises with the increase in the base concentra-
tion in N,N-dimethylacetamide (DMAc) as a reaction solvent. The CLC phase appeared
when dissolving the etherified EC derivatives in methacrylic acid (MAA) or AA. Such
lyotropic CLCs with visible light reflection could be prepared regardless of the DSPe of
EC derivatives only when MAA was used as the solvent. In general, lyotropic CLCs are
highly susceptible to slight temperature fluctuation, so that the reflection peak wavelength
is readily shifted in wide wavelength ranges by changing the temperature. Therefore,
efforts have been made to tune the reflection peak wavelength by altering the temperature;
however, these have involved cumbersome handling, which presents a serious problem
from the technological viewpoint. Against that background, we serendipitously found
a unique reflection characteristic whereby the reflection peak wavelength of CLC from
completely etherified EC derivatives dissolved in MAA is almost maintained in a wide
temperature range of 30–110 ◦C even though MAA is not polymerized. Such thermally
stable Bragg reflection colors of CLCs are expected to be highly advantageous for the
creation of next-generation photonic devices with eco-friendliness from cellulose.

2. Experimental Section
2.1. Materials

Three kinds of pristine EC substances with different molecular weights were pur-
chased from Tokyo Chemical Industry (Tokyo, Japan) and used as the starting materials
to synthesize EC derivatives. The viscosities of 5 wt% solutions of pristine ECs in the
mixed solvent of toluene and ethanol (volume ratio 8:2), respectively, were 90–110, 45–55,
and 9–11 mPa·s according to the datasheet of the manufacturer. Hereafter, each pristine
EC is coded as ECx, where x is the sample number when arranged in descending order
of viscosity. The number average molecular weight (Mn) and weight average molecular
weight (Mw) of each EC were found to be 6.74 × 105 and 4.29 × 106 for EC1, 5.02 × 105 and
2.43 × 106 for EC2, and 2.58 × 105 and 0.762 × 106 for EC3, respectively, as determined
using size exclusion chromatography (SEC) equipped with a reflective index detector
(HLC-8220GPC, Tosoh, Tokyo, Japan) calibrated using the polystyrene standards. In the
SEC measurements, tetrahydrofuran (THF) was employed as the eluent. The molar amount
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of chemically combined ethylene oxide per anhydroglucose unit, that is, the molecular
substitution (MS), was found to be 2.50 via the 1H-NMR spectrum measurement of pristine
EC in CDCl3. Therefore, the average molecular weight per anhydroglucose monomer unit
could be calculated to be 232. EC was dried under vacuum at room temperature for over
24 h before use.

Dehydrated DMAc, dehydrated N-methyl-2-pyrrolidone (NMP), N,N-dimethylformamide
(DMF), acetonitrile, and dehydrated dimethyl sulfoxide (DMSO) as solvents for the etheri-
fication of EC were obtained from Fujifilm Wako Pure Chemical Co., Inc. (Tokyo, Japan).
1-Bromopentane (PeBr), used for the synthesis of EC-Pe. MAA and AA, used as solvents
of lyotropic CLCs, were purchased from Tokyo Chemical Industry (Tokyo, Japan). Sodium
hydroxide (NaOH) and potassium iodide (KI), used as the catalysts of etherification, were
acquired from Fujifilm Wako Pure Chemical Co., Inc. (Tokyo, Japan). All reagents except EC
were used as received.

2.2. Syntheses of the EC Derivative Possessing Pentyl Ether Groups (EC-Pe)

EC-Pe underwent the Williamson ether synthesis in a manner similar to our previous
procedures to prepare the etherified HPC derivatives [29,30]. The reaction conditions are
listed in Table 1. The typical etherification procedure of EC-Pe is described as follows
(Table 1, Sample code: EC1-Pe0.15).

Table 1. Synthesis conditions of EC-Pe and DSPe values.

Sample Code Solvent
NaOH

Concentration
(g/mL)

Viscosity of
Pristine EC

(mPa·s)
DSPe

a

EC1-Pe0.15 NMP 0.03 90–110 0.15
EC1-Pe0.34 DMAc 0.03 90–110 0.34
EC1-Pe0.36 DMAc 0.05 90–110 0.36
EC1-Pe0.50 DMAc 0.10 90–110 0.50
EC2-Pe0.50 DMAc 0.10 45–55 0.50
EC3-Pe0.50 DMAc 0.10 9–11 0.50
EC3-Pe0.12 DMAc 0.02 9–11 0.12
EC3-Pe0.29 DMAc 0.03 9–11 0.29

a The maximum DSPe value of 0.50 represents the completely etherified EC derivative with pentyl ether
side chains.

In a 100 mL round-bottomed flask, 3.00 g of EC was completely dissolved in 24.0 mL
of dehydrated NMP. After that, we subsequently added 4.01 mL of PeBr to the EC solution
(5.00 eq. to hydroxy groups of EC). After stirring for 30 min at 65 ◦C, 0.72 g of powdered
NaOH (0.03 g/mL for reaction solvents) and 0.27 g of KI (5.00 mol% to PeBr) were added.
Subsequently, this reaction mixture was refluxed at 65 ◦C for 48 h. The reaction mixture
was then purified via two rounds of centrifugation at 1.0 × 104 rpm for 5 min to remove
any sediment such as sodium bromide. Then, the supernatant was dialyzed against an
equivolume mixture of methanol and water for 3 h, and the dialysis was prolonged for
an additional 48 h in an equivolume mixture of THF and methanol by using a Visking
dialysis tube with pore sizes of ~5 nm and a molecular weight cutoff of 1.2–1.4 × 104.
The product was achieved through evaporation at 35 ◦C in vacuo for approximately
30 min and was finally vacuum dried for a few days to obtain purified EC-Pe. The
characterization of EC-Pe was carried out via FT-IR spectroscopy using an attenuated
total reflection module (FT-IR4700 and ATR PRO ONE, JASCO, Tokyo, Japan), 1H-NMR
spectroscopy (JNM-ECZ400S, JEOL, Tokyo, Japan) for the molecular structure, and SEC
analysis for the Mn and Mw values.

2.3. Fabrication Procedure of Lyotropic CLC Cells

The EC derivatives were completely dissolved in MAA or AA using a planetary cen-
trifugal mixer (AR-100, Thinky, Tokyo, Japan). The lyotropic CLC mixture was sandwiched
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between two glass substrates. The cell gap was adjusted using polytetrafluoroethylene film
spacers with a thickness of ~200 µm. The edge of each cell was sealed with epoxy resin to
prevent the evaporation of MAA or AA upon heating.

2.4. Optical Measurements of Lyotropic CLC Cells

The transmission spectrum of the lyotropic CLC cell was determined on a com-
pact charge-coupled (CCD) spectrometer (USB2000+, Ocean Optics, Orlando, FL, USA)
equipped with an optical fiber. The CLC cell was illuminated with white light from a
tungsten halogen light source (Ocean Optics, HL2000). The transmitted light from the CLC
cell was focused through two pieces of achromatic doublet lenses, and it was collected
into the entrance of an optical fiber connected with the CCD spectrometer in a collinear
arrangement with respect to both the white light source and CLC cell. The temperature of
the CLC cell was precisely controlled using a hot-stage system for the optical microscope
(HS82 and HS1, Mettler Toledo, Columbus, OH, USA). Polarized optical microscope (POM)
images were taken with a CCD camera (EO-5012, Edmund, Barrington, NJ, USA) equipped
on the microscope (IX71, Olympus, Tokyo, Japan).

2.5. Rheological Measurements of the Lyotropic CLCs of EC Derivatives

Viscosity measurements were conducted using a stress-controlled rheometer (MCR102,
Anton Paar, Graz, Austria) equipped with a stainless-steel parallel plate with a diameter
of 8 mm. The temperature was tuned by using a forced convection oven (CTD450, Anton
Paar). The lyotropic CLCs were sandwiched at a gap of ~1.0 mm. The angular frequency
(ω) dependence of the storage modulus (G′) and the loss modulus (G′′) was taken on
the above-mentioned rheometer. The measurements were performed in the ω range
between 0.1 and 100 rad/s at 30 ◦C. The strain amplitude was adjusted in the range between
0.2 and 1.2%, which was small enough to measure the linear viscoelasticity. Prior to these
measurements, the lyotropic CLCs were pre-sheared to erase any orientational history
of CLC structures. The pre-shear treatment was conducted by shearing the samples at a
constant shear rate of 3 s−1 for 350 s at 30 ◦C, then leaving to stand for 1 h at the same
temperature after stopping the shearing force.

3. Results and Discussion
3.1. Characterization of EC-Pe

After the Williamson ether synthesis, we measured both the FT-IR and 1H-NMR
spectra to confirm that hydroxy groups of pristine EC are substituted with pentyl ether
groups. Figure 2 shows comparative FT-IR spectra between pristine EC and EC3-Pe0.5
(Figure 2A) and the representative 1H-NMR spectrum of EC3-Pe0.5 (Figure 2B).
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As shown in Figure 2A, the FT-IR spectrum of pristine EC showed an intense peak from
the O-H stretching vibration of the hydroxy groups of EC in a broad wavenumber range of
3000–3600 cm−1. In contrast to pristine EC, the FT-IR spectrum of the completely etherified
EC derivative did not show a broad peak in the same wavenumber region. Furthermore,
the intense peak from the C-H stretching vibration at 2840–3000 cm−1 became stronger,
suggesting that etherification had proceeded. These results suggest that the hydroxy groups
of pristine EC are completely substituted with pentyl ether groups. Figure 2B represents
the 1H-NMR spectrum of EC3-Pe0.5 in CDCl3. The proton peak at 0.89 ppm can be assigned
as the signal “a” corresponding to the terminal methyl groups in the pentyl ether groups of
EC-Pe. The DSPe value, that is, the degree of substitution with pentyl ether group, can be
quantitatively analyzed using the following equation:

DSPe = A(7 + 5MS)/(3W − 11A) (2)

where A is the integrated value of the signal peak “a” and W is the sum of the integrated
values of all protons in EC-Pe. The mathematical derivation of Equation (2) is available in
Appendix A, as described below. As mentioned in Section 2.1, we adopted the MS value of
2.50 from the 1H-NMR spectrum of pristine EC. By applying the experimental results to
Equation (2), the DSPe value of EC-Pe was estimated to be 0.50. Moreover, the values of Mn
and Mw of pristine EC and EC-Pe were evaluated based on the SEC measurements using
the polystyrene standards. As compiled in Table 2, both Mn and Mw of pristine EC and
EC-Pe were in the same order of magnitude as those of pristine EC. This implies that no
depolymerization in the main chain of EC might occur in the etherification process.

Table 2. SEC results of pristine EC and EC-Pe.

Sample Code Mn × 10−5 Mw × 10−6 Mw/Mn

EC1 6.74 4.29 6.36
EC2 5.02 2.43 4.84
EC3 2.58 0.762 2.95

EC1-Pe0.15 4.88 2.51 5.15
EC1-Pe0.34 4.92 2.74 5.58
EC1-Pe0.36 4.54 2.08 4.59
EC1-Pe0.50 5.02 2.28 4.53
EC2-Pe0.50 4.28 1.57 3.68
EC3-Pe0.50 2.61 0.770 2.95
EC3-Pe0.12 2.15 0.742 3.45
EC3-Pe0.29 2.16 0.666 3.09

Previously, Gray and co-workers revealed that the reflection peak wavelength of
CLCs from esterified EC derivatives is greatly affected by the degree of esterification,
that is, the number of hydroxy groups of the EC backbone that remains [11,16,18]. These
precedents motivated us to investigate the effect of the degree of etherification on optical
properties even for the etherified EC derivatives. Therefore, it was necessary to find
synthetic conditions that allow us to control the number of residual hydroxyl groups in the
side chain of pristine EC.

3.2. Synthesis of Etherified EC Derivatives

A series of etherified EC derivatives were synthesized by changing the reaction condi-
tions such as solvent or NaOH concentration, as listed in Table 1. First, we examined the
effect of the solvent on the etherification of EC1 with high Mn and Mw values. Since the
Williamson ether synthesis is the SN2 reaction, aprotic and high-polarity solvents are known
to promote the reaction. Therefore, we synthesized EC-Pe using five kinds of solvents, that
is, acetonitrile, DMSO, DMF, NMP, and DMAc. In all cases, the NaOH concentration in the
reaction solvent was fixed at 0.03 g/mL. When acetonitrile, DMSO, and DMF were used as
reaction solvents, etherification hardly proceeded because the pristine EC and NaOH were
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not soluble in these solvents. Alternatively, when NMP and DMAc were adopted in the
Williamson ether synthesis, etherified EC derivatives could be synthesized because EC and
NaOH were easily dissolved in NMP or DMAc. However, it was found that the DSPe can be
improved from 0.15 to 0.34 by changing the solvent from NMP to DMAc (Table 1, Sample
codes: EC1-Pe0.15 and EC1-Pe0.34). When considering our overall results, we concluded
that DMAc is the most appropriate solvent for the etherification of EC.

Subsequently, we examined the effect of NaOH concentration in DMAc on the ether-
ification of pristine EC. For this purpose, the NaOH concentration was increased from
0.03 g/mL to 0.05 g/mL or 0.10 g/mL. As a result, DSPe became 0.36 or 0.50 when the
NaOH concentration in DMAc was 0.05 g/mL or 0.10 g/mL, respectively (Table 1, Sample
codes: EC1-Pe0.36 and EC1-Pe0.50). These results indicated that the hydroxyl groups in the
side chains of pristine EC can be completely modified by examining the base concentration.
This can be attributed to the increased efficiency of the reaction between the alkoxide ion
and the brominated terminal carbon of PeBr at higher base concentrations. Figure S1 in
the Supplementary Materials shows a comparison of the FT-IR spectra of pristine EC and
etherified EC derivatives. The peak intensity at 3000–3600 cm−1, which was assigned to the
O-H stretching vibration of the hydroxy groups in the EC side chain, was greatly affected by
the difference in DSPe. This peak disappeared when the base concentration in the reaction
solvent was 0.10 g/mL. Therefore, it turned out that a NaOH concentration of 0.10 g/mL
in DMAc enables the synthesis of a completely pentyl-etherified EC derivative with a
maximum DSPe value of 0.50. As explained in Section 2.1, 1H-NMR spectrum measurement
of pristine EC revealed that the molar amount of chemically combined ethylene oxide per
anhydroglucose unit, that is, the MS value, was 2.50. Considering the chemical structure of
pristine EC, the maximum DSPe value was 0.50 since the monomer unit of cellulose has
three hydroxy groups, as depicted in Figure 1B.

Furthermore, we found that the DSPe value of etherified EC derivatives can be
easily controlled from 0.34 to 0.50 by changing the NaOH concentration in DMAc at
0.03–0.10 g/mL. To prove the versatility of this reaction condition, we synthesized another
series of EC-Pe from pristine EC with different molecular weights under the same condi-
tions. Consequently, the completely etherified EC derivatives could be prepared regardless
of the molecular weight of pristine EC (Table 1, Sample codes: EC2-Pe0.50, EC3-Pe0.50). Ad-
ditionally, two kinds of EC-Pe derivatives with DSPe values of 0.12 and 0.29 were also syn-
thesized from EC3 when the base concentration was adjusted to 0.02 g/mL and 0.03 g/mL,
respectively (Table 1, Sample codes: EC3-Pe0.12, EC3-Pe0.29). These results highlight that
the DSPe of EC derivatives could be easily tuned by changing the NaOH concentration.

3.3. Molecular Weight Dependence of EC-Pe on the Reflection Property of Its Lyotropic CLC

We found that the derivatives from pristine EC with a smaller molecular weight were
suitable for preparing lyotropic CLCs with a sharp reflection peak. In this study, three kinds
of completely etherified EC derivatives with different molecular weights were synthesized
from EC1, EC2, and EC3 (Table 1, Sample codes: EC1-Pe0.50, EC2-Pe0.50, and EC3-Pe0.50).
All the EC derivatives were dissolved in MAA at a polymer concentration of 65 wt%,
whereupon reflection peaks appeared in the wavelength range between 420 nm and 520 nm
at 30 ◦C for the lyotropic CLCs (Figure 3). Here, we discovered two phenomena related
to the molecular weight dependence of EC-Pe on the reflection property of CLC. First,
the reflection peak of CLC appeared at the shorter wavelengths with the increase in the
molecular weight of EC-Pe when compared at the same temperature. The reflection peak
wavelengths of the lyotropic CLCs were 517 nm for EC1-Pe0.50, 435 nm for EC2-Pe0.50, and
426 nm for EC3-Pe0.50. The shorter wavelength shift of the reflection peak with decreasing
molecular weight suggests the decrease in the helical pitch length of CLC, corresponding
to p in Equation (1).
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As another phenomenon, the baseline in the transmission spectrum increased from
~80% to ~90%, and a sharp reflection peak emerged, accompanied by the decrease in the
molecular weights of EC derivatives. To quantitatively evaluate the spectral sharpness of
the reflection peaks, we focused on the half width at half maximum in the reflection peak
of each lyotropic CLC. The half width at half maximum of lyotropic CLC was 103 nm for
EC1-Pe0.50, 61 nm for EC2-Pe0.50, and 45 nm for EC3-Pe0.50. Therefore, it can be considered
that the lyotropic CLC of EC3-Pe0.50 is most likely to be self-assembled in the molecular
helical manner. Such a difference in the orientation behaviors of lyotropic CLCs can be
explained by their viscosity. As shown in Figure S2 of the Supplementary Materials,
we explored the changes in the viscosities of EC1-Pe0.50, EC2-Pe0.50, and EC3-Pe0.50 as a
function of shearing time. The measurements were conducted at a constant shear rate of
3 s−1 for 350 s at 30 ◦C. From the experimental results, the steady-state viscosity of EC-Pe
in MAA was determined as follows: 1.83 kPa·s for EC1-Pe0.50, 1.03 kPa·s for EC2-Pe0.50,
and 0.66 kPa·s for EC3-Pe0.50. These fit with our expectations as the viscosities of polymer
solutions generally increase with the molecular weight. It can be considered that the
lowest viscosity, of EC3-Pe0.50, enables the formation of highly oriented CLCs to improve
their optical properties because the liquid crystal molecules are more likely to move than
in the other cases. It should be noted that the low viscosity of a lyotropic CLC is very
advantageous for the emergence of a vivid Bragg reflection color because air bubbles in the
lyotropic CLC, which cause light scattering, can be easily removed by degassing. Therefore,
we concluded that EC3 is the most suitable pristine EC for the preparation of lyotropic CLCs.
From these results, the optical properties of CLCs from EC3-Pe were further investigated,
and the results are presented in the following section.

3.4. Reflection Properties of Lyotropic CLC of EC3-Pe in MAA or AA

When lyotropic CLCs were prepared from a series of EC3-Pe with different DSPe, we
found that MAA is far more suitable than AA as a solvent to form lyotropic CLCs with
visible Bragg reflection. The preparation conditions and sample definitions of lyotropic
CLCs are shown in Table 3. Figure 4 shows the transmission spectra of lyotropic CLCs of a
series of EC3-Pe with different DSPe dissolved in MAA or AA, which were determined at
30 ◦C. The insets of this figure also present the light reflection images.

Table 3. Sample definition of lyotropic CLCs and their CLC properties relevant for changing
the temperature.

Sample DSPe Solvent Polymer
Conc. (wt%) a λ30 ◦C (nm) b λend (nm) c λshift/10 ◦C

(nm) d dchange
e

1 0.12 MAA 54 480 402 25 0.92
2 0.12 MAA 52 533 434 33 0.97
3 0.12 MAA 50 663 543 60 0.90
4 0.29 MAA 60 455 415 7 0.96
5 0.29 MAA 58 520 418 16 0.96
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Table 3. Cont.

Sample DSPe Solvent Polymer
Conc. (wt%) a λ30 ◦C (nm) b λend (nm) c λshift/10 ◦C

(nm) d dchange
e

6 0.29 MAA 56 705 497 35 0.93
7 0.50 MAA 69 426 436 1 1.00
8 0.50 MAA 67 524 495 4 1.05
9 0.50 MAA 63 639 545 12 0.94

10 0.12 AA 69 440 428 – § – §

11 0.12 AA 56 526 455 – § – §

12 0.12 AA 53 771 486 – § – §

13 0.29 AA 65 429 415 – § – §

14 0.29 AA 62 500 410 – § – §

15 0.29 AA 60 656 417 – § – §

16 0.50 AA 65 – * – * – § – §

a Weight concentration. b Reflection peak wavelength at 30 ◦C. c Reflection peak wavelength at the end of the
measurement. d The average wavelength shift of the reflection peak for every 10 ◦C. e The relative change ratio
in the diameter of the lyotropic CLC. * The values were not known because the reflection peaks could not be
measured. § Not measured.
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(F) EC3-Pe0.50 in AA, Sample 16.
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For example, when EC3-Pe0.12 was completely dissolved in MAA at the concentration
of 50–54 wt%, a lyotropic CLC phase with visible reflection was observed (Figure 4A,
Table 3, Samples 1–3). It was found that the Bragg reflection peak wavelength can be
tuned by changing the concentration of EC3-Pe in the lyotropic CLC mixture. Although the
reflection peak wavelength of the lyotropic CLC was 480 nm at 30 ◦C when the polymer
concentration was 54 wt% (Figure 4A, Sample 1), the reflection peak wavelength shifted to
533 nm and 663 nm when measured at the same temperature accompanied by the decrease
in polymer concentration to 52 wt% or 50 wt%, respectively (Figure 4A, Samples 2 and 3).
This plausibly happens due to the decrease in the helical twisting power of CLC or the
expansion of its helical pitch length. Similarly, the red-shift of reflection peak with the de-
crease in polymer concentration was also observed for EC3-Pe0.29 (Figure 4B, Samples 4–6)
and EC3-Pe0.50 (Figure 4C, Samples 7–9). These results fit with our expectations, which
were based on the similar red-shift of the reflection peak wavelength observed for lyotropic
CLCs from aqueous solutions of pristine HPC [1,12] and for a pristine EC solution in
AA [17]. In both HPC and EC systems, the reflection peaks were broadened at lower
polymer concentrations. The phenomenon can be explained by the decrease in the helical
twisting power.

When AA was used instead of MAA as a solvent of lyotropic CLCs, the reflection
peak also shifted to the longer wavelength side as the polymer concentration decreased for
EC3-Pe0.12 (Figure 4D, Samples 10–12) or EC3-Pe0.29 (Figure 4E, Samples 13–15). However,
the reflection peak of EC3-Pe0.50 dissolved in AA at a polymer concentration of 65 wt% did
not appear in its transmission spectrum in the visible wavelength range of 400–800 nm,
which was the detectable range of the measurement instrument (Figure 4F, Sample 16). To
investigate this phenomenon, we conducted POM observation of Sample 16. The POM
image at 30 ◦C showed transmitted light under cross-Nicols, revealing the emergence of op-
tical birefringence through liquid crystallinity (Supplementary Materials, Figure S3A) [17].
When the temperature was increased from 30 ◦C to 110 ◦C, blue light of ~400 nm was
found to be reflected (Supplementary Materials, Figure S3B). According to the precedent
by Nishio and co-workers, the reflection peak wavelength of AA solutions of esterified EC
derivatives shifts to the shorter wavelength upon heating [31]. Additionally, the reflection
peak of lyotropic CLCs of EC3-Pe0.12 and EC3-Pe0.29 in AA (Samples 10–15) also shifted to
the shorter wavelength side upon heating (Table 3). These results contextualized why the
reflection peak appeared within the near-infrared wavelength region at 30 ◦C for Sample 16.
Therefore, further research was conducted using the lyotropic CLC mixtures of EC3-Pe in
MAA (Samples 1–9) to investigate the dependence of optical properties on DSPe value.

3.5. Reflection Peak Wavelength of EC3-Pe in MAA Dependence on DSPe

Interestingly, we found that simply changing the DSPe value of EC-Pe gives rise
to a significant difference in the shifting wavelength range of the reflection peak of its
lyotropic CLC mixture in MAA upon conducting a stepwise heating process. In this
study, lyotropic CLCs exhibiting blue, green, and red reflection colors at 30 ◦C were
prepared from a series of EC3-Pe in MAA with different DSPe values (Samples 1–9). The
changes in transmission spectra of these lyotropic CLCs upon heating are summarized
in Figure S4 in the Supplementary Materials. The sample temperature was increased
from 30 ◦C at temperature intervals of 10 ◦C. The measurements were conducted in the
temperature range at which the reflection peak of CLC appeared and in the wavelength
range between 400 nm and 800 nm by considering the detectable wavelength limit of the
CCD photodetector. The reflection peak wavelength at 30 ◦C, corresponding to the starting
temperature for the measurements, was defined as λ30 ◦C (Table 3, 5th column from left
side). The reflection peak wavelength at the end of the measurements was denoted as λend
(Table 3, 6th column).

Figure 5 plots the change in the reflection peak wavelength of lyotropic CLCs from EC3-
Pe in MAA with a DSPe value of 0.12 (Figure 5A, Samples 1–3) to a DSPe of 0.29 (Figure 5B,
Samples 4–6) and of 0.50 (Figure 5C, Samples 7–9) upon heating from 30 ◦C in a stepwise

149



Polymers 2024, 16, 401

manner. In Figure 5, the plots are color-coded, and each color represents the reflection of
the lyotropic CLC at 30 ◦C. For example, red plots in Figure 5 are those where the reflection
color of lyotropic CLC was red at 30 ◦C.

Polymers 2024, 16, x FOR PEER REVIEW 12 of 17 
 

 

reflection peak of CLC appeared and in the wavelength range between 400 nm and 800 
nm by considering the detectable wavelength limit of the CCD photodetector. The reflec-
tion peak wavelength at 30 °C, corresponding to the starting temperature for the meas-
urements, was defined as λ30 °C (Table 3, 5th column from left side). The reflection peak 
wavelength at the end of the measurements was denoted as λend (Table 3, 6th column). 

Figure 5 plots the change in the reflection peak wavelength of lyotropic CLCs from 
EC3-Pe in MAA with a DSPe value of 0.12 (Figure 5A, Samples 1–3) to a DSPe of 0.29 (Figure 
5B, Samples 4–6) and of 0.50 (Figure 5C, Samples 7–9) upon heating from 30 °C in a step-
wise manner. In Figure 5, the plots are color-coded, and each color represents the reflec-
tion of the lyotropic CLC at 30 °C. For example, red plots in Figure 5 are those where the 
reflection color of lyotropic CLC was red at 30 °C. 

 
Figure 5. Temperature dependences of the reflection peak wavelength of lyotropic CLC from EC3-
Pe with different DSPe. (A) EC3-Pe0.12 in MAA, Samples 1–3. (B) EC3-Pe0.29 in MAA, Samples 4–6. 
(C) EC3-Pe0.50 in MAA, Samples 7–9. The insets are the reflection images of each lyotropic CLC at 
indicated temperatures with white scale bars of 5.0 mm. The plots are color-coded, and each color 
represents the reflection color of the lyotropic CLC at 30 °C. 

In the case of Samples 1–3, the reflection peak wavelength of each lyotropic CLC 
continuously shifted to the shorter wavelength side upon heating (Figure 5A). When 
heated from 30 °C, the reflection peak wavelengths of Samples 1–3 were changed from 

Figure 5. Temperature dependences of the reflection peak wavelength of lyotropic CLC from EC3-Pe
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In the case of Samples 1–3, the reflection peak wavelength of each lyotropic CLC
continuously shifted to the shorter wavelength side upon heating (Figure 5A). When
heated from 30 ◦C, the reflection peak wavelengths of Samples 1–3 were changed from
480 nm to 402 nm (Sample 1), from 533 nm to 434 nm (Sample 2), and from 663 nm to 543
nm (Sample 3). Such changes in the reflection peak wavelength were especially apparent
for Samples 2 and 3 as their Bragg reflection color drastically changed upon heating
(Figure 5A, images). These results were in good agreement with many precedents on CLCs
from pristine EC or esterified EC derivatives [11,18,31]. Regardless of the difference in λ30◦C,
the reflection peaks of each lyotropic CLC disappeared when heated above 60 ◦C. Because
the isotropic phase transition temperature (Ti) of Sample 3 was determined to be 44–68 ◦C
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through POM observation, we considered that such disappearance of the Bragg reflection
color may be due to the transition of molecular orientation from liquid crystal phase to
isotopic phase under heating. In order to quantitatively discuss the DSPe dependence of the
wavelength shift of reflection peak upon heating, the measurement temperature range must
be normalized. Therefore, the following equation was adopted to calculate the average
wavelength shift range of reflection peak for every 10 ◦C, corresponding to the value of
λshift/10 ◦C.

λshift/10 ◦C = {(λ30 ◦C − λend)/(Tend − 30)} × 10 (3)

In Equation (3), Tend is the highest temperature of the measurement. The calculations
show that at the DSPe value of 0.12, the λshift/10 ◦C values for Sample 1, Sample 2, and
Sample 3 are estimated to be 25 nm, 33 nm, and 60 nm, respectively.

For the lyotropic CLCs from EC3-Pe in MAA with a DSPe value of 0.29 (Samples 4–6),
the temperature dependence of the reflection peak wavelength was smaller than those
from EC3-Pe in MAA with a DSPe of 0.12 (Figure 5B). The reflection peak shifted from
455 nm to 415 nm (Sample 4), from 520 nm to 418 nm (Sample 5), and from 705 nm to 497
nm (Sample 6) upon heating from 30 ◦C to Tend. In particular, the change in the reflection
peak wavelength was not so apparent for Samples 4 and 5 in the temperature range of
30 ◦C to 60 ◦C (Figure 5B, green and blue triangles). Furthermore, the λshift/10 ◦C of
Samples 4–6 were 7 nm, 16 nm, and 35 nm, respectively. These values were much smaller
than those of Samples 1–3, as summarized in Table 3. Therefore, it was found that the
λshift/10 ◦C of lyotropic CLCs can be reduced by utilizing EC3-Pe with a relatively higher
DSPe. Notably, the measured temperature range was expanded to 30–90 ◦C. The mechanism
for the expansion of temperature range for visible light reflection was the increase in Ti of
these lyotropic CLCs. For example, the Ti of Sample 6 was 90–98 ◦C, which was ~40 ◦C
higher than that of Sample 3. Thus, the disappearance of the reflection peak upon heating
can be ascribed to the transition from the CLC phase to isotropic phase.

The temperature dependence of the reflection peak wavelength of lyotropic CLC was
smallest when using EC3-Pe in MAA with a DSPe vale of 0.50, that is, the completely
etherified EC derivative (Figure 5C). The reflection peak wavelength only changed from
426 nm to 436 nm (Sample 7), from 524 nm to 495 nm (Sample 8), and from 639 nm to
545 nm (Sample 9) upon heating from 30 ◦C to Tend. In addition, the values of λshift/10 ◦C
were 1 nm (Sample 7), 4 nm (Sample 8), and 12 nm (Sample 9). In these cases, the
reflection peak disappeared on heating to 110 ◦C, irrespective of the reflection color at the
starting temperature of the measurement. Considering that the Ti of Sample 9 emerges
above 155 ◦C, it was considered that the disappearance of reflection peak is due to light
scattering caused by bubbles in the liquid crystal cell generated by heating above 110 ◦C,
probably because of the boiling point of the MAA (160 ◦C) or the expulsion of MAA
encapsulated in the EC-Pe polymer chain, which will be explained in the following section.
As mentioned above, the λshift/10 ◦C values of Samples 7–9 were much smaller than
those of Samples 1–6. The Supporting Video file shows the difference in Bragg reflection
color change of Samples 2 and 8 upon heating in the temperature range of 30–110 ◦C at
20 ◦C/min (Supplementary Materials, Video S1). After the reflection color of Sample 2
was green at 30 ◦C, it changed to blue at ~50 ◦C and finally disappeared at ~85 ◦C. The
disappearance of Bragg reflection color is ascribed to the reflection of ultraviolet light.
In contrast, we found a unique reflection behavior whereby the green reflection color of
Sample 8 was hardly changed upon heating. Indeed, the reflection peak of Sample 8 was
almost maintained at ~520 nm even when heating (Figure 5C, green plots). Such a peculiar
thermal stability of the Bragg reflection color of Sample 8 expands the potential for CLCs
from EC derivatives to be applied to new photonic devices with eco-friendliness.

During systematic studies, we found a tendency for the Ti points of lyotropic CLCs
to rise when utilizing EC3-Pe with higher DSPe. For instance, the Ti points of lyotropic
CLCs showing a red reflection color at 30 ◦C were found to be 44–68 ◦C (Sample 3),
90–98 ◦C (Sample 6), and above 155 ◦C (Sample 9). Considering that each lyotropic CLC
consisted of EC-Pe with the DSPe values of 0.12, 0.29, and 0.50, as given in Table 3, it was
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suggested that the Ti point of CLC is greatly dependent on the DSPe of EC3-Pe. This stems
from the difference in MAA concentration of each lyotropic CLC, because the lyotropic CLC
phase is more likely to be retained with the reduction in the number of solvent molecules
that can flow upon heating.

The viscoelastic behavior of the lyotropic CLC of EC3-Pe dissolved in MAA was
investigated to unravel the mechanism for the difference in the amount of reflection peak
wavelength shift upon heating depending on the DSPe of EC3-Pe. Figure S5 shows the
angular frequency (ω) dependence of the storage modulus (G′) and the loss modulus (G′′) of
Samples 1, 4, and 7 (Supplementary Materials, Figure S5, red plots for Sample 1, blue plots
for Sample 4, and black plots for Sample 7). To obtain reproducible data, pre-treatment
was performed before each measurement based on previous studies [30,32]. As shown
in Figure S5A, G′ was greater than G′′ in the entire ω range of 0.1–100 rad/s, implying
the gel-like behavior of lyotropic CLCs. Although this behavior is not consistent with our
previous rheological studies on the CLCs from HPC derivatives [30,32,33], these results
are reasonable if we consider that the hydrogen bonding between MAA prohibits flow
behavior. Additionally, the inflection points of G′′ for the EC3-Pe solution in MAA were
found at 6.3 rad/s for Sample 1, 2.5 rad/s for Sample 4, and 1.0 rad/s for Sample 7. These
inflection points were more apparent when the loss tangent of G′′/G′ was plotted against
ω (Supplementary Materials, Figure S5B). As shown in Figure S5, the inflection point
appeared shifted toward the lower ω side as DSPe increased. Based on the precedent from
the literature [33], it is plausible that the inflection points appeared in the ω dependence
of G′′ are inseparably related to the tilting motion of the helical axis of the CLC, which
is likely to be hindered with the increase in DSPe value as they shift to the lower ω side.
These results lead us to consider that the reflection peak wavelength of the lyotropic CLC
of EC3-Pe with a higher DSPe is maintained upon heating because of the restriction of
molecular motion.

However, even when using EC3-Pe in MAA with the DSPe value of 0.50, the reflection
peak wavelength of Sample 9 shifted to 94 nm when heating from 30 ◦C to the Tend point
(Figure 5C, red plots). This could be due to the expulsion of solvent molecules to the
outside of CLC layers when heating. To prove this hypothesis, the changes in diameter
of the lyotropic CLC sandwiched between glass plates were evaluated upon heating. The
relative change ratio in the diameter (dchange) of the lyotropic CLC was calculated as follows:

dchange = d110 ◦C/d30 ◦C (4)

where d30◦C and d110◦C are the diameter of the CLC at 30 ◦C and 110 ◦C, respectively. The
dchange values of Samples 7–9 were estimated to be 1.00, 1.05, and 0.94, respectively. It
should be noted that only in Sample 9 is dchange smaller than 1.0. This is because the solvent
molecules inserted into the polymer networks of EC3-Pe are released from the CLC helical
pitches due to heating. As discussed earlier in Section 3.4, the helical twisting power of
Sample 9 was weaker than those of Samples 7 and 8. In addition, the motility of liquid
crystal molecules is enhanced by heating, which prohibits their orientation. Therefore, it
can be considered that solvent molecules inserted into the polymer chain are more likely
to be ejected in Sample 9 rather than those in Samples 7 and 8. The solvent molecules
inserted between the CLC layers are ejected, which shortens the helical pitch length of CLC,
resulting in a shorter wavelength shift of the reflection peak wavelength.

4. Conclusions

In this study, we successfully prepared completely etherified EC derivatives through
the Williamson ether synthesis. The EC derivatives with pentyl ether groups showed
a lyotropic CLC phase with visible Bragg reflection when we dissolved them in MAA.
The sharp reflection peak appeared only when utilizing pristine EC with a relatively
low molecular weight because the lower viscosity of CLC enabled its better orientation.
Moreover, the reflection peak wavelength of CLC could be maintained upon heating by
utilizing the completely etherified EC derivatives. This can be ascribed to the restriction
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of the molecular movement of the liquid crystal structure, which was greatly affected by
the differences in the substitution degrees of EC derivatives. These experimental results
support us not only to understand the fundamental physical properties of CLCs from
EC derivatives but also to create environmentally friendly CLC photonic devices using
cellulose derivatives, which may help us to achieve a sustainable society.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16030401/s1, Figure S1: FT-IR spectra of pristine EC (black line),
EC1-Pe0.36 (gray line), and EC1-Pe0.50 (blue line); Figure S2: Changes in the viscosity of EC1-Pe0.50
(red points), EC2-Pe0.50 (black points), and EC3-Pe0.50 (blue points) as a function of shearing time;
Figure S3: (A) Polarized optical microscopic image at 30 ◦C of Sample 16 under cross-Nicols. (B) Trans-
mission spectra of Sample 16 measured at 100 ◦C (green line), 105 ◦C (red line), and 110 ◦C (blue line);
Figure S4: Changes in transmission spectra of these lyotropic CLCs upon conducting the heating process;
Figure S5: (A) Angular frequency (ω) dependence of the storage modulus (G′; closed squares) and loss
modulus (G′′; open triangles) of Sample 1 (red plots), Sample 4 (blue plots), and Sample 7 (black plots)
measured at 30 ◦C. (B) Angular frequency (ω) dependence of the loss tangent (G′′/G′) of Sample 1 (red
plots), Sample 4 (blue plots), and Sample 7 (black plots) measured at 30 ◦C; Video S1: The difference in
Bragg reflection color change of Samples 2 and 8 upon heating in the temperature range of 30–110 ◦C at
20 ◦C/min.
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Appendix A. Mathematical Derivation of Equation (2)

As mentioned in Section 3.1, Equation (2) enables us to quantitatively evaluate the
DSPe value, that is, the average number of pentyl ether groups in a monomer unit of EC-Pe.
Equation (2) was obtained according to our previously reported procedure [34].

When measuring 1H-NMR spectrum of EC-Pe, a peak of terminal methyl protons in
the pentyl ether groups was observed at ~0.89 ppm. In the preceding section, this 1H-NMR
spectrum was shown in Figure 2B. Successively, we defined the integrated values as A and
the sum of integrated values of the peaks derived from all protons of EC-Pe as W. Therefore,
the W value satisfied Equation (A1) as follows:

W = 7 + 5MS + 11DSPe (A1)

Because the DSPe value was calculated from the ratio of A/3 and W, the relation was
expressed as Equation (A2).

DSPe/(7 + 5MS + 11DSPe) = A/3W (A2)

Consequently, Equation (A2) was rearranged so as to be Equation (2) relating to the
DSPe value, as addressed in Section 3.1.
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Abstract: The spreading behavior of a coating solution is an important factor in determining the
effectiveness of spraying applications. It determines how evenly the droplets spread on the substrate
surface and how quickly they form a uniform film. Fluid mechanics principles govern it, including
surface tension, viscosity, and the interaction between the liquid and the solid surface. In our previous
work, chitosan (CS) film properties were successfully modified by blending with polyvinyl alcohol
(PVA). It was shown that the mechanical strength of the composite film was significantly improved
compared to the virgin CS. Here we propose to study the spreading behavior of CS/PVA solution on
fresh bananas. The events upon droplet impact were captured using a high-speed camera, allowing
the identification of outcomes as a function of velocity at different surface wettabilities (wetting and
non-wetting) on the banana peels. The mathematical model to predict the maximum spreading factor,
βmax, was governed by scaling law analysis using fitting experimental data to identify patterns, trends,
and relationships between βmax and the independent variables, Weber (We) numbers, and Reynolds
(Re) numbers. The results indicate that liquid viscosity and surface properties affect the droplet’s
impact and spreading behavior. The Ohnesorge (Oh) numbers significantly influenced the spreading
dynamics, while the banana’s surface wettability minimally influenced spreading. The prediction
model reasonably agrees with all the data in the literature since the R2 = 0.958 is a powerful goodness-
of-fit indicator for predicting the spreading factor. It scaled with βmax = a + 0.04(We.Re)1/3, where
the “a” constants depend on Oh numbers.

Keywords: CS/PVA solution; banana peels; spreading behavior; βmax; scaling law analysis

1. Introduction

In recent years, developing bio films and coatings that protect fresh foods while
maintaining their quality has been a crucial area of research and innovation. In this
regard, bio-based polymers are an excellent solution to the challenges posed by synthetic
polymers [1], and they can be derived from renewable resources such as plant-based feed
stocks, agricultural waste, or algae [2]. Chitosan (CS) is a versatile biopolymer [3,4] that can
be potentially applied as a preservative coating because it has an excellent film-forming
ability [5]. Nevertheless, poor mechanical and gas barrier properties restrict its potential
for widespread use. Blending CS with biodegradable synthetic polymers is one method to
modify its characteristics and enhance flexibility [6]. To fully understand and harness its
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potential as a coating material, delving into the fluid mechanics and rheological properties
of the chitosan-based solution is important.

Fluid mechanics plays a vital role in food engineering, especially when understanding
or manipulating the characteristics of liquid droplets in processes involving spraying for
coating applications [6]. Spray technology is widely used for various purposes, such as
coating foods with flavorings, colorings, preservatives, or protective films. It allows for a
controlled distribution of substances onto the food surface and provides a desired functional
layer [7]. A spray is a dynamic collection of liquid droplets dispersed in a gas medium,
usually created by fragmenting bulk liquid into smaller droplets [8]. Different devices can
produce the spray, such as pressure nozzles, ultrasonic atomizers, or air across a liquid’s
surface. The resulting droplet size and spray pattern can impact process efficiency, which
is controlled by the microscopic properties of a single droplet [9]. Spreading, rebounding,
splashing, and penetration are physical phenomena that might occur as a droplet of
liquid impinges on a solid surface, depending on the fluid properties, impact conditions,
wettability, and roughness of a surface [10]. The Weber (We) number We (inertia or surface
tension forces), Ohnesorge (Oh) number (viscous forces and surface tension forces), and
Reynolds (Re) number Re (inertia or viscous forces) are dimensionless parameters used to
quantify different aspects of these phenomena [11].

The efficiency of the coating, particularly in terms of film thickness and barrier quali-
ties, is greatly influenced by the spreading behavior of the liquid coating, which determines
how evenly it spreads on the substrate surface and how quickly it forms a uniform film. In
fresh food products, cuticle and epicuticular waxes act as a substantial barrier to wetting
on the solid surface, causing droplets to bead up, bounce, or partially splash rather than
spreading out and wetting the surface [12]. These may reduce the efficacy of the coating
and render spray applications ineffective. Thus, controlling the surface characteristics to
get uniform and continuous coating is important since it affects the surface’s ability to
repel or absorb liquid. Several forces come into play, in which the competition between
spreading and viscous forces is crucial in determining droplet dynamics [13]. Spreading is
driven by the force that arises from the droplet’s attempt to minimize its surface energy
and causes the droplet to flatten and increase its contact area with the solid surface. On
the other hand, viscous forces oppose the spreading process, which tends to maintain the
droplet’s structure and resist deformation [14]. If the spreading force is strong enough, the
droplet will spread out, creating a thin film on the solid surface. The larger viscous forces
might prevent the droplet from spreading completely. In this case, the droplet may keep a
more spherical form, with a restricted contact area with the surface. The balance between
the spreading and viscous forces determines the droplet’s final form and behavior. By
controlling these forces, the processes involving droplet deposition, wetting, and coating
may be manipulated [15]. However, it is important to note that other factors, such as
surface roughness, gravity, and external flows, can also influence droplet dynamics.

The idea behind this work is to investigate the spreading behavior of a CS/PVA
solution on the surface coating of an organic substrate (lady finger bananas) with different
wettability in order to compare the adherence of the formulation to the fruit if the surface is
adequately washed. Bananas are a highly perishable fruit, and improper handling after
harvest can result in rapid deterioration, loss of quality, and reduced shelf life. Postharvest
management techniques like coating can enhance shelf life by creating a protective barrier
around the product [16]. Spray coating of fresh food requires a combination of technical
knowledge, careful planning, and adherence to the products that ensures they are coated
effectively while maintaining their quality and safety. Upon impact, cuticle and epicuticular
waxes act as a substantial barrier to wetting on fruit peels, causing droplets to bead up,
bounce, or partially splash rather than spreading out and wetting the surface [12].

In our previous work, we studied CS/polyvinyl alcohol (PVA) composite films fabri-
cated using the solution casting technique with enhanced properties [17]. Here, to study
the fluid mechanics of liquid droplet impacts on two banana surfaces, the evolution of the
spreading droplets was observed as a function of the impact velocity and the wettability
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of the banana peels. The surface’s wettability was controlled by washing or not washing
the fruit with tap water. The velocity of the droplets was estimated by measuring the
distance between the needle tip and the peels. The viscosity and surface tension effects
were determined by comparing the liquid droplet properties of the CS/PVA coating solu-
tion and water as a reference. A mathematical model is proposed by fitting experimental
data regarding the spreading factor, which involves finding a statistical relationship that
describes the data accurately.

2. Materials and Methods
2.1. Plant Substrates

Lady finger bananas were collected from a local market (Cilegon, Indonesia) and kept
in a refrigerator at 15 ◦C before use. Prior to testing, the fruits were left at room temperature
and washed or not washed with running tap water. The samples were peeled and divided
into two treatments: unwashed (non-wetting) and washed (wetting surface). The peels
were subsequently trimmed into a 4 cm× 4 cm rectangle and adhered to a nine cm diameter
Petri dish.

2.2. Liquid Droplets

The coating solution for liquid droplets consisted of CS/PVA blends and deionized
water (referred to as water). The methodology for preparing the CS/PVA solution has been
described in our prior research [17], in which CS solution (1% w/v in 0.1 M of acetic acid)
was mixed with PVA at the optimum ratio of CS/PVA (75/25) together with glycerol 10%
w/w and succinic acid 5% w/w in a dry-basis CS/PVA blend.

2.3. Impact Measurement

The experimental setup of the impact measurement is described in detail in our prior
work [18], and the outline sketch of the experiment is shown in a diagram in Figure 1.

Figure 1. Experimental setup of impact measurement.

Experiments were conducted at various vertical velocities. A droplet was generated by
pushing liquid through a micropipette, and it was released from a predetermined vertical
height, in which the velocity of the droplet (vo) was determined by measuring the distance
(h) between the tip and the substrate surface, v0 =

√
2gh. The droplet-impacting process

was recorded using a high-speed camera. The acquisition rate was set to 2000 frames per
second (fps), and the shutter speed was adjusted to 1/2000 s.

2.4. Impact Measurement

Liquid density at room temperature was measured using the pycnometric method
using American Society for Testing and Materials (ASTM D854) [19]. Surface tension of the
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samples was evaluated at room temperature using a Kruss tensiometer and a Wilhelmy
plate (KRUSS GmbH, Hamburg, Germany). The viscosity measurements of the liquid
solution were conducted at 25 ◦C with a Physica MCR 301 rheometer (Anton Par GmbH,
Graz, Austria), using concentric cylinder measuring system according to DIN 53019. The
surface structure of the banana peel was observed using a VHX-5000 digital microscope
(Olympus, Tokyo, Japan). The wettability of the organic substrate was evaluated via
the contact angle measurement using a Drop shape Analyzer (DSA 100; KRUSS GmbH,
Hamburg, Germany). ImageJ software NIH or equivalent was used to measure the droplet
data, including initial diameter (D0), droplet spreading diameter D(t), maximum diameter
(Dmax), and droplet height (hD).

3. Results and Discussion
3.1. Substrate Properties

The surface properties of the substrates were characterized using image processing
techniques to observe the roughness and irregularities on a surface, while the wettability
was determined by measuring mean contact angles and calculating Gibbs Adsorption
Energy. A visual comparison of the two banana peels is illustrated in Figure 2.

Figure 2. Surface morphology (2000× magnification) of the banana peels: (a) unwashed (non-
wetting); (b) washed (wetting) surfaces.

The images reveal that the unwashed texture of the banana’s peel is smoother than the
washed one. It exhibits a thin layer covering the surface, and some fractures and wrinkled
structures were observed in the fruit that had been washed. The sessile drop method was
used to determine the mean contact angle (CA), and the measurements were carried out
three times for each sample to ensure reproducibility. The Gibbs adsorption energy (∆Gads)
was calculated using the contact angle data and the Young–Laplace equation [20]. The
results are presented in Table 1.

Table 1. Wettability determination on the banana surface for the two liquids.

Liquid
Banana Peels

Washed Surface Unwashed Surface
CA (◦) ∆G (kJ/mole) CA (◦) ∆G (kJ/mole)

Water 81.4 ± 1.8 −0.21 108.1 ± 2.1 0.44
CS/PVA 63.8 ± 2.5 −0.64 98.4 ± 2.4 0.23
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Liquid water and CS/PVA demonstrate wetting behavior on the washed banana peel.
CS/PVA exhibits better wettability with CA~63.8◦ than water CA~81.4◦. Furthermore,
both liquids display non-wetting characteristics on unwashed peel, where water has a
higher contact angle with CA~108.1◦ than CS/PVA CA~98.4◦. The same results are shown
with ∆Gads calculation, representing a thermodynamic quantity of molecule adsorption
on the solid surface. Water has higher energies on both surfaces, −0.21 and 0.44 kJ/mole,
compared to CS/PVA, which is −0.64 and 0.23 kJ/mole, respectively, for the washed and
unwashed surfaces. A higher ∆Gads might decrease the contact angle, suggesting that
the liquid is better at wetting the surface due to stronger interactions with the surface
molecules. On the other hand, for some systems, a higher ∆Gads might increase the contact
angle, indicating reduced wettability due to a higher degree of surface coverage by the
adsorbed molecules onto a solid [21].

3.2. Droplet Properties and Impact Conditions

Physicochemical properties (density, ρ; viscosity, µ; and surface tension, σ) and the
impact conditions (diameter, D0 and height, h) are listed in Table 2. Using water as the
reference, the density of both liquids is quite similar, and the surface tension of CS/PVA is
lower than water. The apparent viscosity of CS/PVA solution is approximately 12 times
higher than water, which exhibits a shear-thinning (pseudo-plastic) flow behavior.

Table 2. Liquid properties at room temperature and droplet impact conditions.

Liquids
ρ µ σ Do h

Oh= µ√
ρvD0 We=ρD0v2

0
σg/cm3 cps mN/m mm cm

Water 0.998 1.00 72.00 3.00 ± 0.05 5–45 0.002 40–400
CS/PVA 1.125 12.25 51.62 2.85 ± 0.05 5–45 0.030 60–600

It is characteristic of a non-Newtonian fluid for the viscosity to decrease with increased
shear rate. At the same time, the water has a constant viscosity independent of the applied
shear rate characteristic of a Newtonian fluid (see Figure 3a,b).

Figure 3. Liquid properties: (a) surface tension; (b) and viscosity at room temperature.

For the impact parameters, the mean initial droplet diameter is D0 = 3.00 mm for
liquid water and D0 = 2.85 mm for CS/PVA solution. Experiments were conducted at
various heights ranging from 5 to 45 cm, with an impact velocity of 1 < vo < 3 m/s. The
impact dynamics characteristics acquired are Oh = 0.002 (40 < We < 400) for water and Oh
= 0.030 (60 < We < 600) for CS/PVA. Both liquid droplets show a low Oh number (Oh < 1),
indicating that viscous forces dominate, and surface tension effects are less significant [22].
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The maximum We number for all tests is 600, which means that the impact is sufficiently
low not to induce splashing [23].

3.3. Spreading Behavior
3.3.1. Spreading on the Wetting Surface

The time series of droplet impacts and subsequent spreading stages on the wetting
surface for both liquids with Oh = 0.002 and Oh = 0.030 are shown in Figure 4a.

Figure 4. Evolution of droplet diameter at different impact velocities on the wetting surface:
(a) images of spreading stages; (b) spreading pattern.

The impact characteristics at 1, 2, and 3 m/s were recorded by taking snapshots with
the high-speed camera. Theoretically, there are four stages of the spreading following
impact: kinematic, spreading, retraction, and equilibrium [24]. In general, all droplets are
spherical in shape during the kinematic stage, represented by β < 1 [25]. Upon impact,
the shape changes, resulting in a sudden halt in its vertical motion, causing the kinetic
energy to be distributed across the liquid. The droplet continues to spread in the next stage.
It spreads radially across the solid surface, driven by the remaining kinetic energy. The
droplet shape becomes flatter, and its contact diameter on the surface increases and reaches
maximum spreading (1 < β < βmax) [26]. As the maximum value is attained, the droplet
cannot spread further. The droplets show a lamella, or a pancake form, surrounded by a
periphery. Surface tension tries to minimize the surface area of the liquid droplet in the
retraction stage, causing it to recoil, leading to a continuous reduction in droplet diameter
and its movement back to the impact point [27]. Deposition occurs during this stage. The
droplets stay in this form and reach an equilibrium stage. Figure 4b shows the spreading
pattern for two substances at 1, 2, and 3 m/s. It is observed that the droplet with Oh = 0.002
spreads faster than the droplet with Oh = 0.030 at all three impact speeds. The spreading
behavior was significantly altered by the impact velocity, whereby Dmax increased with
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v0, and the rate of receding decreased. The droplet with Oh = 0.002 reached its maximum
value later than the one with Oh = 0.030, and these results are summarized in Table 3.

Table 3. Maximum value of droplet spreading on the wetting surface.

Oh

v = 1 m/s v = 2 m/s v = 3 m/s

t Dmax βmax t Dmax βmax t Dmax βmax

ms mm - ms Mm - ms mm -

0.002 7.50 7.80 2.60 7.50 12.96 4.32 5.00 20.61 6.87
0.030 7.13 5.01 1.97 3.56 7.81 2.74 2.38 9.89 3.47

The droplets with Oh = 0.030 have smaller Dmax of 5.01, 7.81, and 9.89 mm than the
droplets with Oh = 0.002, in which Dmax are 7.80, 12.96, and 20.61 mm at each impact
speed. It can be attributed to the higher viscosity of the liquid with Oh = 0.03. As a shear-
thickening fluid, the liquid acts almost like a solid when subject to rapid deformation. In
this case, kinetic energy dissipates quickly upon impact, almost instantaneously converting
the energy into heat or becoming stored as potential energy within the fluid structure.
Internal friction limits the spread of the droplet. On the other hand, the water droplet
with lower viscosity will spread out more upon impact due to a lower energy dissipation
rate [28].

3.3.2. Spreading on the Non-Wetting Surface

A visual observation of the spreading from both droplets on the non-wetting surface
is presented in Figure 5a.

Figure 5. Evolution of droplet diameter at different impact velocities on the non-wetting surface:
(a) images of spreading stages; (b) spreading pattern.
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The captured images are at three impact speeds of 1, 2, and 3 m/s. All liquid droplets
remain spherical at the kinematic stage. They rapidly create a thin film at the lower side while
the upper side deforms into a semi-spherical form at the surface interface and no spreading
lamella has been yet formed. Following the impact, the droplets expand radially, forming a flat
film surrounded by a thick edge with maximum spreading. Subsequently, the edge undergoes
contraction and thickening, ultimately merging with its inner boundary. The droplet with the
lower Oh = 0.002 backs up to form a rounded shape, while the droplet with the higher Oh
= 0.030 stays as a flat liquid layer. The droplets finally reach the equilibrium shape, with a
diameter smaller than the Dmax. Figure 5b displays the spreading pattern of liquid droplets
at 1, 2, and 3 m/s speed impacts. The maximum value of the droplet spreading during the
spreading stage is summarized in Table 4. The figure shows that the droplets spread, as a
parabolic curve, up to 50 ms. For the droplets with the lower Oh number = 0.002, the βmax
obtained are 2.51, 4.27, and 6.78 for each speed. With the increase of speed, the β becomes
steeper, indicating faster spreading and higher contact line velocity, whereas until maximum
spreading, the βmax for the droplets with the higher Oh = 0.030 are 1.82, 2.58, and 3.25, which
tend to decrease constantly for all speed variations.

Table 4. Maximum value of droplet spreading at hydrophilic surface.

Oh

v = 1 m/s v = 2 m/s v = 3 m/s

t Dmax βmax t Dmax βmax t Dmax βmax

ms mm - ms mm - Ms mm -

0.002 7.50 7.53 2.51 7.50 12.81 4.27 5.00 20.34 6.78
0.030 7.13 5.19 1.82 3.56 7.35 2.58 2.38 9.26 3.25

The spreading phenomena of liquid droplets on the non-wetting banana show the
same characteristics as on the wetting surface. The velocity affects the spreading in the non-
wetting surface, in which v0 improved Dmax and decreased the rate of receding significantly.
The spreading times of the liquid droplets with Oh number = 0.030 are shorter (7.13, 3.56,
and 2.38 ms) than the ones with Oh number = 0.002 (7.5, 7.5, and 5.0 ms) for each impact
velocity. Shear-thinning non-Newtonian fluids of CS/PVA exhibit lower viscosity, leading
to faster spreading on unwashed surfaces.

3.4. Maximum Spreading Factor

The maximum spreading factor, βmax, is a parameter used in the study of spreading
phenomena, which represents the ratio of the largest lamella diameter, Dmax, over the
initial one, D0. It quantifies how much a liquid droplet spreads out when it impacts a solid
surface, which generally implies better surface coverage efficiency and therefore decrease in
material consumption and reduction of waste. In this work, the βmax in a particular range
of We numbers, (40 < We < 400) for Oh = 0.002 and (60 < We < 600) for Oh = 0.030, on both
hydrophilic and hydrophobic surfaces is presented in Figure 6. The βmax is represented as
a logarithmic function of We.

For all test cases, βmax values are distributed as a straight-line pattern with increasing
We, suggesting that inertial forces become more dominant than surface tension. Inertial
forces represent the kinetic energy associated with the liquid’s motion. On the other
hand, surface tension is related to the cohesive forces at the liquid’s interface. It is in
accordance with previous studies showing that inertia regulates how a material spreads
onto a surface [26,29]. A higher Weber number signifies increased kinetic energy, resulting
in a more significant perturbation of the droplet, leading to more energetic spreading
behavior [30]. A lower Oh = 0.002 shows a higher βmax. Increased viscosity leads to greater
viscous friction forces in the near-wall boundary of the liquid layer. These prevent its
spreading over the particle surface [31]. Two different banana surfaces have been examined,
and the βmax data for these surfaces are nearly identical or very similar, showing that
wettability minimally influences maximum spreading.
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Figure 6. Maximum spreading factor, βmax, as a function of We number on different surfaces.

The prediction model obtained results that were in good agreement with the exper-
imental results βmax ∝ Web proposed by Clanet et al. [32], which predicted the maxi-
mum spreading for impacts on super-hydrophobic materials with a static contact angle
over 150◦ by optimizing both surfaces, namely βmax ∝ We0.30±0.01 for Oh = 0.002 and
βmax ∝ We0.18±0.01 for Oh = 0.030. To clarify the difference between the two exponents, the
relationship βmax is dependent on the surface tension and viscosity characteristics.

3.5. Mathematical Model of Spreading

Generally, the three primary methods for predicting the βmax are scaling law analysis,
the energy balance approach, and numerical simulation. These models are suitable for
understanding the underlying physics phenomena in the spray process. They help to design
process parameters to achieve desired coating thickness, distribution, and coverage. The
scaling law describes how specific properties or behaviors change as a function of size or
scale. It can be classified into two main categories based on the variables they use to express
βmax: (1) Allometric Scaling Models, to express βmax as a power-law function of size or scale
of the system, such as We, Re, and θ, where the variable θ represents either the equilibrium
contact angle or the advancing contact angle, with the latter having the potential to be
dynamic or static, (2) and Isometric Scaling Models, to express βmax as a linear function
of size, without any power-law exponent [33]. Several empirical investigations have been
conducted to elucidate the dynamics of spreading phenomena [11,13,34–37]. Different
models have been proposed for the prediction of βmax. Scheller et al. [38] proposed an
equation considering the correlation between the maximum spreading diameter with both
Re and Oh that included two empirical coefficients, A and α. Tang et al. [26] conducted
empirical investigations to determine various coefficients for five distinct surface values
using the same parameters of scaling law. A similar method was utilized by Sen et al. [39]
to empirically simulate the βmax of biofuel droplets on a stainless steel substrate. At the
same time, Roisman et al. [40] proposed a semi-empirical equation that approximates
the Navier–Stokes equations. This study presents a mathematical model for predicting
the βmax at different Oh numbers on an organic surface using scaling law analysis. The
model developed is based on the correlations found in experimental data. Figure 7 shows a
non-linear regression model to fit the data into the power-law correlation. The obtained
models are well fitted using correlating experimental results as a function of We and Re
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numbers. The fitting parameters and statistical factors, R-squared (R2) at different Oh
numbers, are indicated in Table 5.

Figure 7. Reliability of model prediction for βmax on different wettabilities of the banana surface.

Table 5. Fitting parameters of the βmax on the solid surface.

Oh
Fitting Parameters

a b c R2

0.002 0.793 0.040 1/3 0.9623
0.030 0.709 0.040 1/3 0.9539

A comparison between previous published βmax data on difference surfaces and
our empirical model is shown in Figure 8. The data were collected from Scheller et al.
(1995) [38], Roisman et al. (2009) [40], Andrade et al. (2012) [41], Sen et al. (2014) [39], and
Tang et al. (2017) [26]. The statistical values of each model are displayed in Table 6.

Figure 8. Comparison of model predictions and experimental data of βmax [26,38–41].

165



Polymers 2023, 15, 4277

Table 6. Statistical values of the different models.

Literature Fitted Model R2

Scheller, 1995 [38] βmax = 0.61
(

Re2Oh
)0.166

0.941

Roisman, 2009 [40] βmax = 0.87Re0.2 − 0.4
(

Re0.4/
√

We
)

0.933

Andrade, 2012 [41] βmax = 1.28 + 0.071We0.25Re0.25 0.972
Sen, 2014 [39] βmax = 1.73We0.14 0.900
Tang, 2017 [26] βmax = a(We/Oh)b, a & b depend on roughness 0.966
This study, 2023 βmax = a + 0.04(We.Re)1/3, “a” depend on Oh 0.954

The best-fit model found by fitting experimental data is suggested:
For lower Oh (0.002):

βmax = 0.793 + 0.04(We.Re)1/3 (1)

For higher Oh (0.030):

βmax = 0.709 + 0.04(We.Re)1/3 (2)

The prediction model reasonably agrees with all the data in the literature. R-squared
is greater than 0.958, a powerful goodness-of-fit indicator for predicting the maximum
spreading factor. It scaled with βmax = a+ 0.04(We.Re)1/3, where the constants “a” depend
on Oh numbers.

4. Conclusions

This work studied the droplet spreading behavior of liquid CS/PVA blends and water
as a reference on fresh banana surfaces with different surface wettabilities. The Oh number
of liquid droplets (0.002 for water and 0.030 for CS/PVA) is less than 1, indicating that
viscous forces dominate, and surface tension effects are less significant. The We number
for all tests is up to 600, meaning that the impact is sufficiently low not to allow splashing.
The liquid viscosity and surface properties affect the droplets’ impact behavior. Upon
impact, water and CS/PVA droplets spread radially outwards on wetting surfaces, form a
lamella surrounded by a periphery, and reach a maximum diameter. The surface tension
causes the droplets to recoil, reduce the diameter, return to the impact point, stay in this
form, and reach equilibrium. On the non-wetting surface, both liquids expand as a flat
film surrounded by a thick edge and get the maximum spreading. Subsequently, the edge
undergoes contraction and thickening, ultimately merging with its inner boundary. The
water droplet backs up to form a rounded shape, while CS/PVA stays as a flat liquid
layer. The droplets finally reach an equilibrium shape with a smaller diameter than the
Dmax. The spreading factor β, which is a function of impact velocity, demonstrates the
primary role of surface tension and viscosity. The Oh numbers significantly influence
the spreading dynamics. The βmax data for two different banana surfaces are nearly
identical or very similar, indicating the banana’s surface wettability minimally influences
the maximum spreading. The prediction model reasonably agrees with all the data from
the literature, since R2 = 0.958 is a powerful goodness-of-fit indicator for predicting the
maximum spreading factor. It scaled with βmax = a + 0.04(We.Re)1/3, where the constants
“a” depend on Oh numbers.
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Obtain Iron-Loaded Microcapsules from Ovine and
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Abstract: Iron deficiency leads to ferropenic anemia in humans. This study aimed to encapsulate iron-
rich ovine and bovine erythrocytes using tara gum and native potato starch as matrices. Solutions
containing 20% erythrocytes and different proportions of encapsulants (5, 10, and 20%) were used,
followed by spray drying at 120 and 140 ◦C. Iron content in erythrocytes ranged between 2.24 and
2.52 mg of Fe/g; microcapsules ranged from 1.54 to 2.02 mg of Fe/g. Yields varied from 50.55 to
63.40%, and temperature and encapsulant proportion affected moisture and water activity. Various
red hues, sizes, and shapes were observed in the microcapsules. SEM-EDS analysis revealed the
surface presence of iron in microcapsules with openings on their exterior, along with a negative zeta
potential. Thermal and infrared analyses confirmed core encapsulation within the matrices. Iron
release varied between 92.30 and 93.13% at 120 min. Finally, the most effective treatments were those
with higher encapsulant percentages and dried at elevated temperatures, which could enable their
utilization in functional food fortification to combat anemia in developing countries.

Keywords: native potato starch; tara gum; microencapsulation; erythrocytes; iron released; spray drying

1. Introduction

In recent years, new biopolymers have been studied for their use in encapsulating dif-
ferent bioactive compounds beneficial to human health [1,2]. The development of research
on mixtures of matrices and cores is essential to understand their interactions using modern
physical, chemical, and structural techniques [3,4]. The spray drying microencapsulation is
used to stabilize various phytochemicals that are applied in the food and pharmaceutical
industry [5,6]. The wall materials present in the microcapsules provide additional health
benefits due to their protein and fiber content [7,8].
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Iron is an essential micronutrient in several vital functions, such as oxygen transport,
cell proliferation, immunity, deoxyribonucleic acid synthesis, and energy production. Heme
iron is obtained from meat, offal, and blood containing myoglobin and hemoglobin. In
contrast, non-heme iron is ferric (Fe+3) or ferrous (Fe+2) salt in cereals, dairy products,
legumes, and other vegetables [9,10]. Iron deficiency causes anemia, mainly in children,
due to the low consumption of foods containing this mineral. Heme iron is the most easily
bioavailable form in the human organism, with between 15 and 40% absorption; current
studies indicate that blood is one of the primary sources of iron [11,12].

Iron deficiency anemia is a global public health problem, and various iron fortifica-
tion and supplementation strategies have been developed to improve its bioavailability
and absorption [13]. Iron encapsulation is a promising technique that protects iron from
oxidation and degradation reactions during food processing and incorporation. Iron can
be explicitly released in the intestine through microencapsulation, improving absorption.
Various materials have been used as encapsulants, including starches, maltodextrins, chi-
tosan, and alginate [14]. Multiple encapsulation methods are applied in the food industry,
such as emulsification, ionic gelation, extrusion, spray drying, and lyophilization [15–19].
In addition, novel chemical encapsulation techniques have been developed, such as inter-
facial polymerization, molecular co-crystallization, and inclusion in cyclodextrins [20,21].
Polymeric systems containing inorganic Mg and CaCO3 substances that promote biodegra-
dation, biocompatibility, and bioactivity are also being developed. The controlled incorpo-
ration of these inorganic substances into the polymers modifies the mechanical, thermal,
and biological properties that could also be used for iron [22,23].

Different drawbacks were identified in fortifying foods with iron, such as adverse
changes in sensory characteristics, gastrointestinal discomfort, and using non-heme iron in
higher proportions. These problems have been improved by using encapsulation technol-
ogy, a micro-packaging process in which a wide variety of iron compounds are protected
with different polymeric matrices producing microcapsules and nanocapsules via different
methodologies, among which spray drying stands out. In this way, different forms of
encapsulated iron have been obtained and tested for their effectiveness in vitro and in vivo,
with promising results in reducing iron deficiency anemia [9,24,25]. This paper presents
an innovative methodology for obtaining iron-loaded microcapsules from sheep and cat-
tle erythrocytes using native potato starch and tara gum as polymeric matrices. These
microcapsules offer a promising application in controlled iron release, which could have
significant implications for developing treatments for anemia and other related diseases.

The development of controlled release systems for bioactive compounds has become
highly relevant in medicine and nutrition. Iron is essential for proper body function, and its
deficiency can lead to serious health problems. Encapsulating iron in microcapsules could
improve its bioavailability and enable sustained release in the body, avoiding toxicity issues
associated with high doses. In this study, the use of native potato starch and tara gum as
polymeric matrices to encapsulate iron from sheep and cattle erythrocytes was explored,
aiming to obtain microcapsules capable of releasing the mineral in a controlled manner.

2. Materials and Methods
2.1. Materials

The blood of sheep (Ovis orientalis aries) and cattle (Bos taurus) was collected at the
Municipal Slaughterhouse in San Jerónimo, province of Andahuaylas, Peru, which the
National Agrarian Health Service authorizes. The blood extraction was carried out under
entirely safe and aseptic conditions. Local farmers from the district of Ocobamba, province
of Chincheros, Peru, kindly provided the tara. The native potato of the yanapalta variety
was acquired at the central market of the district of Andahuaylas and was in optimal
conditions for consumption. The research involving the use of animals was approved by
the Ethics Committee of the National University José María Arguedas through Resolution
N◦ 232-2020-CO-UNAJMA dated 22 September 2020. Sheep and cattle blood was selected
because these animals are abundant in the study area, and their blood is an iron-rich
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by-product that is not used during the processing of these animals. In the case of the native
potato, the yanapalta variety was chosen because of its good yields in the field and as it is
an excellent source of native starch. As for the tara, it was chosen because it is a rich source
of gum that is found in abundance on the study site.

The reagents used were hydrochloric acid reagent grade (Spectrum Chemical Mfg. Corp.,
Bathurst, NB, Canada), nitric acid reagent grade (Spectrum Chemical Mfg. Corp.,
Bathurst, NB, Canada), and absolute ethanol (Scharlau, Sentmenat, Spain).

2.2. Native Potato Starch

Around 5 kg of native potatoes from yanapalta variety were used. These were crushed
using a Bosch blender (Stuttgart, Germany). Following this, several rinses were carried
out with distilled water to isolate the starch by allowing it to settle. The acquired starch
was then dried at 50 ◦C using a FED 115 BINDER forced convection oven. Subsequently, it
was finely ground into powder using an agate mortar. Next, the starch underwent sieving
with an analytical vibrating sieve AS 200 (Retsch, Haan, Germany) with a 45 µm mesh
size. The resultant starch was collected in airtight containers and stored at 20 ◦C for future
use [10,26,27].

2.3. Tara Gum

The germ was isolated from tara seeds, and 30 g of the germs were mixed with 800 mL
of distilled water. The mixture was then stirred for 12 h at 80 degrees Celsius. Afterward,
the solution was filtered through a 150 µm nylon mesh screen. It was combined with
96% ethanol at a 1:1 ratio to purify and cause the gum to precipitate. Following this, the
resulting gum was diluted with distilled water until it reached a viscosity of 30 cP using a
viscometer (DV-E Brookfield Engineering Laboratories, Inc., Middleboro, MA, USA). The
extract was spray-dried using a mini spray dryer B-290 from BÜCHI Labortechnik AG,
operating at an inlet temperature of 100 ◦C and an airflow rate of 650 L per minute [10].

2.4. Spray-Dried Erythrocytes

Sodium citrate was utilized as a blood anticoagulant (at a concentration of 3 g/L)
to collect blood samples from sheep and cattle. The obtained blood was centrifugated
at 3000 revolutions per minute for 10 min (CR4000R Centurion, Pocklington, UK). This
process aimed to separate the cellular components from the rest. The resultant pellet was
rinsed twice with a saline solution containing 0.15 M NaCl. After completing the washing
procedures, the viscosity of the solution was adjusted to reach 30 cP (DV-E Engineering
Laboratories, Inc.). Next, the material was subjected to drying using a B-290 mini spray
dryer from BÜCHI Labortechnik AG, operating at an inlet temperature of 120 ◦C and an
airflow rate of 650 L/h. The resulting atomized material was collected within low-density
polyethylene bags and subsequently stored in a desiccator at 20 ◦C until it was ready for
subsequent utilization [10].

2.5. Erythrocyte Microparticles

For the microencapsulation process, native potato starch and tara gum at a 4:1 ratio
were used as the outer layer materials. These components were prepared at varying con-
centrations of 5%, 10%, and 20% by weight/volume (w/v). The solution for encapsulation
was prepared a day in advance. As far as erythrocytes were concerned, they were made
at a constant concentration of 20% (w/v). Both solutions were mixed at a 1:1 ratio and
blended thoroughly using an ultraturrax device (Daihan, model HG15D, Wonju, Republic
of Korea), operating at 7000 revolutions per minute for 5 min. The actual encapsulation
was carried out using a B-290 mini spray (BÜCHI Labortechnik AG, Flawil, Switzerland).
This process occurred at inlet temperatures of 120 ◦C and 140 ◦C and an airflow rate of
650 L/h. Following this, the encapsulated materials were collected and carefully placed
into low-density bags and stored within a desiccator at a temperature of 20 ◦C [10].
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The experimental flow diagram is shown in Figure 1, in which the abbreviations T1O,
T2O, T3O, T4O, T5O, and T6O are presented to refer to the ovine erythrocyte microencap-
sulation treatments, and the abbreviations T1V, T2V, T3V, T4V, T5V, and T6V for the bovine
erythrocyte microencapsulation treatments.
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2.6. Iron Content

A total of 200 mg of the sample underwent treatment with 3 mL of HCl and 9 mL
HNO3. The resulting mixture was then adjusted to a final volume of 50 mL using ultrapure
water. The prepared solutions were then subjected to microwave digestion by utilizing
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a microwave digester (SCP Science, Miniwave, QC, Canada). An axial mode inductively
coupled plasma optical emission spectrometer ICP-OES 9820 138 (Shimadzu, Kyoto, Japan)
was employed to measure the iron content. Argon gas was maintained at a flow rate of
10 L/min during the measurements and readings were taken at a specific wavelength of
239.562 nm [10].

2.7. Yield, Moisture, Water Activity, and Bulk Density

The yield was calculated by considering the mass of the obtained spray-dried powder
and the initial mass (wall material and core) according to the following relationship [28]:

Y (%) =
mi
m f

× 100 (1)

where Y (%) represents the encapsulation yield, mi is the initial mass (g), and mf is the
final mass of the spray-dried powder (g).

Moisture content was determined following the AOAC 950.10 oven drying
method [29]. The water activity was assessed using a water activity meter (Rotronic,
Bassersdorf, Switzerland) [30]. Bulk density was calculated by dividing the mass of the
microcapsules by the volume measured using a graduated 10 mL cylinder [28].

2.8. Color Analysis

Lightness L* and chroma a* and b* color attributes were ascertained using a bench-
top colorimeter (CR-5, Konica Minolta, Tokyo, Japan). The degree of color change was
computed using the subsequent equation [31]:

∆E∗
ab =

√
∆L∗2 + ∆a∗2 + ∆b∗2 (2)

where ∆E∗
ab is the color variation and ∆L∗, ∆a∗, and ∆b∗ are the differences between L*, a*,

and, b* initials and finals.

2.9. Amylose and Amylopectin Content

The potato amylose standard (Sigma Aldrich, St. Louis, MO, USA) was used in
concentrations of 0.1 to 1.0 mg/mL for the calibration curve. For amylose extraction, 20 mg
of sample was taken and 0.2 mL of 95% ethanol (Scharlau, Senmanat, Spain) and 1.8 mL of
1 M NaOH (Sigma Aldrich, Darmstadt, Germany) were added and allowed to stand for 24 h
at room temperature. Subsequently, the volume was adjusted to 20 mL with ultrapure water
and homogenized in a vortex at 2000 RPM for minutes. For the colorimetric reaction, 0.5 mL
of the extracted solution, 1 mL of 1M acetic acid (Sigma Aldrich, St. Louis, MO, USA),
and 0.2 mL of lugol solution were taken, and the volume was made up to 10 mL with
ultrapure water. The solution was shaken and allowed to react for 20 min, protected
from light. Absorbance readings were carried out at a wavelength of 620 nm using a UV
spectrophotometer (CR-5, Konica Minolta, Tokyo, Japan) [32,33].

2.10. Total Organic Carbon

A total of 0.05 g of encapsulated samples was positioned within ceramic containers to
be analyzed utilizing a total organic carbon analyze TOC-L CSN-SSM 5000A (Shimadzu,
Kyoto, Japan) [34,35].

2.11. SEM-EDS Analysis

The structure of erythrocytes and microcapsules was examined using a scanning
electron microscope (SEM Thermo Fisher, Waltham, MA, USA) under low vacuum con-
ditions, employing an acceleration voltage of 25 kV. Furthermore, an energy-dispersive
X-ray spectroscopy (EDS) detector was utilized to perform surface chemical analysis of the
samples [36].
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2.12. Particle Size and ζ Potential Analysis

For particle size determination, a laser diffraction instrument, Mastersizer 3000 (Malvern
Instruments, Worcestershire, UK) was employed. The samples were dissolved in isopropyl
alcohol, subjected to sonication for 60 s, and measured at 600 nm. As for determining
the ζ potential, 25 mg of erythrocytes and microcapsules were homogenized in 50 mL
of ultra-pure water. The analysis was conducted using a dynamic light scattering (DLS)
instrument, Zetasizer ZSU3100 (Malvern Instruments, Worcestershire, UK) [36].

2.13. FTIR Analysis

Fourier transform infrared spectroscopy (FTIR) was used to analyze and identify
functional groups in erythrocytes and microcapsules. Pellets were prepared by combining
2 mg of the sample with 200 mg of KBr. The mixture was then pressed at a force of
10 tons to create the pellets for analysis. The FTIR measurements were conducted using the
transmission module of the Nicolet IS50 FTIR (ThermoFisher, Waltham, MA, USA). The
spectral range covered wavelengths from 4000 to 400 cm−1. Readings were taken with a
scan repetition of 32 and a resolution of 8 cm−1 [37].

2.14. Thermal Analysis

For the thermal stability analysis using Thermogravimetric Analysis (TGA), and 10 mg
of erythrocytes and microcapsules were utilized. The measurements were conducted using
a TGA 550 thermal analyzer (TA Instrument, New Castle, DE, USA) with a heating rate of
10 ◦C/min. Furthermore, a Differential Scanning Calorimeter (DSC2500, TA Instruments,
New Castle, DE, USA) was utilized for analysis. In this process, 2 mg of microcapsules
were employed. The temperature range covered was from 0 to 250 ◦C, employing a heating
rate of 10 ◦C per minute. The analysis was conducted under a nitrogen atmosphere [37].

2.15. Iron Release

To conduct the in vitro release determination, uniform solutions were prepared by
mixing 0.05 g of microcapsules with 500 mL of a 0.1 N HCl solution. These prepared
samples were then subjected to a water bath with an agitation system (WTB 50, Memmert,
Schwabach, Germany) at a temperature of 37 ◦C. Extractions were carried out at specific
intervals: 0, 30, 60, 90, and 120 min. After extraction, the samples were analyzed on an
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) model 9820 138
(Shimadzu, Tokyo, Japan). The resulting data were quantified in mg of Fe/g of sample and
calculated using the provided relationship [10]:

%L =
FeT
Feo

× 100 (3)

where %L is the percentage of release, FeT is the iron content at time t (mg/g), and Feo is
the initial iron content (mg/g).

2.16. Statistical Analysis

Data analysis was performed using the Origin Pro 2022 software (OriginLab Corpora-
tion, Northampton, MA, USA). The analysis involved the analysis of variance (ANOVA)
along with Tukey’s multiple range test, employing a significance level of 5%.

3. Results and Discussions
3.1. Instrumental Characterization of Matrices and Cores
3.1.1. SEM-EDS Analysis, Particle Size, ζ Potential, Color, and Iron Content

In Figure 2a, the characterization of native potato starch from the yanapalta variety
is shown, where elliptical shapes of granules were observed with a size of approximately
32.30 µm, with a negative ζ potential, white color, and a predominant presence of carbon
and oxygen on its surface, these results were similar to those reported for starch from native
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potatoes of the peruanita variety [36]. Regarding specifically the SEM-EDS analysis, the
results were similar to the starches obtained from native potatoes grown in Cusco, Peru,
which presented smooth surfaces and ellipsoidal shapes that also contained mainly carbon,
oxygen, and traces of calcium, with particle sizes between 12 and 72 µm [38]. The above
parameters are essential in the chemical and techno-functional properties of starch [39].
Amylose (42.97%) and amylopectin (57.03%) were also characterized, which is consistent
with native potatoes of the huamantanga and qeccorani varieties [40]. The ratio of amylose
to amylopectin influences the functional properties of starches [41].
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Figure 2. (a) Characterization of native potato starch of the yanapalta variety, (b) characterization of
spray-dried tara gum, (c) characterization of spray-dried ovine erythrocytes, and (d) characterization
of spray-dried bovine erythrocytes.

In Figure 2b, spray-dried tara gum is characterized by spherical particles obtained with
an average size of 3.12 µm, negative ζ potential, white color, and a predominant presence of
carbon and hydrogen on its surface. In this context, recent investigations support the notion
that spray drying enables the production of spherical and uniformly sized particles [37].
The negative zeta potential could be attributed to carboxyl and hydroxyl functional groups
on the particle surface, which are crucial in stabilizing colloidal dispersions [10]. The white
color of the microparticles could be attributed to their size and morphology, influencing
the dispersion of visible light; the predominant presence of carbon and hydrogen on
the surface is likely associated with the chemical structure of tara gum, which is rich in
polysaccharides [10,36].

175



Polymers 2023, 15, 3985

On the other hand, Figure 2c,d depict the instrumental characterization of ovine and
bovine erythrocytes, respectively, obtained through spray drying. Spherical shapes with
central indentations were observed, with a size of approximately 4 µm, positive ζ potential,
reddish color, and a predominant presence of carbon, oxygen, and nitrogen on their
surface. Notably, the iron content of ovine and bovine erythrocytes was 2.52 and 2.24 mg
of Fe/g, respectively. These values also agreed with the surface percentage characterization
performed by SEM-EDS. Similar results were reported in guinea pig blood erythrocytes
(3.30 mg of Fe/g) [10] and commercial bovine erythrocytes (2.49 mg of Fe/g) [42].

3.1.2. Thermal Analysis

In Figure 3a, the thermal analysis of native potato starch from the yanapalta variety
and spray-dried tara gum is presented. Both materials exhibited similar thermal behaviors,
and two main events were observed. The first event occurred at a temperature of 43.81 ◦C,
marking the initiation of hydrogen bond breaking and consequent water loss, which
continued until its evaporation at around 100 ◦C. Additionally, other volatile components
were lost during this process. The second event, observed at 289.62 ◦C, involved the
elimination of organic compounds such as carbohydrates, proteins, lipids, and fiber, which
continue degrading until reaching a temperature of 600 ◦C.
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erythrocytes, and (d) DSC curves in ovine (OE) and bovine (BE) erythrocytes.
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Figure 3b shows the DSC analysis for both wall materials. For the yanapalta potato
starch, a glass transition temperature of 138.26 ◦C was found, while for the spray-dried
tara gum, the value was 157.70 ◦C. Both values are used as references to confirm the
encapsulation of the cores within the wall materials. The results in both materials are
consistent with the current literature, as primarily two events were observed related to
the thermal degradation of biomolecules, such as carbohydrates and complex organic
compounds [10,36]. DSC analysis offers valuable insights into phase transitions and
changes in the molecular structure of materials. The glass transition is a crucial feature
that can impact polymeric materials’ functional and encapsulation properties, holding
significance for their potential applications [37,43].

On the other hand, Figure 3c,d depict the thermal analysis of spray-dried ovine
and bovine erythrocytes, respectively. Two events were also observed at temperatures
of 42.13 and 312.48 ◦C. In the first case, water loss is initiated, while in the second case,
biopolymers are eliminated, ultimately resulting in the formation of ashes. The glass
transition temperature was determined to be 153.38 ◦C for ovine erythrocytes and 164.54 ◦C
for bovine erythrocytes. In summary, the results above provide a deeper understanding of
the physical properties and their thermal behavior, holding significance for their application
in various scientific and technological fields.

3.2. Characterization of the Microcapsules
3.2.1. Physical and Chemical Properties

Table 1 presents the physical and chemical properties of microcapsules obtained
from ovine and bovine erythrocytes in native potato starch and tara gum matrices. The
iron content varied between 1.54 and 2.02 mg of Fe/g, with similar contents observed in
microcapsules of guinea pig blood erythrocytes in native potato starch and tara gum (1.32 to
2.05 mg of Fe/g) [10] and higher contents than those of commercial bovine erythrocytes
microcapsules in maltodextrin (0.77 mg of Fe/g) [42]. Iron content in the microcapsules is
critical [14], particularly in food fortification [13]. Iron is essential for human health, as it
plays a fundamental role in oxygen transport, DNA synthesis, and immune function [44].
The encapsulation of iron within microcapsules can confer advantages in terms of stability
and bioavailability [10,42].

The percentage of total organic carbon ranged from 12.80% to 14.88%, with higher
proportions of the matrices used corresponding to greater TOC contents, as carbon atoms
constitute an essential part of the structure of biomolecules such as carbohydrates, proteins,
lipids, and fibers [35,45,46]. The percentage quantification of TOC contents confirms
the successful encapsulation of the cores within the matrices, which are rich in various
biopolymers [1,14,47,48].

The encapsulation efficiency ranged from 52.94% to 85.88%, while the yield fluctuated
between 50.55% and 63.40%. Encapsulation yields were similar to those reported for guinea
pig erythrocyte microcapsules (47.84% and 58.73%) [10] and ferrous sulfate microcapsules
(47.93% and 56.26%) [49]. On the other hand, the values exceeded those obtained in
commercial bovine erythrocyte microcapsules (39% and 47%) [42].

The properties studied, which are related to the shelf-life preservation of spray-dried
powders, were moisture content, ranging between 4.31% and 7.49%, and water activity,
oscillating between 0.36 and 0.43. Maintaining moisture content below 5% is recommended
for adequately preserving dry products, and in the case of water activity, values lower
than 0.6 are advised [50–54]. This way, the various reaction mechanisms that lead to food
deterioration are controlled. It was also observed that moisture content and water activity
decrease with increased temperature and a higher proportion of encapsulants [55,56].

Likewise, variations in luminosity were observed between 52.61 and 62.59, values
that increase as the proportion of matrices is increased. Regarding the color coordinate a*,
values ranging between 7.00 and 11.57 were identified, and it was noted that the powders
take on redder hues as the quantity of encapsulants is reduced. On the other hand, the color
coordinate b* exhibited variation in the range of 18.09 to 20.55. Additionally, significant
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differences were observed regarding the initial color, as evidenced by ∆E*ab values ranging
from 5.25 to 17.84. This is attributed to non-enzymatic browning and the caramelization of
carbohydrates at high temperatures [10,42].

Particle size was measured in isopropyl alcohol and using the laser diffraction tech-
nique. The values obtained ranged between 4.26 and 7.59 µm, higher than those reported
for microcapsules of guinea pig erythrocytes solubilized in water and measured via the
dynamic light scattering technique (817.1 and 1672.2 nm) [10]. This is attributed to the type
of dispersant and the method used, with the laser diffraction technique being the most
appropriate for measuring microcapsules obtained through spray drying [36,37]. On the
other hand, the ζ potential presented negative values ranging from −0.11 to −3.51 mV,
indicating a tendency to aggregate and precipitate due to the presence and nature of the
erythrocytes used [10].

Table 1. Physical and chemical properties of microcapsules.

Microcapsules O T1O T2O T3O T4O T5O T6O

Properties x ± SD * x ± SD * x ± SD * x ± SD * x ± SD * x ± SD *

Iron (mg/g) 1.99 ± 0.01 a 1.67 ± 0.01 b 1.34 ± 0.01 c 2.02 ± 0.01 d 1.87 ± 0.02 e 1.76 ± 0.02 f
TOC (%) 13.98 ± 0.01 a 14.50 ± 0.01 b 14.63 ± 0.05 b 13.78 ± 0.01 a 14.50 ± 0.03 b 14.56 ± 0.04 b
EE (%) 80.24 ± 0.21 a 66.03 ± 0.44 b 52.94 ± 0.11 c 78.72 ± 0.10 d 74.22 ± 0.73 e 69.86 ± 0.73 f

Yield (%) 53.69 ± 1.14 ab 50.55 ± 1.92 a 50.98 ± 1.91 a 56.99 ± 0.31 b 55.60 ± 0.57 ab 54.04 ± 1.46 ab
Moisture (%) 6.07 ± 0.02 a 5.07 ± 0.06 bc 4.52 ± 0.24 cd 5.27 ± 0.22 b 4.64 ± 0.12 cd 4.31 ± 0.08 e

Aw 0.43 ± 0.003 a 0.41 ± 0.004 b 0.38 ± 0.004 c 0.41 ± 0.001 b 0.40 ± 0.004 d 0.38 ± 0.002 c
L* 54.06 ± 0.02 a 55.05 ± 0.03 b 59.16 ± 0.11 c 55.95 ± 0.28 d 58.11 ± 0.22 e 60.05 ± 0.37 f
a* 11.34 ± 0.05 a 11.57 ± 0.01 a 9.63 ± 0.06 b 10.62 ± 0.18 c 10.06 ± 0.09 d 8.81 ± 0.17 e
b* 19.09 ± 0.07 a 20.55 ± 0.08 b 20.06 ± 0.06 c 18.59 ± 0.18 d 20.26 ± 0.07 bc 19.46 ± 0.17 e

∆E*ab 11.41 ± 0.30 a 12.68 ± 0.31 b 16.86 ± 0.18 c 13.30 ± 0.31 b 15.82 ± 0.25 d 17.84 ± 0.67 e
Particle size

(µm) 4.26 0.13 a 6.23 ± 0.05 b 6.73 ± 0.07 c 5.46 ± 0.06 d 5.60 ± 0.12 e 6.28 ± 0.10 f

ζ potential (mV) −0.11 ± 0.16 a −0.98 ± 0.23 b −2.76 ± 0.91 c −2.90 ± 0.70 d −3.43 ± 0.47 e −3.51 ± 0.73 f

Microcapsules V T1V T2V T3V T4V T5V T6V

Iron (mg/g) 1.88 ± 0.01 a 1.73 ± 0.01 b 1.54 ± 0.02 c 1.93 ± 0.02 d 1.77 ± 0.01 e 1.56 ± 0.01 f
TOC (%) 13.07 ± 0.02 a 13.39 ± 0.14 ab 13.97 ± 0.04 ab 12.80 ± 0.13 a 13.65 ± 0.02 ab 14.88 ± 0.09 b
EE (%) 83.95 ± 0.22 a 78.90 ± 0.14 b 69.54 ± 0.15 c 85.88 ± 0.12 d 77.12 ± 0.10 e 68.43 ± 0.82 f

Yield (%) 60.37 ± 1.11 a 55.38 ± 1.46 b 54.93 ± 0.50 b 63.40 ± 0.50 a 62.38 ± 1.40 a 61.88 ± 0.81 a
Moisture (%) 7.49 ± 0.01 a 7.27 ± 0.08 ab 7.19 ± 0.08 b 6.22 ± 0.02 c 5.80 ± 0.07 d 5.59 ± 0.01 d

Aw 0.43 ± 0.003 a 0.43 ± 0.002 a 0.40 ± 0.003 b 0.42 ± 0.002 a 0.42 ± 0.001 c 0.36 ± 0.001 d
L* 52.61 ± 0.08 a 55.99 ± 0.14 b 61.61 ± 0.05 c 54.66 ± 0.01 d 58.20 ± 0.26 e 62.59 ± 0.08 f
a* 11.32 ± 0.08 a 9.87 ± 0.07 b 7.17 ± 0.01 c 10.51 ± 0.02 d 9.05 ± 0.11 e 7.00 ± 0.05 c
b* 19.51 ± 0.07 a 19.91 ± 0.08 b 18.34 ± 0.04 c 19.54 ± 0.02 a 19.49 ± 0.10 a 18.09 ± 0.02 d

∆E*ab 5.25 ± 0.33 a 8.78 ± 0.29 b 15.17 ± 0.23 c 7.39 ± 0.24 d 11.17 ± 0.47 e 16.17 ± 0.31 f
Particle size

(µm) 5.52 ± 0.03 a 5.54 ± 0.02 b 7.34 ± 0.21 c 5.97 ± 0.11 d 6.92 ± 0.09 e 7.59 ± 0.15 f

ζ potential (mV) −0.30 ± 0.38 a −0.40 ± 0.05 b −1.46 ± 0.61 c −0.51 ± 0.12 d −1.10 ± 0.06 e −1.89 ± 0.16 f

Where x is the arithmetic mean and SD is the standard deviation. * Different letters indicate significant difference
per row evaluated through at 5% significance, for n = 3.

Figure 4 shows the principal component analysis (PCA) of the studied properties,
wherein it can be observed that microcapsules T1O, T2O, T4O, T50, T1V, T2V, T4V, and T5V
(in violet color) are associated with properties such as iron content, encapsulation efficiency,
encapsulation yield, humidity, water activity, and color parameters a* and b*. These
correlations suggest a potential interdependence among these properties, which could
influence the overall performance of the microcapsules. On the other hand, microcapsules
T3V and T6V (in orange color) are more linked to luminosity and particle size, indicating
that these microcapsules might possess unique optical and structural characteristics that
could influence their behavior, particularly in contexts involving light dispersion. In
contrast, microcapsules T3O and T6O (in green color) are more related to color variations
and total organic carbon.

The PCA analysis establishes relationships among complex variables, providing a
comprehensive overview of interactions between diverse properties [34]. This methodology
facilitates the identification of significant trends, thereby potentially aiding the design and
optimization of microcapsules with specific properties [10]. PCA is a valuable tool in
studying microcapsules, with potential applications within the food and pharmaceutical
industries [36].

178



Polymers 2023, 15, 3985Polymers 2023, 15, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 4. PCA study. 

3.2.2. SEM-EDS Analysis 
Figure 5 displays the SEM images of the microcapsules, revealing the formation of 

irregular microparticles with diverse sizes and shapes, distinctive of the spray drying pro-
cess [48,57-62]. These microparticles exhibited varying dimensions and larger surface 
openings when a 140 °C inlet air temperature was employed. This variability appears to 
be influenced by feed characteristics and parameters governing the spray drying process. 
It is plausible that this response is linked to solvent evaporation during the drying proce-
dure, which could have led to the contraction and loss of microcapsule sphericity [63]. The 
temperature increase led to a faster drying rate and the subsequent emergence of pores in 
the microcapsules [36]. Conversely, lower temperatures resulted in the creation of more 
uniform particles. However, the presence of amorphous structures in the encapsulated 
material is attributed to using tara gum as an encapsulating agent [10]. 

The results suggest that the larger size of some particles could be due to interactions 
between the core and matrix during microencapsulation since incorporating the core 
within the microcapsules may have modified the surface roughness. Iron in the microcap-
sules may have promoted surface collapse instead of total core retention within them 
[10,64]. 

Previous studies report on the formation of large cracks on the microparticle surface, 
attributing this phenomenon to the collapse of the polymeric gel network during spray 
drying [65]. Likewise, irradiation with electron beams by SEM can cause surface rupture 
of the microcapsules [66]. 

Figure 4. PCA study.

3.2.2. SEM-EDS Analysis

Figure 5 displays the SEM images of the microcapsules, revealing the formation of
irregular microparticles with diverse sizes and shapes, distinctive of the spray drying
process [48,57–62]. These microparticles exhibited varying dimensions and larger surface
openings when a 140 ◦C inlet air temperature was employed. This variability appears to be
influenced by feed characteristics and parameters governing the spray drying process. It is
plausible that this response is linked to solvent evaporation during the drying procedure,
which could have led to the contraction and loss of microcapsule sphericity [63]. The
temperature increase led to a faster drying rate and the subsequent emergence of pores in
the microcapsules [36]. Conversely, lower temperatures resulted in the creation of more
uniform particles. However, the presence of amorphous structures in the encapsulated
material is attributed to using tara gum as an encapsulating agent [10].

The results suggest that the larger size of some particles could be due to interactions
between the core and matrix during microencapsulation since incorporating the core within
the microcapsules may have modified the surface roughness. Iron in the microcapsules
may have promoted surface collapse instead of total core retention within them [10,64].

Previous studies report on the formation of large cracks on the microparticle surface,
attributing this phenomenon to the collapse of the polymeric gel network during spray
drying [65]. Likewise, irradiation with electron beams by SEM can cause surface rupture of
the microcapsules [66].
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Figure 5. SEM analysis. Where T1O, T2O, T3O, T4O, T5O and T6O are the ovine erythrocyte
microcapsules and T1V, T2V, T3V, T4V, T5V and T6V are the bovine erythrocyte microcapsules.

Surface chemical analysis of the microcapsules corroborated the existence of iron
in the microcapsules, observing that an increase in the inlet temperature increased the
amount of surface iron in the encapsulates, which varied between 0.1% and 0.3% (Table 2).
Furthermore, it was verified that this temperature increase was associated with a larger
particle size, potentially facilitating the encapsulation of a greater iron quantity. These
findings align with the data obtained through ICP OES in this research.

On the other hand, carbon, oxygen, and nitrogen were observed, which could be
attributed to biopolymers such as carbohydrates and proteins in the matrices and cores.
The presence of these elements is consistent with previous observations of spray-dried
erythrocyte microparticles [10,42]. The presence of sodium and chlorine was also observed
due to the erythrocyte extraction being carried out in a saline solution. In addition, the
presence of other chemical elements found in native potato starch, tara gum, and spray-
dried erythrocytes was detected [10].
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Table 2. Surface chemical analysis of microcapsules via EDS.

Element
Weight%

T1O T2O T3O T4O T5O T6O T1V T2V T3V T4V T5V T6V

C 46.1% 43.3% 39.8% 43.5% 41.2% 39.7% 41.6% 39.8% 41.7% 39.3% 39.1% 41.7%
O 25.8% 33.8% 37.7% 33.5% 35.7% 38.6% 24.1% 33.4% 35.1% 25.8% 37.0% 34.4%
N 12.3% 10.1% 9.8% 10.1% 9.1% 8.6% 7.7% 7.5% 5.8% 7.6% 7.8% 6.1%

Na 8.3% 7.0% 6.4% 6.2% 7.0% 6.7% 15.3% 9.6% 8.8% 14.5% 7.8% 9.4%
Cl 6.7% 4.9% 5.4% 6.0% 6.1% 5.3% 10.4% 8.9% 7.8% 11.9% 7.5% 7.3%
S 0.5% 0.6% 0.6% 0.3% 0.4% 0.7% 0.4% 0.3% 0.3% 0.4% 0.3% 0.4%

Fe 0.1% 0.1% 0.1% 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.3% 0.3% 0.3%
P 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1%
K 0.1% 0.1% 0.1% 0.1% 0.2% 0.1% 0.2% 0.2% 0.2% 0.1% 0.1% 0.3%

3.2.3. FTIR Analysis

The analysis was conducted to verify the successful microencapsulation of iron-rich
cores within the utilized matrices. To achieve this, an approved methodology for acquiring
and interpreting infrared spectra was followed [67]. Figure 6 displays the characteristic
spectra of the examined materials: in the case of native potato starch, tara gum, and erythro-
cytes, intense bands within the range of 3308–3394 cm−1 were identified, corresponding to
the stretching vibrations of the hydroxyl group. Wavenumbers with similar intensities were
detected in all microcapsules (3320 cm−1). Furthermore, a prominent vibrational stretching
band at 1079 cm−1 was observed in tara gum, indicative of a portion of the carboxylic acid
structure. This same band was also evident in all microcapsules (1085 cm−1) [68,69].

Likewise, additional spectral bands present in erythrocytes were also found in the
microcapsules. For instance, the wavenumber around 2960 cm−1, present in all micro-
capsules (2958 cm−1), corresponds to characteristic C-H stretching vibrations. Moreover,
spectral bands at 1536 and 1655 cm−1 were identified in erythrocytes, and these bands
were also observed in the encapsulated particles, with wavenumbers ranging from 1537 to
1656 cm−1, confirming the presence of amide functional groups I and II [42,49,70]. Bands
around 622 cm−1 correspond to the pyranose ring of tara gum, a feature in all microcap-
sules [69,71,72].

Polymers 2023, 15, x FOR PEER REVIEW 14 of 20 
 

 

Table 2. Surface chemical analysis of microcapsules via EDS. 

Element 
Weight% 

T1O T2O T3O T4O T5O T6O T1V T2V T3V T4V T5V T6V 
C 46.1% 43.3% 39.8% 43.5% 41.2% 39.7% 41.6% 39.8% 41.7% 39.3% 39.1% 41.7% 
O 25.8% 33.8% 37.7% 33.5% 35.7% 38.6% 24.1% 33.4% 35.1% 25.8% 37.0% 34.4% 
N 12.3% 10.1% 9.8% 10.1% 9.1% 8.6% 7.7% 7.5% 5.8% 7.6% 7.8% 6.1% 

Na 8.3% 7.0% 6.4% 6.2% 7.0% 6.7% 15.3% 9.6% 8.8% 14.5% 7.8% 9.4% 
Cl 6.7% 4.9% 5.4% 6.0% 6.1% 5.3% 10.4% 8.9% 7.8% 11.9% 7.5% 7.3% 
S 0.5% 0.6% 0.6% 0.3% 0.4% 0.7% 0.4% 0.3% 0.3% 0.4% 0.3% 0.4% 

Fe 0.1% 0.1% 0.1% 0.2% 0.2% 0.2% 0.2% 0.2% 0.2% 0.3% 0.3% 0.3% 
P 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 0.1% 
K 0.1% 0.1% 0.1% 0.1% 0.2% 0.1% 0.2% 0.2% 0.2% 0.1% 0.1% 0.3% 

3.2.3. FTIR Analysis 
The analysis was conducted to verify the successful microencapsulation of iron-rich 

cores within the utilized matrices. To achieve this, an approved methodology for acquir-
ing and interpreting infrared spectra was followed [67]. Figure 6 displays the characteris-
tic spectra of the examined materials: in the case of native potato starch, tara gum, and 
erythrocytes, intense bands within the range of 3308–3394 cm−1 were identified, corre-
sponding to the stretching vibrations of the hydroxyl group. Wavenumbers with similar 
intensities were detected in all microcapsules (3320 cm−1). Furthermore, a prominent vi-
brational stretching band at 1079 cm−1 was observed in tara gum, indicative of a portion 
of the carboxylic acid structure. This same band was also evident in all microcapsules 
(1085 cm−1) [68,69]. 

Likewise, additional spectral bands present in erythrocytes were also found in the 
microcapsules. For instance, the wavenumber around 2960 cm−1, present in all microcap-
sules (2958 cm−1), corresponds to characteristic C-H stretching vibrations. Moreover, spec-
tral bands at 1536 and 1655 cm−1 were identified in erythrocytes, and these bands were 
also observed in the encapsulated particles, with wavenumbers ranging from 1537 to 1656 
cm−1, confirming the presence of amide functional groups I and II [42,49,70]. Bands around 
622 cm−1 correspond to the pyranose ring of tara gum, a feature in all microcapsules 
[69,71,72]. 

The preceding results allow us to infer that the encapsulation process was success-
fully conducted, as the outcomes closely resembled those reported by other researchers 
[42,49]. Additionally, an increase in temperature from 120 °C to 140 °C induced alterations 
in the functional groups’ intensities [10,73]. 

 
Figure 6. FTIR analysis: (a) wall materials and erythrocytes and (b) microcapsules. Figure 6. FTIR analysis: (a) wall materials and erythrocytes and (b) microcapsules.

The preceding results allow us to infer that the encapsulation process was successfully
conducted, as the outcomes closely resembled those reported by other researchers [42,49].
Additionally, an increase in temperature from 120 ◦C to 140 ◦C induced alterations in the
functional groups’ intensities [10,73].
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3.2.4. Thermal Analysis

The TG and DTA curves in Figure 7a,c were similar in all microcapsules. A first event
was observed between 30.51 ◦C and 43.02 ◦C, resulting in approximately 30% mass loss.
This mass loss can be attributed to the initiation of hydrogen bond breaking in water, which
continues until temperatures close to 100 ◦C [37,74]. A second event occurred between
266.43 ◦C and 304.81 ◦C, with a mass loss of around 90%. This pronounced degradation
rate around 300 ◦C can be attributed to the thermal decomposition of carbohydrates. After
reaching this temperature, the thermal depolymerization of biopolymers persists until
complete volatilization [37,74]. According to the obtained results, it can be appreciated that
the microcapsules exhibit excellent thermal stability, attributed to the use of native potato
starch and tara gum as coating materials [10].
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curves in ovine erythrocyte microcapsules, (c) DT and DTA curves in bovine erythrocyte microcap-
sules, and (d) DSC curves in bovine erythrocyte microcapsules. Where T1O, T2O, T3O, T4O, T5O and
T6O are the ovine erythrocyte microcapsules and T1V, T2V, T3V, T4V, T5V and T6V are the bovine
erythrocyte microcapsules.

The DSC thermograms of the microcapsules are presented in Figure 7b,d, where
endothermic peaks were identified at glass transition temperatures ranging from 135.44 ◦C
to 156.72 ◦C. These temperatures are similar to the glass transition temperatures of native
potato starch (138.26 ◦C) and tara gum (157.70 ◦C). The glass transition temperatures of the
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microcapsules were close to those of the used matrices. On the other hand, it is essential
to mention that glass transition temperatures lower than those of the matrices would
confirm the encapsulation of iron-rich erythrocyte cores [37]. These cores formed inclusive
complexes with the employed encapsulants [43].

3.3. Iron Release

Figure 8a,b display the iron release profile from microcapsules derived from ovine and
bovine erythrocytes. The outcomes indicate that, at 120 min, the spray-dried treatments T4O
and T4V at 140 ◦C exhibited the highest iron release values, reaching 93.13% and 92.31%,
respectively. It was demonstrated that an increase in the air temperature and a decrease in
the encapsulating quantity result in a more pronounced iron release over time. Likewise,
the other treatments also displayed considerable levels of iron release. This release is
essential in bioavailability in the small intestine, as only 1 to 2 mg of iron are absorbed in
this human body region, which is crucial for reducing the risk of anemia [13]. Thus, based
on the developed in vitro iron release, the most prominent treatments would be T4O and
T4V. The findings obtained in this study presented similarities with the results reported
in studies involving iron encapsulation in matrices such as native potato starch and tara
gum [10], potato starch and maltodextrin [75], chitosan and eudragit [76], eudraguard [77],
and dextrin [78].
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4. Conclusions

This study encapsulated a significant amount of heme iron extracted from ovine and
bovine erythrocytes at 20% (w/v). A blend of tara gum and native potato starch was
employed as a coating material at 5%, 10%, and 20% (w/v) concentrations. Encapsulation
was achieved through spray drying in an aqueous environment at 120 ◦C and 140 ◦C.
Consequently, elevated iron levels were achieved in erythrocytes and microcapsules, cou-
pled with substantial in vitro bioavailability for treatments T4O and T4V and suitable
physicochemical properties.

The particles exhibited micrometric dimensions and tended to aggregate in colloidal
solutions. SEM-EDS analysis confirmed the presence of iron on the surface of the micro-
capsules. In contrast, FTIR analysis assessed the incorporation of the iron core into the
polymeric matrix, substantiated by detecting functional groups within the microcapsules.
Thermal analysis was also conducted, confirming the encapsulation of the cores within the
matrices. In summary, the inlet temperature and the amount of coating material influenced
the studied properties. Lastly, the matrix combination proved novel, and these findings
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pave the way for utilizing cost-effective raw materials in food fortification and combatting
iron-deficiency anemia in developing nations.
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Abstract: Papaya is one of the most consumed fruits in the world; however, tissue damage caused by
cuts quickly leads to its decay. Therefore, this study aimed to prepare and characterize lemon oil and
curcumin nanocapsules to evaluate their capacity for preserving fresh-cut papaya. Lemon essential oil
and curcumin nanocapsules were prepared using ethyl cellulose (EC) and poly-(ε-caprolactone) (PCL)
by the emulsification–diffusion method coupled with ultrasound. The particles had sizes smaller than
120 nm, with polydispersity indices below 0.25 and zeta potentials exceeding −12 mV, as confirmed by
scanning electron microscopy. The nanoparticles remained stable for 27 days, with sedimentation being
the instability mechanism observed. These nanoparticles were employed to coat fresh-cut papaya, which
was stored for 17 days. The results demonstrated their remarkable efficacy in reducing the respiration
rate. Furthermore, nanocapsules maintained the pH and acidity levels of the papayas for an extended
period. The lemon oil/EC nanocapsule treatment retained the color better. Additionally, all systems
exhibited the ability to minimize texture loss associated with reduced pectin methylesterase activity.
Finally, the nanocapsules showed a notable reduction in polyphenol oxidase activity correlating with
preserving total phenolic compounds in the fruit. Therefore, the lemon oil and curcumin nanoparticles
formed using EC and PCL demonstrated their effectiveness in preserving fresh-cut ‘Maradol’ papaya.

Keywords: ethyl cellulose; poly-(ε-caprolactone); polymeric nanoparticles; papaya conservation;
essential oils; curcumin

1. Introduction

Sales of fresh-cut fruits have increased significantly in international markets, with a
global annual increase of 6%. These products are ready to eat while maintaining freshness
and nutritional quality [1]. Fresh-cut products are minimally processed fruits altered from
their original form by peeling, slicing, dicing, cutting into strips, coring, or other similar
methods, with or without washing or other treatments, before being packaged for consumer
or retail use [2]. However, due to tissue cutting, a series of physicochemical and biochemical
changes occur that promote a decrease in their shelf-life [3].
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Papaya (Carica papaya) is a climacteric fruit rich in nutrients such as provitamin A,
carotenoids, vitamin C, vitamin B, lycopene, dietary fiber, and minerals. It has laxative
properties, reduces indigestion, and has been studied for its potential to prevent heart diseases
and various types of cancer [4]. Consequently, papaya is the third most consumed tropical
fruit in the world. It holds great economic and social importance, providing income for
thousands of families and serving as a source of foreign exchange for producing countries.
Mexico is the third-largest papaya producer globally [5]. However, fresh-cut papaya is highly
perishable due to the side effects associated with tissue cutting, which accelerate respiration
rate, ethylene production, and the overproduction of enzymes, ultimately leading to a decline
in organoleptic and nutritional characteristics of the fruit [6]. Various alternatives have
been proposed to increase the shelf-life of fresh-cut papaya, including chemical treatments,
edible hydrocolloid-based coatings, and modified atmospheres, all of which have shown
improvements in papaya quality [7–10]. Essential oils are secondary metabolites of plants and
possess antioxidant, antimicrobial, and antifungal properties and can be incorporated into the
treatments mentioned above to enhance the preservation of fresh-cut fruits [11].

Lemon essential oil is extracted from Citrus lemon and is a mixture of terpenes and
terpenoids, with α-limonene being the main compound, accounting for approximately
60% of its composition. Lemon essential oil has demonstrated potent antimicrobial ac-
tivity, inhibiting the growth of microorganisms such as Aeromonas, Candida, Enterococcus,
Escherichia, and Staphylococcus [12,13]. It exhibits strong antioxidant properties [14]. Cur-
cumin, the principal curcuminoid found in turmeric (Curcuma longa), possesses antioxidant,
anti-inflammatory, antiviral, and antifungal properties. It demonstrates antioxidant activity
comparable to that of vitamins C, E, and β-carotene, making turmeric a potential option
for cancer prevention, liver protection, and the prevention of premature aging [15,16]. Due
to its beneficial properties, curcumin has been utilized for the preservation of fresh-cut
pineapple [17], pear [18], and apple [19].

Recently, nanotechnology has emerged as a promising tool for preserving fresh-cut prod-
ucts. Nanotechnology involves the application of material knowledge at the nanoscale and has
found applications in various scientific fields, including the food processing chain. Inorganic
nanoparticles such as ZnO in chitosan coatings [20] and montmorillonite embedded in a white-
mouth croaker protein isolated matrix [21], oregano essential oil-based nanoemulsion [22],
and citral-based nanoemulsion [23] have been used for the preservation of fresh-cut papaya.
Polymeric nanoparticles include nanocapsules and nanospheres. Nanocapsules (NCs) are
vesicular structures capable of encapsulating substances with hydrophobic or hydrophilic
characteristics surrounded by a polymeric barrier. Meanwhile, nanospheres are dense
polymeric matrices in which the compounds are dispersed, dissolved, or chemically bound
to the polymer matrix [24]. Polymeric nanoparticles have been used to encapsulate active
compounds, which protect the encapsulated components from the external environment,
reducing their degradation caused by heat, light, oxygen, and pH, thereby increasing their
physicochemical stability [25]. In addition, polymeric nanoparticles can enable controlled
release of the encapsulated components, maximizing their functionality. Materials for
nanoencapsulation of active compounds are generally biodegradable synthetic polymers or
FDA-approved semisynthetic or natural biopolymers for food contact [26]. Ethyl cellulose
(EC) is a polymer derived from cellulose approved by the FDA as a food additive [27].
Moreover, poly-(ε-caprolactone) (PCL) is a biodegradable polyester approved by the FDA
for use in drug delivery systems and widely used in food packaging [28].

Therefore, this research aimed to develop and characterize nanocapsules of lemon
essential oil and curcumin using EC and PCL as biopolymer coatings for preserving fresh-
cut ‘Maradol’ papaya.

2. Materials and Methods
2.1. Chemical Materials

Poly-(ε-caprolactone) (Mw ≈ 80,000), polyvinyl alcohol (PVA), lemon essential oil (Cit-
rus lemon), and curcumin (Curcuma longa) were purchased from Sigma-Aldrich®
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(St. Louis, MO, USA). Analytical grade ethyl acetate was acquired from Fermont® (Mex-
ico City, Mexico). Octenyl succinic anhydride starch (OSA-starch) was supplied from
Makymat® (Naucalpan, State of Mexico, Mexico). All other used reagents were at least
analytical grade.

2.2. Biological Material

Papaya (Carica papaya) var. ‘Maradol’ fruits were obtained from a fruit distribution
center in the area (Cuautitln Izcalli, State of Mexico, Mexico). They were selected according
to their size and shape, with a maturity level of 5 (80–90% yellow surface) and without the
presence of mechanical or microbiological damage.

2.3. Polymeric Nanocapsule Preparation

The nanocapsules (NCs) were prepared by the emulsification–diffusion method using
ultrasonic homogenization according to the optimized conditions by Galindo-Pérez et al.
(2018) [29]. Briefly, the stabilizers (PVA and OSA-starch) were dissolved in the aqueous
phase at a concentration of 30 g/L. PCL or EC (307 mg) and lemon essential oil or curcumin
(237 mg) were dissolved in the organic phase (water saturated ethyl acetate). Subsequently,
both solutions were emulsified with an ultrasonic homogenizer at a frequency of 26 kHz
(UP200HT; Helshier; Teltow, Germany) with a sonotrode of 14 mm in diameter. The
homogenization time was 4 min at an ultrasonic power of 54 W using an external ice bath
as temperature control. After obtaining the emulsion, 180 mL of water was added to induce
diffusion of solvent and aggregation of polymer with the formation of the nanoparticles.
The diffusive process was carried out under the same conditions as the emulsion formation.
Finally, the organic solvent was removed with a vacuum rotary evaporator (HB10; IKA®

Works, Inc.; Wilmington, NC, USA) at 30 ◦C and a reduced pressure of 66.6 Pa.

2.4. Nanocapsule Characterization
2.4.1. Particle Size (Ps) and Polydispersity Index (PDI)

The dynamic light scattering technique was used for Ps and PDI measurement in a
Malvern Zarasizer Nano ZS90 (Malvern Instruments Ltd.; Malvern, Worcestershire, UK) at
a detection angle of 90◦ and a laser λ = 633 nm. One milliliter of each colloidal dispersion
was diluted 10 times with distilled water. The measurements were performed in triplicate.

2.4.2. Zeta Potential (ζ) of Nanoparticles

The electrophoretic movement of particles in dispersion was measured to obtain the
zeta potential in a Zarasizer Nano ZS90 using polystyrene dispersions (ζ = −55 mV) as a
reference. This parameter indicates the surface charge of the particles and the degree of
repulsion between adjacent particles. All measurements were carried out in triplicate.

2.4.3. Morphological Characterization of Nanocapsules

Polymeric NCs were placed on a glass slide in a refrigerated desiccator until the water
evaporated entirely. The samples were coated with gold (≈2 nm) using a fine coat ion
sputter deposition unit (JFC-1100 fine coat ion sputter; JEOL Ltd.; Akishima, Japan) and
observed under a scanning electron microscope (SEM; JSM 5600 LV-SEM® LV; JEOL Ltd.;
Akishima, Japan) with a resolution of 5 nm. An electron beam of 28 kV and a chamber
pressure of 12–20 Pa were the operational conditions.

2.4.4. Determination of Nanocapsule Stability

The physical stability of the nanodispersions prepared with lemon essential oil and
curcumin was analyzed using a Turbiscan® Classic instrument (Toulouse, France). Five mL
of each dispersion was placed in a cylindrical glass cell to ensure no air bubbles in the
sample. The transmitted light was measured using a transmission detector, while the light
scattered at 30◦ was detected using a backscattered sensor. The detection length was 55 mm,
and measurements were obtained at 40 µm intervals along the sample. Measurements were
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carried out for four weeks. Measurements were taken at 0, 144, 193, 216, 482, 531, and 667 h
(27.8 days). The Turbiscan Stability Index (TSI) was obtained from the backscattering data
using Equation (1):

TSI =∑i
∑h|scani(h)− scani−1(h)|

H
(1)

where scani (h) is the average backscattering for each measurement time (i), scani−1(h) is
the average backscattering for the previous time (i− 1), and H is the sample height [30].

2.5. Application of Nanocoatings on Fresh-Cut Papaya

The selected papayas were washed and sanitized in a solution of iodine fruit detergent
(2 g/L). Then, these were peeled, cut into approximately 1 cm cubed pieces, and immersed
in a CaCl2 solution (10 g/L) for 3 min. Afterward, the papaya pieces were drained for
3 min and immersed in the different nanodispersions for 3 min. The evaluated treatments
were: nanocapsules of lemon essential oil/PCL (NC L/PCL), nanocapsules of lemon essen-
tial oil/EC (NC L/EC), nanocapsules of curcumin/PCL (NC C/PCL), and nanocapsules
of curcumin/EC (NC C/EC). In addition, fresh-cut papaya without any treatment was
considered as the control treatment. The fresh-cut papaya was packaged in crystalline
polypropylene cups (approximately 100 g per cup) and stored at 4 ◦C for 17 days.

2.6. Respiration Rate of Fresh-Cut Papaya Treated with Nanodispersions

The respiration rate was determined using the static method reported by Wang et al.
(2009) [31] and Iqbal et al. (2008) [32] in the treated and stored papaya. The CO2 measure-
ments were determined by measuring the headspace gas using a needle inserted through
the container lid and analyzed using an O2/CO2 analyzer (Quantek Instruments model
905; Grafton, Massachusetts, USA) to obtain the volumetric fraction of CO2 and O2 inside
the container. The CO2 production was calculated based on the difference in CO2 concen-
trations at different time intervals. The measurements were conducted during the storage
period, in triplicate, and expressed as follows for CO2:

RCO2 =

(
yCO2 − yiCO2

)

(t− ti)
∗ Vf

W
(2)

where yiCO2 is the initial concentration in the mixture (volumetric fraction), yCO2 is the
CO2 concentration at any other time, t is any non-zero time expressed in hours (ti = 0),
RCO2 is the CO2 production rate, W is the mass of the product (kg), and Vf is the volume
(mL) inside the container.

The O2 consumption rate was calculated as Equation (3):

RO2 =

(
yO2 − yiO2

)

(t− ti)
∗ Vf

W
(3)

where RO2 is the O2 consumption rate, yiO2 is the initial concentration in the mixture
(volumetric fraction), yO2 is the O2 concentration at any other time, t is any non-zero time
expressed in hours (ti = 0), W is the mass of the product (kg), and Vf is the volume (mL)
inside the container.

2.7. Color Determination

The coloration of the treated and untreated papaya was determined by obtaining the
values of L*, a*, and b* using a Minolta CM-600 colorimeter calibrated with L* = 57.79,
a* = −1.09, b* = 7.57. Color measurements were taken on the cut and treated surface of the
fresh-cut papaya (on any side of the cube) in triplicate during the storage period.

2.8. Determination of Firmness in Fresh-Cut Papaya

The firmness of the stored papaya was measured using a texture analyzer (CT3 Texture
Analyzer; Brookfield AMETEK; Middleborough, MA, USA). The cut papaya was penetrated
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using a stainless steel flat-bottomed cylindrical probe with a diameter of 4 mm at a speed of
1 mm/s and a target depth of 5 mm. The measurements were performed in triplicate.

2.9. Measurement of Pectin Methylesterase (PME) Activity

The extraction of PME enzymes from papaya was performed following the protocol
described by Zambrano-Zaragoza et al. (2014) [33]. Briefly, 20 g of fresh-cut papaya was
homogenized with a NaCl solution (2 M). The homogenate was stirred for 10 min and then
centrifuged at 7277× g for 20 min, with the supernatant containing the enzymatic extract.
For the determination of PME activity, the protocol described by Hagerman and Austin
(1986) [34] was followed. Briefly, in a spectrophotometric cell, 1 mL of citrus pectin (10 g/L),
580 mL of water, 200 µL of bromothymol blue (0.1 g/L), and NaCl (0.2 M) were added.
Adding 200 µL of enzymatic extract initiated the reaction, and the decrease in absorbance
at 640 nm (Genesys 10 UV-Vis; Thermo Fisher Scientific Inc.; Waltham, MA, USA) was
measured for 3 min. The number of µmoles of released acid due to pectin methylesterase
action was determined from a galacturonic acid standard curve following the treatment
described by Hagerman and Austin (1986) [34].

2.10. Evolution of Polyphenol Oxidase (PPO) Activity

The polyphenol oxidase (PPO) was obtained by the methodology described by Galindo-
Pérez et al. (2015) [32]. Briefly, 20 g of fresh-cut papaya was homogenized with 20 mL of
a phosphate buffer solution (0.2 M; pH = 7.0). The homogenate was stirred for 10 min and
then centrifuged at 7277× g for 20 min. The supernatant obtained was used as the enzymatic
extract for measuring PPO activity. The PPO activity was determined by a reaction mixture of
2.8 mL citrate-phosphate buffer solution (0.2 M; pH = 6.5) containing catechol (50 mM) and
200 µL of enzymatic extract. The solution was gently stirred, and the increase in absorbance at
420 nm (Genesys 10 UV-Vis; Thermo Fisher Scientific Inc.; Waltham, MA, USA) was measured.
One unit of polyphenol oxidase activity was defined as the change in absorbance per minute
(0.001 Abs/min). The measurements were performed in triplicate.

2.11. Protein Determination

The analytical determination of protein in the enzymatic extracts was performed using
the technique proposed by Bradford (1976) [35]. For this purpose, 100 µL of the enzymatic
extract was mixed with 5 mL of Bradford reagent. The mixture was gently agitated and
kept in the dark for 10 min, after which the absorbance was measured at 595 nm (Genesys
10 UV-Vis; Thermo Fisher Scientific Inc.; Waltham, MA, USA) using a bovine serum albumin
standard curve under the same conditions.

2.12. Total Phenolic Compound Measurement

The extraction of total phenols was performed according to the technique reported by
Waterhouse (2002) [36]. First, 20 g of fresh-cut papaya was homogenized with 20 mL of
a methanol–water mixture (95%). The resulting solution was centrifuged at 7277× g for
20 min, and the supernatant contained the phenolic mixture. The quantification of total
phenols was performed using the Folin–Ciocâlteu method. Briefly, 20 µL of the phenolic
extract was mixed with 1.8 mL of water and 100 µL of Folin reagent and agitated for 5 min;
then 300 µL of sodium carbonate was added. The mixture was kept in the dark for 1 h. The
content of phenols was determined spectrophotometrically at 765 nm (Genesys 10 UV-Vis,
Thermo Fisher Scientific Inc., USA) using a previously prepared gallic acid standard curve
(y = 0.0009x + 0.0153; R2 = 0.996). The results were expressed as gallic acid equivalents
(GAE) per 100 g of fruit. The determinations were performed in triplicate.

2.13. Statistical Analysis

An analysis of variance (ANOVA) was conducted to analyze the effect of the different
treatments on papaya preservation. The significance of the differences was determined
using Tukey’s multiple comparisons tests. Additionally, a Dunnett’s mean comparison
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test was used to assess the effect of each treatment compared to the control group [37].
Differences were considered significant with p-values < 0.05.

3. Results
3.1. Characterization of Nanoparticles
3.1.1. Particle Size, Polydispersity Index, and Zeta Potential

Table 1 presents the results of NC particle size, polydispersity index, and zeta potential.
The nanoparticles had particle sizes in the nanoscale range, with the NC L/PCL system
having the smallest size. The PDI, with values from 0.126 to 0.246, indicates monodispersed
systems with a narrow size distribution. The NC L/PCL and NC L/EC had PDI ≤ 0.150.
The zeta potential of NCs formed ranged from −5.80 to −12.43 mV.

Table 1. Nanocapsule characterization of lemon essential oil and curcumin extract using EC and PCL
as encapsulant polymers.

System Ps (nm) PDI ζ (mV)

NC L/EC 116 ± 0.72 0.126 ± 0.02 −7.52 ± 0.53
NC L/PCL 87.57 ± 0.34 0.142 ± 0.01 −12.43 ± 0.98
NC C/EC 115.73 ± 0.83 0.246 ± 0.01 −6.15 ± 1.04

NC C/PCL 100.18 ± 0.98 0.167 ± 0.01 −5.80 ± 0.78
Ps = particle size; PDI = polydispersity index; ζ = zeta potential.

3.1.2. Morphology of Nanocapsules

Figure 1 shows the micrographs of the nanocapsules, showing that all systems had
sizes ≤ 500 nm and spherical shapes. NC L/PCL and NC L/EC sizes are consistent with
dynamic light scattering results (200 nm). Furthermore, NC C/PCL and NC C/EC exhibited
spherical structures with Ps ranging from 150 to 200 nm.
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3.1.3. Instability Mechanism of Nanocapsules

Table 2 presents the instability mechanism of the NCs and the migration velocities of
nanoscale particles in suspension obtained by the Turbiscan® instrument. The NC L/PCL
and NC C/PCL, as well as NC C/PCL and NC C/EC, were stable at room temperature dur-
ing 667 h of storage. No significant changes in backscattering were observed; sedimentation
was identified as the instability mechanism in all cases. This behavior is related to the cal-
culated migration velocities of the particles. The NC L/EC and NC L/PCL had migration
velocities in the bottom of 0.023 and 0.010 µm/min, respectively. The migration velocities
in the top container for lemon oil NCs were 0.015 and 0.013 µm/min, demonstrating the
high physical stability of the nanocapsules.

Table 2. Instability mechanism and migration velocity of lemon oil and curcumin nanocapsules
manufactured with PCL or EC as barrier polymers.

System Instability
Mechanism

Average Migration Rate in
the Bottom (µm/min)

Average Migration Rate in
the Top (µm/min)

NC L/EC Sedimentation 0.023 0.015
NC L/PCL Sedimentation 0.010 0.013
NC C/EC Sedimentation 0.011 0.012

NC C/PCL Sedimentation 0.009 0.010

The NCs prepared with a curcumin oil core also showed good stability, as no significant
changes in backscattering were observed during 4 weeks of storage at room temperature.
The migration velocities in the bottom for NC C/EC and NC C/PCL were 0.011 and
0.009 µm/min, respectively.

3.1.4. TSI of the Nanocapsules

Figure 2 shows the TSI values determined from the backscattering data measured by
the Turbiscan® equipment for lemon essential oil and curcumin NCs. All nanoscale systems
presented TSI values lower than 1.0 after 27 days of storage at room temperature, suggesting
high stability because TSI values close to zero indicate excellent stability. The TSI values for NC
C/EC and NC C/PCL at the end of the measurement period were 0.10 and 0.044, respectively.
Meanwhile, the NC L/EC had a TSI of 0.65 and NC L/PCL reached TSI values of 0.12.
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3.2. Rate of CO2 Production in Papayas Treated with Nanocapsules

Figure 3 presents the values for the rate of CO2 production of papaya as a function of
the treatments used. The highest rate of CO2 production was observed in the control papaya
batch, which had a significant increase during the first three days, with an average value of
3.27 mL of CO2 kg−1 h−1. This rate was maintained practically during the following days,
and at the end of the storage period (day 14), another increase in the respiration rate was
observed, reaching an average value of 5.23 mL of CO2 kg−1 h−1.
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In contrast, in the papaya treated with NCs, a decrease in the rates of CO2 forma-
tion was observed in all cases. The statistical analysis demonstrated significant differ-
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ences (p < 0.05) compared to the control batches of papaya. For papaya coated with NC
L/EC, it was observed that the rate of CO2 production was slightly higher than 1.0 mL
of CO2 kg−1 h−1 on days 7 and 14. The papaya treated with NC L/PCL exhibited a CO2
production rate of zero during the first five days of storage. However, the rate gradually
increased after that, showing an upward trend in CO2 production. It reached a maximum
value of 1.04 mL of CO2 kg−1 h−1 on day 17 of storage.

Similarly, papaya coated with NC C/EC and NC C/PCL showed no changes in CO2
production during the initial days until 7 and 10 days, respectively. Afterward, the CO2
production rate increased, reaching a CO2 production of 1.19 mL of CO2 kg−1 h−1 for papaya
treated with NC C/EC and 1.45 mL of CO2 kg−1 h−1 for papaya treated with NC C/PCL.

3.3. Effect of Nanoparticles on the Rate of O2 Consumption

Figure 4 presents the behaviors of the rate of O2 decrease in the headspace of containers
with papaya under different treatments. It is worth noting that all systems had a significant
effect (p < 0.05) on the rate of O2 consumption.
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or curcumin.

The control system exhibited high O2 consumption values during the first five days,
with average rates of around 30 mL of O2 kg−1 h−1. The trend then decreased, and
the rate of O2 consumption dropped to 13.72 mL of O2 kg−1 h−1 on the 14th day of
testing. The nanocoatings of NC L/EC and NC L/PCL showed the lowest rates of O2
consumption, with initial values of 17.63 and 11.75 mL of O2 kg−1 h−1, respectively.
Moreover, the rate of O2 consumption decreased during the remaining storage period, with
O2 consumption rates of 6.45 mL of O2 kg−1 h−1 for NC L/EC and 7.72 mL of O2 kg−1 h−1

for NC L/PCL. The results were statistically significant compared to the control system.
Meanwhile, the O2 consumption rates were 28.47 mL of O2 kg−1 h−1 for the NC C/EC
treatment and 29.71 mL of O2 kg−1 h−1 for the NC C/PCL treatment during the first three
days, gradually decreasing over the storage period to reach values of 9.22 and 4.91 mL of
O2 kg−1 h−1, respectively.
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3.4. pH and Acidity of Papaya Treated with Nanosystems

Table 3 presents the results obtained for the pH and acidity determinations of papaya
treated with lemon oil and curcumin NCs using EC and PCL as barrier polymers during
17 days in cold storage.

Table 3. Changes in pH and acidity of papaya treated with lemon oil and curcumin nanocapsules
using EC and PCL as barrier polymers.

Time Control NC L/EC NC L/PCL NC C/EC NC C/PCL

Day 0 pH 5.20 ± 0.01 5.25 ± 0.03 5.23 ± 0.01 5.11 ± 0.04 5.20 ± 0.04
Acidity (mg citric acid/100 g) 0.518 ± 0.05 0.532 ± 0.01 0.525 ± 0.03 0.534 ± 0.07 0.538 ± 0.06

Day 3 pH 5.21 ± 0.08 5.62 ± 0.02 5.45 ± 0.02 5.67 ± 0.02 5.33 ± 0.06
Acidity (mg citric acid/100 g) 0.395 ± 0.02 0.529 ± 0.02 0.431 ± 0.02 0.375 ± 0.02 0.533 ± 0.02

Day 5 pH 5.30 ± 0.02 5.55 ± 0.09 5.54 ± 0.05 5.53 ± 0.04 5.59 ± 0.04
Acidity (mg citric acid/100 g) 0.363 ± 0.05 0.497 ± 0.02 0.395 ± 0.02 0.400 ± 0.02 0.463 ± 0.02

Day 7 pH 5.23 ± 0.02 5.37 ± 0.05 5.37 ± 0.04 5.41 ± 0.05 5.38 ± 0.03
Acidity (mg citric acid/100 g) 0.405 ± 0.02 0.568 ± 0.01 0.494 ± 0.02 0.535 ± 0.01 0.509 ± 0.03

Day 10 pH 5.35 ± 0.01 5.25 ± 0.01 5.52 ± 0.01 5.40 ± 0.07 5.48 ± 0.01
Acidity (mg citric acid/100 g) 0.469 ± 0.04 0.520 ± 0.01 0.689 ± 0.02 0.608 ± 0.03 0.546 ± 0.03

Day 12 pH 5.16 ± 0.04 5.16 ± 0.06 5.35 ± 0.12 5.48 ± 0.03 5.46 ± 0.02
Acidity (mg citric acid/100 g) 0.416 ± 0.03 0.560 ± 0.02 0.515 ± 0.03 0.511 ± 0.03 0.469 ± 0.02

Day 14 pH 5.08 ± 0.03 5.27 ± 0.04 4.94 ± 0.05 5.40 ± 0.02 5.30 ± 0.04
Acidity (mg citric acid/100 g) 0.427 ± 0.05 0.417 ± 0.01 0.592 ± 0.02 0.428 ± 0.02 0.546 ± 0.03

Day 17 pH 4.97 ± 0.05 5.56 ± 0.04 4.86 ± 0.04 5.47 ± 0.04 5.29 ± 0.04
Acidity (mg citric acid/100 g) 0.416 ± 0.03 0.480 ± 0.03 0.656 ± 0.02 0.449 ± 0.01 0.576 ± 0.03

The control samples showed a decrease in pH throughout the storage period, with
an average pH value at the end of 4.97. Additionally, the acidity showed slight variations
compared to its initial condition, resulting in final values of 0.416 mg citric acid/100 g of
sample at the end of storage.

In papayas treated with NC L/EC, the pH barely changed, by 0.3, during storage.
Similar behavior was remarked for papaya coated with NC C/EC, where the lowest pH
value was found on day 7, with an average pH of 5.41. An increasing trend was observed in
acidity during the first 12 days of storage, followed by a decrease. The final average value
for the treatment with NC L/EC was 0.48 mg of citric acid/100 g of fruit, and for papaya
coated with NC C/EC, it was 0.45 mg of citric acid/100 g. Statistical analysis showed
significant differences (p < 0.05) between the encapsulated compounds.

The NC L/PCL and NC C/PCL showed a final value of 0.65 and 0.58 mg citric
acid/100 g, respectively. In addition, the pH in papaya treated with NC L/PCL decreased
drastically during the last week of storage, reaching a value of 4.8. The statistical analysis
showed that pH and acidity exhibited significant differences between the untreated fresh-
cut papaya, suggesting a protective effect against the deterioration of components in
fresh-cut papaya.

3.5. Color Changes of Fresh-Cut Papaya Treated with Nanocapsules of Lemon Oil or Curcumin

Figure 5 shows the colorimetric values in CIELab coordinates of the surface of fresh-
cut papaya treated with different nanodispersions and stored under refrigeration for
17 days. The L* value indicates the luminosity of the sample, where values close to
0 indicate black colors, while values close to 100 demonstrate white colors. This parameter
in fruit preservation is related to the formation or degradation of compounds; for example,
carotenoid degradation decreases the samples’ luminosity [38].
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In control papaya, the initial average luminosity value was 51.59, decreasing drastically
during the first 3 days and reaching an L* value of 34.34, which remained constant in the
following days of storage, with an average L* value of 36.5 on day 14, corresponding to a
30% loss of luminosity compared to its initial state. The fresh-cut papaya treated with NC
C/EC and NC C/PCL showed more significant changes in the L* values, decreasing rapidly
during the first days of storage and remaining constant. The final loss of luminosity in fresh-
cut papayas treated with NC C/EC and NC C/PCL was 30.06% and 30.24%, respectively,
compared to their initial state, with no significant differences (p > 0.05) between the NCs
containing curcumin and the control system. In contrast, the NC L/EC and NC L/PCL
treatments showed luminosity losses of 18.2% and 27.9%, respectively, compared to their
initial state. Furthermore, ANOVA statistical analysis revealed significant differences
(p < 0.05) among the encapsulated oily materials. Additionally, Dunnett’s test indicated
significant differences (p < 0.05) between the lemon oil nanoparticles and the control.

Figure 5 shows the a* value obtained from the surface of the papaya. The a* value
indicates the change from red (positive) to green (negative) [38]. In the untreated control
papaya, the a* value showed a decreasing trend during the storage period, with a decrease
rate of −0.68 a*/day, reaching an a* value of 19.89 at the end of the storage period, repre-
senting a 30.42% loss of red coloration. The fresh-cut papaya with NC C/EC showed a
change rate of −0.82 a*/day from day 0 to day 12, while for the papaya with NC C/PCL,
the change rate was −0.95 a*/day in the same time interval. Dunnett’s test did not show
statistical differences compared to the control. In contrast, the treatment that maintained
the a* value for a more extended period was composed of NC L/EC, where a smaller
decrease in the a* value was observed, with a change rate of −0.33 a*/day, indicating that
the treatment was able to preserve the red coloration in fresh-cut papaya. ANOVA showed
statistically significant differences between NC L/EC and all other treatments.

Figure 5 shows box plots for the evolution of the b* values of fresh-cut papayas treated
with nanodispersions in cold storage. The b* scale ranges from positive values, indicating
yellow colors, to negative values, where colors tend to be blue [38]. In the papaya without
any treatment (control), a rapid decrease in the b* value was observed during the first days
of storage, with a rate of change of −1.66 b*/day. Then, the b* value remained relatively
constant until day 14 of storage, with a 42.1% loss compared to its initial condition. In
the papaya with NC C/EC, a rapid decrease in the b* value was observed during the first
12 days of storage, with a loss rate of −1.1 b*/day. After day 12, the rate of b* loss changed
and reached a value of −0.25 b*/day.

Similarly, this behavior was noted in papaya treated with NC C/PCL, where the rate of
change in the b* value during the first 12 days was −1.2 b*/day. The calculated percentage
loss of the b* value on day 12 was 48.1% for NC C/EC and 46.5% for NC C/PCL. The
treatments containing curcumin did not show significant differences but differed from the
other tested systems.

Conversely, for the fresh-cut papaya coated with NC L/EC, a downward trend of the
b* value was observed throughout the storage period, with a decrease rate of −0.72 b*/day.
A final value of 19.66 was found, representing a loss of 8.78% in the b* value on day 12 and
34.5% on day 17. Also, in the fresh-cut papaya treated with NC L/PCL, a significant de-
crease in the b* value was seen during the first 12 days, with a change rate of −0.84 b*/day.
Subsequently, the rate decreased to −0.11 b*/day with a loss of b* value of 29% compared
to day 0. Both treatments showed significant differences compared to the control.

3.6. Changes in the Firmness of Fresh-Cut Papaya Treated with Different Nanosystems

The firmness of the papaya was determined during 17 days of refrigerated storage;
these results are presented in Figure 6. In the control papaya, firmness decreased rapidly
during the first 3 days of storage. The average firmness on day zero was 3.35 N. In contrast,
on day 3, it decreased to an average firmness of 1.07 N, indicating that the control papaya
lost up to 68% of its initial firmness during the early storage period.
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The firmness loss of fresh-cut papaya treated with NC L/EC compared to its initial
value was only 9% on the 5th day. However, firmness decreased to 1.57 N on day 7, with a
firmness loss percentage of 26% and reaching a final value of 36%. For the papaya treated
with NC L/PCL, a firmness loss rate of 0.017 N/day was observed during the storage
period, with a firmness of 1.54 N on day 17, representing a 32% decrease compared to
its initial state. For the papaya coated with NC C/EC, a periodic decrease in firmness
was observed, reaching a final value of 1.44 N, which represents a firmness loss of 39%
compared to the initial state, reducing the percentage of loss by more than 20% compared
to the untreated system. Meanwhile, in the papaya treated with NC C/PCL, firmness loss
rates of 0.038 N/day were observed, resulting in a final firmness of 1.36 N with a 40%
loss of firmness compared to day zero. Statistical analysis showed significant differences
(p < 0.05) between the control system and the nanocapsule treatments containing lemon oil
or curcumin, indicating firmness preservation for 17 days of refrigerated storage.

3.7. PME Activity of Fresh-Cut Papaya Treated with Different Polymeric Nanoparticles

Figure 7 shows the values of papaya coated with NC L/EC, NC L/PCL, NC C/EC, and
NC C/PCL, as well as the control samples of papaya without any treatment. The control
batch of papaya exhibited an increasing trend in pectin methylesterase (PME) activity
during the initial days of storage, correlating with a drastic loss of firmness. The maximum
PME activity of 1.44 U/mg protein was reached on the fifth day of storage, which then
decreased, reaching an activity of 0.29 U/mg protein on day 17.

In papaya coated with NC L/EC, an increase in PME activity was observed, reaching
a maximum value on the fifth day of storage of 0.41 U/mg of protein. This level was
maintained practically throughout the rest of the testing period. In the case of NC L/PCL,
the PME activity was initially low during the early days of storage, with an average activity
of 0.14 U/mg of protein. However, a considerable increase in activity was noted on the
seventh day, with an activity of 0.59 U/mg of protein, followed by a decrease. Papayas
treated with NC C/EC showed a maximum PME activity on day 5, with an average activity
of 0.72 U/mg of protein. At the same time, NC C/PCL samples reached their maximum
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activity on day 7, with an activity of 0.76 U/mg of protein. Statistical analysis did not show
significant differences among the evaluated nanometric treatments.
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3.8. PPO Activity of Fresh-Cut Papaya Treated with Nanocapsule Systems

Figure 8 presents the results obtained for PPO enzyme activity in fresh-cut papaya
treated with nanoparticles. Dunnett’s multiple comparison tests revealed statistically
significant differences between the nanoparticulate treatments and the control system,
indicating that the treatments used decreased PPO activity. For the control system, it was
found that PPO enzyme activity increased during days 5 and 7, reaching activity values of
35.53 and 32.68 U/g protein, respectively. Subsequently, PPO activity declined to values
lower than 1 U/g protein. In the treatments of NC L/EC and NC L/PCL, an increase in
PPO activity was observed on day 7, reaching values of activity of 17.14 and 12.35 U/g
of protein, respectively, corresponding to inhibition percentages of 47.55% and 62.18%,
showing statistically significant differences compared to the control system. In the case
of fresh-cut papaya treated with NC C/EC and NC C/PCL, an increase in PPO activity
was seen on day 7 of storage with an activity of 21.7 and 18.7 U/g of protein, with an
inhibition percentage of PPO activity of 33.61% and 42.79%, respectively. The ANOVA
showed significant differences compared to the control system (p < 0.05).
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3.9. Changes in the Total Phenolic Content in Fresh-Cut Papaya Treated with Nanodispersions

Figure 9 presents the results of total phenols in fresh-cut untreated papaya (control)
and papaya coated with NCs of lemon oil and curcumin using EC or PCL as biopolymers.
In the control system, an increase in the content of total phenols was observed, showing an
upward trend throughout the storage period, with a production rate of phenolic compounds
of 0.17 mg of gallic acid equivalents/day. The Dunnet test showed significant differences
between the control papaya and the papaya coated with the nanodispersions.
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Figure 9. Total phenol content in fresh-cut papaya coated with nanodispersions and stored under
refrigeration.

The trend for papaya treated with NCs formed by EC containing lemon oil or curcumin
showed a slight decreased concerning phenolic compounds. In papaya treated with NC
L/EC, a decrease rate in the total phenols of 0.043 mg of gallic acid equivalents/day was
observed. Meanwhile, NC C/EC had a 0.047 mg gallic acid equivalents/day rate. For
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nanoparticles containing either lemon oil or curcumin formed with PCL, less variation in
the content of phenolic compounds was observed; however, statistical analysis did not
show significant differences between the NCs prepared with PCL or EC.

4. Discussion
4.1. Ps, PDI, ζ, and Morphology of Nanocapsules

Table 1 shows that the PS of lemon oil and curcumin NCs using EC and PCL ranged
from 87 to 116 nm. The NC L/EC and NC L/PCL had sizes of 116 nm and 87.57 nm,
respectively. Hasani et al. (2018) [39] reported Ps of 339 and 553 nm for lemon essential oil
nanocapsules with chitosan and OSA-starch, respectively. Moreover, a study of nanocap-
sules prepared with methyl methacrylate-styrene as barrier polymer showed particle sizes
of 136 nm [40], coinciding with our report. The average Ps values for the NC C/EC and
NC C/PCL were 115 nm and 100 nm, respectively, falling within the nanoscale range. A
study on curcumin extract NCs of sodium caseinate reported a Ps of 165 nm [41]. Similarly,
the nanoencapsulation of curcumin with different oils such as castor, soybean, and Miglyol
oil exhibited particle sizes of 150 nm, 142.5 nm, and 206 nm, respectively [42].

The PDI of lemon oil and curcumin NCs was lower than 0.25 (Table 1), indicating a
narrow distribution of particle sizes. In lemon essential oil NCs prepared by ionic gelation
and freeze-drying, a PDI of 0.424 was reported when chitosan or modified starch was
used [39]. Moreover, PDIs between 0.16 and 0.29 have been reported for curcumin NCs
dissolved in different oils, implying that the prepared systems have good homogeneity [43].
Then, the results of this study showed their comportment.

The ζ of NCs (Table 1) is partially correlated with stability. However, due to the
characteristics of non-ionic stabilizers, low zeta potentials are generally observed, where
steric effects prevent the aggregation or flocculation of the nanoparticles, and the systems
remained stable for 4 weeks under ambient temperature storage conditions. For lemon oil
nanocapsules prepared with chitosan and starch, ζ-values of 10.58 mV have been reported
when the chitosan/starch ratio was 0.5%/9.5% [39].

The micrographs of lemon oil and curcumin NCs obtained by SEM (Figure 1) show
spherical and nanometric sizes from 150 to 200 nm. Similar results have been reported
for nanocapsules containing fragrances for textile scenting using lemon oil as the main
compound, with spherical nanocapsules ranging from 100 to 200 nm [40]. Nanoscale
spherical systems with particle sizes between 150 and 200 nm were observed with SEM for
curcumin/PCL NCs obtained using solvent displacement methodology [44]. Curcumin/EC
NCs prepared by dialysis have been reported as spherical structures with a particle diameter
of 282.9 nm [45].

Therefore, the emulsification–diffusion process using ultrasound homogenization is
an excellent tool for preparing nanoscale systems capable of encapsulating essential oils
and curcumin with a good size distribution and stability, which can be helpful for food
preservation purposes.

4.2. Stability of Nanocapsules

Sedimentation was the main instability mechanism for lemon oil and curcumin NCs
manufactured with EC and PCL. However, the low migration velocities indicated they were
highly stable at room temperature during 27 days of storage. These results correlate with
TSI because values less than 1.0 were obtained (Figure 2). This pattern is due to the steric
effect of the stabilizer used to prevent flocculation or aggregation of nanoparticles [46].
According to different authors [47,48], particles in dispersion with zeta potentials close to
zero are considered unstable. Stabilizers like PVA can stabilize nanodispersions due to
steric effects that prevent the binding of one particle to another, avoiding aggregation and
promoting the stability of the NCs in suspension. In a study of curcumin nanoparticles
prepared with a zein–shellac mixture (1:1), TSI values ranged from 1.54 to 8.43, with
higher stability [49]. For α-limonene-based emulsions and nanoemulsions, TSI values
between 2.37 and 6.01 were found after 30 days of storage [50]. D-limonene emulsions
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showed TSI values ranging from 1 to 15, with emulsions more stable when using Pluronic
PE9400 [51]. Therefore, the fabrication of NCs increases the stability of dispersions, helping
to maintain the physicochemical stability of the encapsulated active agent. In addition,
the emulsification–diffusion methodology with ultrasound homogenization effectively
prepares NCs with good physical stability.

The migration velocity of NC L/EC at the base of the measurement cell was two times
higher than that of the other prepared systems (Table 1), with TSI values 6 to 10 times
higher (Figure 2). This behavior could be attributed to the interactions between EC and
fractions with high water solubility of lemon oil. The lemon essential oil obtained through
steam distillation is composed of poorly water-soluble compounds, such as limonene,
γ-terpinene, and α- and β-pinene. It also includes compounds with higher water solubility,
such as neral, geranial, neryl acetate, and geranyl acetate [52]. Compounds with higher
water solubility can interact with the hydroxyl groups of EC through hydrogen bonding,
which could potentially diminish the interactions between these compounds and the
hydrophilic stabilizers (PVA and OSA-starch), resulting in minor stability of the NC L/EC.
According to Zhao et al. (2018) [53], citrus-based emulsions (mandarin, sweet orange,
and bergamot) were more stable as the content of polar compounds increased due to
hydrophilic compounds being more prone to covering the hydrophilic stabilizer (Tween
80), thereby enhancing the emulsion’s interfacial properties and improving its stability.

4.3. Respiration Rate of Fresh-Cut Papaya Treated with Nanocapsules

The slicing of the tissues induces a cascade of metabolic changes in fresh-cut fruits,
including an increase in respiration rate (O2 consumption and CO2 production). A signifi-
cant reduction in respiration rate during the initial storage days contributes to the extended
shelf-life of fresh-cut fruits. The reduction in respiration decreased ethylene production
(a maturation hormone) and the downregulation of enzymes related to fruit degradation,
such as pectin methylesterase, polygalacturonase, and polyphenol oxidase, among others.
These mechanisms preserve firmness, color, and bioactive compounds like polyphenols [54].
Consequently, nanoparticle-based coatings can form a barrier that limits gas exchange, thus
reducing the respiration rate in fresh-cut fruits [55].

The CO2 production and O2 consumption rates in the control papaya were significantly
higher than in the papayas coated with the nanosystems (Figures 3 and 4). This behavior
is because of cuts that increase the surface area in the control papaya. Furthermore,
barriers that limit gas permeability have been eliminated, contributing to an increase in
the respiration rate of the papaya [56]. The papaya utilized the O2 inside the container to
continue its metabolism, resulting in a high respiration rate and increased concentration of
CO2 in the container’s headspace. Additionally, the onset of biodegradative metabolism
leads to an increase in the concentration of CO2 caused by the need to produce energy
(ATP) for survival [57,58].

In contrast, the nanocoating formed by NC L/EC, NC L/PCL, NC C/EC, and NC
C/PCL showed a statistically significant reduction of CO2 production and O2 consumption
rates compared to the control system, indicating that the nanoparticles form a coating
on the surface of the fresh-cut papaya, limiting the diffusion of O2 and respiration of
the product. This reduction in respiration helped to preserve the freshness, quality, and
desirable attributes of the papaya, such as its texture, color, and flavor. Similar behavior
was observed in chitosan nanoparticles encapsulating lemon essential oil applied as a
coating on strawberries, where the O2 consumption rate was reduced compared to chitosan
nanoparticles alone and the control system [59]. In whole cucumbers coated with chitosan
nanoparticles encapsulating cinnamon essential oil, the respiration rate of the cucumbers
decreased significantly compared to the uncoated cucumbers, with no statistically signifi-
cant differences observed compared to the chitosan treatment without nanoparticles [60].
The ability of the NCs to slow down the respiration process can be attributed to their
film-forming properties and ability to create a protective layer [61]. This layer acts as a
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barrier against oxygen and moisture, preventing oxidative reactions and the growth of
microorganisms that contribute to the deterioration of the papaya.

4.4. pH and Acidity of Fresh-Cut Papaya Treated with Nanocapsules

The pH in the control papaya had a decrescent tendency, while after day 10, the acidity
experienced a sharp reduction. The decrease in pH is attributed to the formation of organic
acids due to the biotransformation of carbohydrates into organic acids and the growth of
microorganisms on the papaya’s surface, which can produce organic acids. The reduction
of acidity in control papaya is due to using organic acids such as citric acid and malic acid
by enzymes during respiratory processes [62].

The NC L/EC and NC C/EC showed slightly varied pH and acidity content during
storage. The slight differences in pH and acidity behavior are associated with nanosized
treatments that can act as a barrier to gas exchange, reducing papaya respiration and thereby
maintaining the carbohydrates that are not modified or used in respiratory processes. More
minor changes in pH and fruit acidity have been observed for papaya coated with chitosan,
implying that chitosan forms a barrier, reducing fruit respiration and increasing the stability
of papaya components [62]. In contrast, for the NC L/PCL and NC C/PCL, an increase was
observed throughout the storage period regarding acidity. While the NCs have a protective
effect by reducing the respiration rate, PCL can degrade over time, forming carboxyl end
groups that can decrease the acidity of the samples. The degradation of PCL occurs because
the polymer in an aqueous environment can swell, causing water molecules to interact with
the polymer, attacking the ester groups of PCL, leading to hydrolysis and the formation of
terminal carboxyl groups. Furthermore, the hydrolysis of ester groups can be catalyzed by
lipase enzymes found in papaya tissue [63].

4.5. Changes in the Color of Fresh-Cut Papaya Treated with Nanosystems

The control system showed a rapid decrease in the luminosity of the papaya surface
(Figure 5). This behavior is attributed to the loss of physical barriers, allowing greater
oxygen diffusion into the exposed tissue, leading to the decomposition of papaya com-
ponents, especially carotenoids that give the fruit its red color. In addition, oxidation
reactions of phenols increase, resulting in the darkening of the samples, as observed by
González-Aguilar et al. (2009) [8] in fresh-cut ‘Maradol’ papaya. The systems containing
lemon oil NCs maintained the papaya’s luminosity, as they could limit gas transfer, espe-
cially oxygen. As a result, the oxidation of carotenoids that give the fruit its red color and
the formation of dark compounds caused by polyphenol oxidase enzyme were reduced.
Moreover, incorporating liposoluble compounds in edible coatings can modify the oxygen
permeability properties of the formed coatings [64]. Furthermore, for fresh-cut ‘Formosa’
papaya coated with montmorillonite (TP = 100 nm) supported by a coating formed by a
corvina protein isolate, it was observed that the use of nanoscale dispersions significantly
reduced the loss of luminosity of the papaya [21].

The decrease in a* value in the control papaya (Figure 5) is attributed to the oxidation
of carotenoids that give pigmentation to the fruit due to the absence of barriers that can
interfere with oxygen distribution within the papaya tissues [65]. Papayas treated with
NC C/EC and NC C/PCL did not differ significantly from the control. This behavior is
associated with the degradation of curcumin, which leads to a loss of coloration [66]. In
comparison, the NC L/EC treatment exhibited the slightest fluctuations in the a* value,
suggesting that the treatment generated a barrier between the cut surface of the papaya
and the environment, thereby reducing the entry of oxygen into the tissues and minimizing
color changes in the product.

The rapid diminishing of the b* value in the control papaya (Figure 5) is due to the
exposure of the papaya tissues and their components to oxygen, which can lead to oxidation
or degradation phenomena. In papaya packaged in PVC bags with 15 microperforations, a
percentage decrease in the b* value of 36.94% was noted after 9 days of storage compared to
its initial state. Moreover, an increase in browning for the system with a higher number of
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microperforations was observed, leading to greater oxygen exposure, subsequent activation
of polyphenol oxidase, and the formation of melanin [67]. In the papaya with NC C/EC and
NC C/PCL, the percentage of b* value loss was higher compared to the control system; this
additional decrease in b* value may be due to the decomposition of curcumin constituents
that give it its characteristic yellow color, such as demethoxycurcumin, curcumin, and
bisdemethoxycurcumin, which can be easily degraded by light [68], taking several days [69]
and resulting in the loss of yellow coloration in the samples. Minor changes in the b*
value were obtained with the NCs containing lemon oil, suggesting that nanoparticles can
limit the oxygen exchange between the cut papaya and the environment, allowing the
product’s sensory characteristics to be maintained. A lower presence of oxygen in the cut
tissues reduces the oxidation of color-giving compounds such as carotenoids. It decreases
the activities of enzymes involved in forming brown compounds, such as polyphenol
oxidases [58].

4.6. Firmness of Fresh-Cut Papayas Treated with Nanocapsules

Firmness is the maximum penetration force of a texturometer probe capable of break-
ing the surface of fresh-cut papaya. Firmness is determined by the physical anatomy of
the tissue, such as size, shape, cellular arrangement, cell wall thickness, and cell cohesion
degree [58].

The significant loss of firmness in the control papaya (Figure 6) is due to the higher
activity of pectolytic enzymes in the control papaya that modified and hydrolyzed the
pectins of the cell wall. This behavior has been widely studied in papaya. For example,
in ‘Sunrise Solo’ papaya without any treatment, a firmness loss of approximately 50%
was observed in the first two days of storage, decreasing from 4.7 to 2.5 N [70]. Likewise,
González-Aguilar et al. (2009) [8] observed a 64% loss of firmness in fresh-cut ‘Maradol’
papaya without any treatment during the first 3 days of refrigerated storage. These are
similar results to those reported in this study.

For NC treatments, up to 40% firmness loss was achieved. The coating formed
on the papaya surface decreases the metabolism activity of pectic enzymes related to
changes in papaya firmness. For fresh-cut ‘Sinta’ papaya coated with nanochitosan, it was
observed that the nanosystems could reduce papaya firmness loss [71]. For fresh-cut papaya
coated with nanocomposites composed of whitemouth croaker (Micropogonias furnieri)
protein isolates and montmorillonite, a firmness loss of only 17% was found compared
to untreated samples that had a firmness loss of 69.76% after 12 days of refrigerated
storage [21]. Furthermore, the antioxidant capacity of lemon oil and curcumin could help
maintain the structure of the cell membrane. While the rapid appearance of oxidizing
species affects the structure of the cell membrane, the antioxidants contained in the NCs
could limit the oxidation of phospholipids and thus maintain the physical structure of
fresh-cut papaya, as has been observed by Velderrain-Rodríguez et al. (2015) [72] in papaya
treated with antioxidants obtained from mango.

4.7. PME Activity in Fresh-Cut Papaya Treated with Nanoparticles

As shown in Figure 7, the control samples exhibited the highest PME activities; this
behavior is attributed to the induction of ripening processes in the control papaya caused
by cuts, which, in turn, increase the activities of pectolytic enzymes such as PME and poly-
galacturonase, leading to the modification and hydrolysis of pectins [58]. González-Aguilar
et al. (2009) [8] observed that fresh-cut ‘Maradol’ papaya without any treatment exhibited
a rapid increase in PME activity during the first 3 days of storage compared to papaya
treated with chitosan. In addition, tissue damage results in the rapid release of linolenic
and linoleic acids from phospholipids in cell membranes due to lipoxygenases, which act
as chemical signalers in synthesizing cell wall-related enzymes. Moreover, the hydrolysis
of pectins caused by the activity of pectolytic enzymes like PME and polygalacturonase
results in the release of oligogalacturonides, leading to the overexpression of the PME
enzyme [73].
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In contrast, in the papayas treated with NCs, PME activity was partially inhibited. This
behavior indicates that the NCs incorporated on the cut surface of the papaya can generate
a coating that reduces the respiration rate of the papaya and the ethylene production and
inhibits the signaling cascades involved in the synthesis and activation of pectinolytic
enzymes such as PME [74].

4.8. PPO Activity of Fresh-Cut Papaya Treated with Nanoparticles

As shown in Figure 8, the activity of the PPO enzyme was much higher in control
papayas than in the papayas treated with nanodispersions. This behavior is associated
with the absence of any physical barrier that limits the transport of O2 inside the papaya,
allowing more significant interaction of O2 with PPO and phenolic compounds found
in the fruit. In untreated papaya, Arjun et al. (2015) [63] found that the PPO activity
increased during the initial days and decreased after reaching peak activity. The PPO
activity was significantly higher than that found in papaya treated with a chitosan–soy
coating, indicating that the lower PPO activity is due to the protective effect of the coating,
which limits the oxygen supply to the tissue, thereby reducing PPO activity.

In addition, the treatments with nanocapsules showed up to 63% PPO inhibition.
These results are attributed to the fact that the nanoparticles can form a coating on the cut
surface of the papaya. This coating dramatically limits the transfer of gases between the
papaya and the environment. As a result, a modified atmosphere is generated within the
fruit tissue, leading to decreased PPO activity, fewer color changes due to a decrease in the
formation of dark compounds, and the preservation of biologically valuable components
in fresh-cut papaya. A decrease in PPO activity has also been found for apples treated
with nanochitosan, which is related to the oxygen barrier properties of chitosan [75]. The
NC C/EC and NC C/PCL treatments were less effective in limiting gas transfer than
the NC L/EC and NC L/PCL systems. A higher amount of oxygen in fresh-cut papaya
promotes the activation of PPO enzymes, increasing browning development and decreasing
the bioactive compounds. Furthermore, essential oils can inhibit PPO activity, as Eissa
et al. [65] demonstrated in apple juice, where lemon grass oil extract showed inhibition
of 92%. Regarding using nanostructures to decrease PPO activity, it has been found that
in fresh-cut ‘Red Delicious’ apples treated with α-tocopherol nanocapsules, PPO enzyme
activity was delayed compared to the CaCl2 treatment [76].

4.9. Total Phenolic Content in Fresh-Cut Papaya Treated with Nanocapsules

The increasing trend in the total phenolic content in the control papaya (Figure 9) is
attributed to the degradation of both the cell wall and the cell membrane, generating species
such as oligogalacturonides from the hydrolysis of pectins or free fatty acids because of
the hydrolysis of papaya cell membrane phospholipids, which serve as signals for the
production and activation of new enzymes involved in protection mechanisms against
pathogen attacks. Oligogalacturonides induce the formation and activation of enzymes
such as phenylalanine ammonia-lyase, which is the crucial enzyme in the phenylpropanoid
(or shikimic acid) pathway, producing a wide variety of phenolic compounds and lignin
that obstruct pathogen attack. Likewise, the chalcone enzyme metabolizes phytoalexin
production, which has antimicrobial activity [54].

Alternatively, the content of phenolic compounds in fresh-cut papaya treated with NCs
had slight variations over 17 days of refrigerated storage. This behavior is attributed to the
excellent interaction between the pectin in the papaya cell wall and the EC of NCs [77] that
were deposited on the surface of the fruit, reducing the degradation of pectins and signaling
reactions involved in the synthesis of phenolic compounds. Also, PCL NCs can integrate
into the fruit surface, forming a coating that minimizes the degradation of fresh-cut papaya.
Furthermore, the presence of antioxidant compounds such as lemon oil and curcumin
promotes the recycling of the antioxidant activity of phenolic compounds [78]. Similar
behavior has been observed in recent studies where α-tocopherol/PCL nanocapsules
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reduce the initial respiration rate and the enzyme activities of PME and phenylalanine
ammonia-lyase in fresh-cut ‘Red Delicious’ apples [76,79].

5. Conclusions

The main advantage of nanoencapsulation is that it allows the incorporation of many
active substances that, due to their chemical or physicochemical properties, are difficult
to mix with food matrices. Also, the encapsulated active compounds are protected from
degradation reactions, and controlled release of the encapsulated compounds can also be
achieved. Therefore, nanocapsules manufactured with approved compounds for food use
are an interesting option for preserving fresh-cut fruits.

NCs containing curcumin and lemon essential oil were obtained by the emulsification–
diffusion method coupled with ultrasound and using EC or PCL as barrier biopolymers.
The systems exhibited particle sizes below 150 nm, polydispersity indices below 0.2, and
zeta potentials higher than −10 mV. The instability mechanism observed in the lemon
oil and curcumin NCs was sedimentation. However, they remained stable for 27 days
when stored at room temperature. The EC- and PCL-based NCs of lemon oil and cur-
cumin showed a significant reduction in the respiration rate of fresh-cut papaya during
17 days of storage. The EC-based NCs displayed less variation in the acidity and pH of
fresh-cut papaya. The NCs effectively mitigated physical changes associated with the
degradation of fresh-cut papaya, with particular attention given to the treatment with
lemon oil/EC nanocapsules, demonstrating better color and firmness retention. Further-
more, all nanosystems decreased PPO and PME enzymatic activities, which correlated with
the retention of quality characteristics and total phenolic content in the fresh-cut papaya.
The lemon oil nanocapsules and the curcumin-based nanocapsules employing EC and PCL
as biopolymers may be extended to conserve various fresh-cut fruits and vegetables.
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Abstract: Astragalus residue powder (ARP)/thermoplastic starch (TPS)/poly(lactic acid) (PLA)
biocomposites were prepared by fused-deposition modeling (FDM) 3D-printing technology for the
first time in this paper, and certain physico-mechanical properties and soil-burial-biodegradation
behaviors of the biocomposites were investigated. The results showed that after raising the dosage of
ARP, the tensile and flexural strengths, the elongation at break and the thermal stability of the sample
decreased, while the tensile and flexural moduli increased; after raising the dosage of TPS, the tensile
and flexural strengths, the elongation at break and the thermal stability all decreased. Among all of
the samples, sample C—which was composed of 11 wt.% ARP, 10 wt.% TPS and 79 wt.% PLA—was
the cheapest and also the most easily degraded in water. The soil-degradation-behavior analysis of
sample C showed that, after being buried in soil, the surfaces of the samples became grey at first,
then darkened, after which the smooth surfaces became rough and certain components were found
to detach from the samples. After soil burial for 180 days, there was weight loss of 21.40%, and the
flexural strength and modulus, as well as the storage modulus, reduced from 82.1 MPa, 11,922.16 MPa
and 2395.3 MPa to 47.6 MPa, 6653.92 MPa and 1476.5 MPa, respectively. Soil burial had little effect on
the glass transition, cold crystallization or melting temperatures, while it reduced the crystallinity
of the samples. It is concluded that the FDM 3D-printed ARP/TPS/PLA biocomposites are easy to
degrade in soil conditions. This study developed a new kind of thoroughly degradable biocomposite
for FDM 3D printing.

Keywords: astragalus residue powder; thermoplastic starch; poly(lactic acid); biocomposite; fused
deposition modeling; soil burial; mechanical property; thermal property; degradation behavior

1. Introduction

Three-dimensional (3D) printing, also known as additive manufacturing, makes it
possible to design a product with accurate numerical values of the dimensions through
a computer graphic program and create 3D physical objects with exact dimensions in
a relatively short time [1–3]. As one of the 3D-printing technologies, fused-deposition
modeling (FDM) 3D printing is gaining much attention at present. In this process, the
filaments prepared from thermoplastic materials are extruded through a nozzle under some
designed operating conditions and successively deposited in a melted/softened state on
the print bed to form the end items [4,5].

Up to now, certain traditional polymers and their composites have been applied as
feedstocks for FDM 3D printing. For example, Rahmatabadi et al. [6] investigated the FDM
3D printing of PLA-TPU compounds with different component ratios, finding that the glass
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transition temperatures remained almost the same for various samples; furthermore, raising
the proportion of PLA in the compound would increase the loss modulus, strength and
fracture toughness, while simultaneously decreasing the storage modulus and formability
of the samples. Rahmatabadi et al. [7] successfully FDM-3D-printed polyvinyl chloride
(PVC) samples using different printing parameters for the first time. Among all of the
concerned parameters, raster angle and printing velocity had the greatest effects on the
mechanical properties of the samples, whereas the nozzle diameter and layer thickness had
little effect; the maximum tensile strength reached 88.55 MPa, which showed the superiority
of 3D-printed PVC mechanical properties compared to other commercial filaments.

With the increasing awareness of environmental protection among people and the
need for sustainable development of society, the research and application of biodegradable
materials is becoming more and more important. For these reasons, biodegradable poly-
mers, such as poly(lactic acid) (PLA), poly(butylene adipate-co-terephthalate) (PBAT) [8],
butadiene styrene copolymer (PBS) [9], polycaprolactone (PCL) [10] and polyhydroxybu-
tyrate (PHB) [11], have been chosen as the raw materials for FDM 3D printing. Among
these, PLA has gained the most acceptance. PLA, synthesized from agricultural resources
such as corn and tapioca, is biocompatible, compostable, recyclable, gas permeable and
degradable by hydrolysis and enzymatic action. PLA is quite suitable for FDM printing
because of its low melting point, low thermal expansion coefficient and lack of a pungent
smell when being processed. However, its unit price is much more expensive than that of
petroleum-based plastics, such as polyethylene and polypropylene. In addition, it exhibits
a longer degradation time. Therefore, there is an urgent need to reduce the cost of PLA
and improve its ability to degrade. The incorporation of natural fibers into the resin has
proved to be an effective method to solve the aforementioned problems. As a result of this,
a variety of natural fibers have been introduced into PLA for 3D printing. For example,
Zhang et al. [12] printed poplar powder/PLA composites utilizing lubricant (TPW604) and
polyolefin elastomer (POE) as a flexibilizer. They found that the lubricant improved the
fluidity but reduced the impact strength of 3D-printing materials. The POE could improve
the fluidity and toughness of the printed parts, and a higher content of POE resulted in
better properties in a certain range. Aumnate et al. [13] extracted kenaf cellulose fibers
(KFs) from locally grown kenaf plants, then treated them with tetraethyl orthosilicate, and
prepared KFs/PLA biocomposite materials, using polyethylene glycol as a plasticizer. They
found that the melt viscosities of the biocomposites increased as the fibers were loaded, but
significantly decreased with the addition of plasticizers. The prototypes made from these
materials could be applied in sustainable textiles and apparel, personalized prostheses
and certain medical devices. Jaya et al. [14] 3D printed a continuous pineapple-leaf-fiber-
reinforced PLA composite and investigated the properties of the specimens for the first
time. They found that it took the same time to print the composites as to PLA, the tensile
strength of the composite was increased by the application of the continuous pineapple
leaf fiber, while its elongation at break was lower than that of the pure PLA part. Del-
phine et al. [15] produced bamboo-fiber-reinforced PLA filaments for FDM, the modulus of
the filament was influenced by the length over diameter ratio of the compounded fibers,
and the stiffness of the long bamboo-fiber-reinforced PLA filament could be increased by
215%. Guen et al. [16] compared the properties of the rice husk/PLA and wood/PLA
filaments for FDM. The two biomasses had different effects on the rheological behavior
while having similar effects on the mechanical properties of the 3D-printed samples. The
complex viscosity of the compound could be increased by wood powder while being
conversely decreased by rice husk powder. The mechanical properties were predominantly
affected by the deposition direction.

Astragalus is a typical Chinese traditional medicinal crop; it is often cooked to extract
certain bioactive polysaccharides for medical purposes. After being cooked, however,
its residue, as one kind of natural fiber, is rarely re-utilized, which not only pollutes the
environment but also leads to resource waste. We have conducted previous research on the
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3D printing of astragalus residue powder (ARP)/PLA biocomposite. In our previous works,
using ARP/PLA as the raw material for FDM 3D printing was proven to be feasible [17].

As a cheap, biodegradable, excellent renewable and easily available polysaccharide,
thermoplastic starch (TPS) has been regarded as the optimal additive for blending with
certain degradable polymers such as PLA, PBS and PCL. In recent years, many endeavors
have been made on these blends for FDM 3D printing. Agnieszka et al. [18] developed a
biodegradable and compostable TPS/PLA composite filament for FDM and investigated
the properties of the filament. The incorporation of TPS not only reduces the cost of the
granulate but also results in a considerable improvement in hydrophilicity and susceptibil-
ity to hydrolytic degradation. The compostability of the composite could also be enhanced
in contrast to that of commercial PLA printouts. The printability for FDM and the proper-
ties of TPS/polycaprolactone composites were investigated by Zhao et al. [19], who found
that the samples had the best performance in the FDM process with a starch ratio of 9 ph
at 80~90 ◦C. The low printing temperature made it possible to introduce some bioactive
components to produce antibacterial and biocompatible materials for FDM. Ju et al. [20]
prepared a TPS/PLA/PBAT composite for FDM 3D printing, the filament had successful
printability, and the samples could be printed accurately. Meanwhile, they found that
the mechanical properties of the samples could be improved significantly when the chain
extender ADR4468 was used.

Based on the above discussions, it was learned that both ARP and TPS could be
used to form composites with PLA for FDM 3D printing, both the printed ARP/PLA and
TPS/PLA samples had adequate properties and a much lower cost than the pure PLA. To
our understanding, however, there have been no reports in the literature regarding the
application of an ARP/TPS/PLA biocomposite in FDM printing.

In this work, we fabricated ecofriendly PLA composites loaded with TPS and ARP by
using the FDM 3D-printing technique. The effects of the dosages of TPS and ARP on the
mechanical and thermal properties of the composites, as well as their mass changes when
immersed in water, were first investigated. Next, a specific ARP/TPS/PLA biocomposite
was buried in soil and the biodegradation behavior of the samples was studied.

2. Experimental
2.1. Materials and Reagents

PLA (American Nature Works Co., 3052D, Minnetonka, MN, USA) in pellet form
was purchased from Shanghai Xingyun International Trade Co. Ltd., China (Shanghai,
China); TPS, food grade, was obtained from Shandong Hengren Industry and Trade Co.,
Ltd., China (Tengzhou, China); ARP, which was passed through an 120-mesh sieve, was
made in our lab.

2.2. Preparation of FDM Filaments

Based on our previous work, 11 wt.% was the best proportion for ARP to add into
PLA for the FDM 3D printing of ARP/PLA pieces when the cost and quality of the filament
were taken into consideration simultaneously [21]. In this paper, the maximum proportion
of ARP in the composite was thus controlled within 11 wt.%.

The biocomposite samples under investigation in this paper were PLA with different
ARP and TPS compositions as listed in Table 1 infused into the base polymer. In each
sample, 8 wt.% glycerol of the total mass of PLA, TPS and ARP was added as the plasticizing
agent to lower the brittleness of the composite and guarantee the smooth production of the
filament and the subsequently printed specimen.

The polymer composites using dried PLA, TPS and ARP as raw materials were first
compounded with a twin screw extruder (SHJ-20, Nanjing Giant Machinery Co. Ltd.,
Nanjing, China) at 20 rpm and 130~160 ◦C, and the extrudate was granulated to make
pellets; then, the filaments for FDM printing as illustrated in Figure 1a were prepared using
a twin-screw extruder (KS-HXY, Kunshan Huanxinyang Electrical Equipment Co. Ltd.,
Suzhou, China) at 20 rpm and 170~190 ◦C.
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Table 1. Compositions of ARP/TPS/PLA blends.

Sample ID A B C D E

PLA (wt.%) 90 85 79 84 89
TPS (wt.%) 10 10 10 5 0
ARP (wt.%) 0 5 11 11 11
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Figure 1. Physical images of the filaments and printed ARP/TPS/PLA biocomposite samples:
(a) filaments; (b) printed parts.

2.3. Composite Preparation by FDM

Samples were printed with filaments prepared with the formulations listed in Table 1
on a desktop-level 3D printer (MOSHU S10, Hangzhou Shining 3D Technology Co. Ltd.,
Hangzhou, China) fitted with a 0.4-mm die nozzle. The printing parameters were chosen
according to those for the FDM 3D printing of ARP/PLA biocomposite samples [21] and
listed in Table 2.

Table 2. The parameters for the FDM 3D printing of ARP/TPS/PLA biocomposite samples.

Parameter Print
Temperature/◦C

Layer
Thickness/mm

Print
Speed/(mm/s)

Deposition
Angle/◦

Data 220 0.1 50 0

The physical images of the printed samples are shown in Figure 1b.

2.4. Soil Degradation

The printed ARP/TPS/PLA parts were buried in soil collected in a 30 × 20 × 20 cm3

paper carton, then the soil degradation test was conducted at room temperature for up to
180 days. The soil moisture during the test was controlled between 17.5% and 21.5%. At
each time interval (30, 60, 90 or 180 days after burial), the parts were taken out from the
soil, cleaned with water and dried thoroughly in a hot-air oven. The changes of the parts in
weight, surface color, mechanical properties, thermal stability, melting and cold crystalliza-
tion behavior, as well as the thermal dynamic mechanic properties, were investigated.

2.5. Testing and Characterization
2.5.1. Mechanical Testing

The samples were printed into dog-bone shapes for the tensile tests and rectangular
shapes for the flexural tests, then the mechanical tests were performed using a universal
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testing machine (E44.304, MTS Industrial Systems (China) Co. Ltd., Shenzhen, China) with
a load cell of 20 kN. The tensile and flexural tests were carried out according to the ASTM
D 638 and ASTM D 790 standard testing methods with a crosshead speed of 10 mm/min
and 5 mm/min, respectively.

2.5.2. Thermal Stability

The thermal stability of the samples under a nitrogen atmosphere was analyzed using
a TG 209F1 thermogravimetric analyzer (NETZSCH-Gerätebau GmbH, Selb, Germany).
The experiments were performed on approximately 8-mg samples from 20 ◦C to 550 ◦C at
a 20 K/min heating rate to investigate changes in the initial decomposition temperature
(Ti), thermal stability, and char residue of the samples.

2.5.3. Mass Change in Water

The printed dog-bone-shaped samples were chosen for water immersion experiments.
The samples were dried at 80 ◦C for 8 h, cooled in a desiccator, and then immediately
massed to the nearest 0.0001 g. Thereafter, the samples were submerged in distilled water
at room temperature, removed from the water after 7 d, gently blotted with tissue paper to
remove excess water from their surfaces and immediately massed to the nearest 0.0001 g
again. The percentage of mass change in water was calculated by weight variation between
the samples immersed in water and the dry samples using the following formula:

wu(%) =
wt − w0

w0
× 100% (1)

where wu is the mass change rate, w0 is the mass recorded before immersion and wt is the
mass recorded after immersion.

2.5.4. Weight Loss in Soil

The samples were taken out of the soil at every time interval, cleaned and then
weighed. The weight loss rate (WL) of each sample was calculated by the weight variation
between the samples before and after soil burial using the following formula:

wl(%) =
w0 − wt

w0
× 100% (2)

where wl is the weight loss rate, w0 is the mass recorded before soil burial and wt is the
mass recorded after soil burial.

2.5.5. Morphological Study (SEM)

The flexural fracture surfaces of the samples were first sputter-coated with a thin
layer of gold to avoid any electrostatic charge and poor resolution during the scanning
examination, and the SEM was operated at an accelerating voltage of 3 kV to image the
samples at ×1000 magnification using a Hitachi SU 8010 field-emission scanning electron
microscope (Hitachi Corporation, Tokyo, Japan).

2.5.6. Melting and Crystallization Behavior

The melting and crystallization behavior was investigated using differential scanning
calorimetry (DSC). Measurements were performed using a DSC214 (NETZSCH-Gerätebau
GmbH, Selb, Germany), under a nitrogen flow of 20 mL/min. Samples of approximately
5~10 mg were cut from the 3D-printed samples and sealed in aluminum pans. The samples
were heated from the ambient temperature to 220 ◦C at a ramp rate of 10 ◦C/min, and
held in an isothermal state for 5 min, then cooled down to room temperature at a rate
of 10 ◦C/min and subsequently reheated to 220 ◦C at a rate of 10 ◦C. The enthalpies of
melting (∆Hm) and cold crystallization (∆Hcc) were evaluated using the NETZSCH analysis
software by integrating the areas of the melting and cold crystallization peaks. The Tg, Tm
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and TCC values were taken from the second heating curves. The crystallization percentage
of each piece was obtained via the following equation:

xc =
|∆Hm − ∆Hcc|

ω∆H∗
× 100% (3)

where ω is the mass fraction of PLA in the sample, ∆Hm is the melting enthalpy, ∆Hcc is the
cold crystallization enthalpy and ∆H∗ = 93.6 J/g is the melting enthalpy of 100% crystalline
PLA [22].

2.5.7. Thermal Dynamic Mechanic Testing

A dynamic mechanical analyzer (DMA 242C, Netzsch, Bavaria, Germany) was employed
to investigate the dynamic mechanical properties of the FDM-3D-printed ARP/TPS/PLA
parts at different soil burial durations. The test was carried out under a nitrogen atmosphere
and at a sinusoidal frequency of 3.33 Hz, over a temperature range of 30~120 ◦C at a heating
rate of 5 ◦C/min. During the test, the sample was held by a dual cantilever fixture.

3. Results and Discussion
3.1. Effects of Compositions on Properties of the Biocomposites
3.1.1. Mechanical Properties

The results of the tensile and bending tests conducted on the printed parts are pre-
sented in Figure 2. As the ARP loading increased (samples A, B and C), the values of
the tensile and flexural moduli of the composites increased, while the corresponding
strengths decreased slightly. For sample A, the tensile strength, the flexural strength,
the tensile modulus and the flexural modulus were 18.73 MPa, 84.28 MPa, 353.61 MPa
and 11,066.99 MPa, respectively; the corresponding strengths for sample C decreased to
17.46 MPa and 82.06 MPa, while the moduli increased to 397.48 MPa and 11,922.16 MPa,
accordingly. The decrease in strength with the loading of the filler has been observed for sev-
eral other natural fiber/polymer composites, such as peanut husk/poly(butylene adipate-
co-terephthalate) (PBAT) [23], wood flour/PBAT [24] and sisal fiber/polypropylene [25];
this was attributed to the higher number of voids with higher filler content, as well as
the poor dispersion of the hydrophilic natural fiber in the hydrophobic polymer matrix.
According to the mixing rule, however, the modulus of the composite material was decided
by the contribution of each component, the modulus of ARP/TPS/PLA was thus gradually
increased when more ARP was used because of its greater modulus as a natural fiber
than that of PLA. When the mechanical properties of samples C, D and E were taken into
consideration, it was found that both the tensile and flexural strengths decreased with the
increased substitution of PLA by TPS, and the elongation at break also decreased gradually,
indicating that the incorporation of TPS would reduce the strengths of ARP/PLA compos-
ites and make the composite more fragile; thus, the content of TPS in the ARP/TPS/PLA
composites should be controlled within a reasonable range. As an example, Figure 2d
illustrates the stress–strain curve of sample E during the tensile test, a yield point appeared
on the curve, meaning that this sample would show ductile fracture but not obviously. As
reported, a complex thermal and mechanical history would be induced on the printed part
during the FDM process; whether the yield point would appear on the stress–strain curve
of the sample or not during the tensile test was directly decided by the free volume portion
and its size distribution [26]. When ARP was incorporated into PLA, the free volume
portion and its size distribution in the matrix changed. Meanwhile, the tensile strength
of ARP is greater than the strength and adhesion between them; with the loading of the
specimen, the fibers change direction in the loading direction [27], and thus behave as a
ductile break, different from the commonly recognized fragile break of pure PLA [28].
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Figure 2. Mechanical properties of ARP/TPS/PLA biocomposite samples: (a) tensile strength and 
modulus, (b) flexural strength and modulus, (c) elongation at break, (d) a typical stress–strain curve 
of sample E during the tensile test. 
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Figure 2. Mechanical properties of ARP/TPS/PLA biocomposite samples: (a) tensile strength and
modulus, (b) flexural strength and modulus, (c) elongation at break, (d) a typical stress–strain curve
of sample E during the tensile test.

3.1.2. Thermal Properties

Figure 3 presents the TGA curves of the composites and their raw materials. It shows
that all of the composites exhibited similar thermal degradation curves under identical
conditions. Figure 3 further indicates that all of the composites were more easily thermally
degraded than PLA while being much more difficult to thermally degrade than TPS and
ARP. The main decomposition happened between 330 ◦C and 370 ◦C. Table 3 lists the
characteristic thermal degradation parameters of the thermogravimetric curves of various
composites, such as the initial temperature at which the sample began to decompose (Ti)
and the temperature at the maximum decomposition rate (Tp). For sample A, Ti was
335.8 ◦C and Tp was 370.3 ◦C. For samples B and C, the Ti values decreased to 334.1 ◦C
and 326.4 ◦C. Meanwhile, the Tp values decreased to 363.8 ◦C and 354.9 ◦C, respectively,
indicating that the thermal stability became poorer with the replacement of more PLA
by ARP. This is in accordance with the conclusions reported in many studies that the
incorporation of natural fiber would worsen the thermal stability of PLA [28–30]. The
reason is that the thermal stability of ARP is much poorer than PLA, as evidenced in
Figure 3a.

Where samples C, D and E were concerned, it was found that upon increasing the
percentage of TPS in the biocomposite, the sample would become more thermally unstable,
which was mainly caused by the easier decomposition of TPS than PLA as depicted in
Figure 3b.
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ARP content; (b) PLA, TPS and biocomposites with different TPS content.

Table 3. Thermogravimetric analysis information table of TPS/ARP /PLA ternary composites at
different formulations.

Sample Ti/◦C Tp/◦C W/% (550 ◦C)

A 335.8 370.3 5.92
B 334.1 363.8 5.33
C 326.4 354.9 5.27
D 327.6 356.3 3.68
E 331.3 362.4 3.93

3.1.3. Mass Change in Water

The mass change rate in water of each sample was demonstrated in Figure 4. It can be
found that the mass of sample A was actually reduced after immersion in water for 7 d, the
mass change rate was a negative value. When the dosage of ARP was increased, i.e., for
samples B and C, the mass change rate of the samples increased gradually to positive values.
When the content of ARP was kept constant in the specimen, the mass change rate was
monotonically reduced with the increase in the amount of TPS. When the ARP/TPS/PLA
sample was immersed in water, TPS was easily dissolved, resulting in mass reduction in
the sample. The calculated mass change rate was accordingly decreased even though all of
the components may absorb some water, and the sample containing more TPS lost its mass
more heavily; this is why the total mass of the biocomposite sample reduced gradually with
the increase in TPS. As one kind of natural fiber, ARP has many hydrophilic groups such
as hydroxyl on its molecular structure, which combine with water molecules once they
contact water. For the ARP/TPS/PLA composite with little ARP, the mass loss caused by
the dissolvement of TPS held the dominant position. As a result, the total mass decreased,
and the calculated mass change rate by Equation (1) showed a negative value. When more
ARP was used, the mass of water absorbed exceeded that of TPS dissolved; consequently,
the total mass change of the sample became positive; thus, sample C had a much greater
positive mass change rate than sample B. With the invasion of water molecules, the internal
structure of the biocomposites may be expanded and finally destroyed. The dissolvement
of TPS and the damage to the internal structure of the biocomposite illustrated that sample
C should be the easiest to degrade in wet conditions among all of the samples.
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Figure 4. Mass change rate of the samples.

To sum up, increasing the dosage of ARP would reduce the strengths and thermal
stability but improve the moduli of ARP/TPS/PLA biocomposites, while increasing the
dosage of TPS would reduce the strengths and thermal stability and enhance the brittleness
of ARP/TPS/PLA biocomposites. Even so, the mechanical and thermal properties of all
of the samples could still meet the requirement for application. Among all of the samples,
sample C was the easiest to degrade in wet conditions.

As a biodegradable composite, its cost must be taken into consideration for its wider
application, in addition to possessing an excellent comprehensive performance. For
ARP/TPS/PLA, the prices of each raw material differ greatly from one another, the prices
of PLA and TPS are about 4500 USD/t and 500 USD/t in China, respectively. ARP is not
available on the market as a kind of natural fiber; its price shall be about 80 USD/t when
referring to the price of wood flour. The material cost of sample C will thus be about
3613.8 USD/t, 11.86% and 9.00% lower than those of samples A and E, respectively.

Taking into account the above factors comprehensively, sample C has adequate me-
chanical properties and thermal stability, though a little poorer than the other samples.
Meanwhile, it is the most easily degraded in wet conditions and has a low cost; it was thus
chosen as a research object in the following section, wherein the degradation behavior of
sample C under soil burial was investigated.

3.2. Biodegradation Behavior of the Biocomposites
3.2.1. Visual Appearance

Figure 5 demonstrates the visual appearances of the printed samples after soil burial for
different periods. All of the unburied samples had smooth and uniformly colored surfaces;
after soil burial for 30 days, all the surfaces became gray with some black spots; with the
continuation of soil burial, however, the surfaces of the samples became darkened and the
surface color became more and more severely uneven. Meanwhile, certain components
were found to detach from the samples, leaving some micro holes on the bodies. All
the phenomena mentioned showed that degradation happened to the samples, and this
degradation became more serious when the samples were buried for a longer time.
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dramatically by 42.02% and 44.19% from those before soil burial. The fitting equations of 
the flexural strength and modulus could be expressed as FS = 80.69 − 0.19t, and FM = 
11329.76 − 26.96t, respectively. Here, FS and FM represent the flexural strength and mod-
ulus, respectively, and t represents the soil burial days. It was derived from these two 
equations that the samples were speculated to lose their flexural strength and modulus 
thoroughly after soil burial for 376 d and 480 d, respectively. Although these were the 
results in the extreme cases predicted from the models, it could be expected that the 
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3.2.2. Weight Loss

Figure 6 shows the percentage weight change as a function of soil-burial time for
ARP/TPS/PLA composites. It was found that the sample lost its weight obviously with
time: after being buried in soil for 180 days, the weight loss was 21.40%, indicating that the
extension of soil-burial time would promote the biodegradation of ARP/TPS/PLA, which
was consistent with the results from the visual appearance observation. Comparing the
weight with that of pure PLA [21], it was found that ARP and TPS greatly accelerated the
degradation of PLA.
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3.2.3. Prediction of Flexural Properties

The effects of soil burial on the strength and modulus of ARP/TPS/PLA composites
were investigated by bending tests. Figure 7 shows the trends of the properties with the
soil-burial time. The flexural properties indicated that both the strength and modulus
of ARP/TPS/PLA reduced gradually and almost linearly with time: after soil burial for
180 days, the flexural strength and modulus decreased to 47.6 MPa and 6653.92 MPa,
reduced dramatically by 42.02% and 44.19% from those before soil burial. The fitting
equations of the flexural strength and modulus could be expressed as FS = 80.69 − 0.19t,
and FM = 11329.76 − 26.96t, respectively. Here, FS and FM represent the flexural strength
and modulus, respectively, and t represents the soil burial days. It was derived from
these two equations that the samples were speculated to lose their flexural strength and
modulus thoroughly after soil burial for 376 d and 480 d, respectively. Although these were
the results in the extreme cases predicted from the models, it could be expected that the
samples would degrade greatly within 500 d, indicating that ARP/TPS/PLA was an easily
biodegradable composite.
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had a relatively smooth fracture surface, showing that both ARP and TPS were enclosed 
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modulus: (b) flexural strength.

3.2.4. Cross-Sectional Morphologies

The SEM images at ×1000 magnification after fracture obtained from 3D printing
materials at different soil burial stages were shown in Figure 8. The pristine ARP/TPS/PLA
had a relatively smooth fracture surface, showing that both ARP and TPS were enclosed
well by PLA; however, in the case of the soil-buried samples, the fracture surface became
much rougher and more cracks or holes appeared with the prolonging of the soil burial,
and this phenomena was the most obvious for the sample after being buried in soil for
180 days. The existence of the cracks or holes made it easier for water to be absorbed by
and transported in the sample; consequently, the internal structure of the sample would be
destroyed more easily and the composite would degrade more heavily.
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3.2.5. Thermogravimetric Analysis

The thermal decomposition of the samples at different soil burial stages was inves-
tigated under a nitrogen atmosphere. Figure 9a,b illustrates the TGA and DTG ther-
mograms during the decomposition of the printed samples in the temperature range of
20~550 ◦C, respectively.
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Figure 9. (a) TGA curves and (b) their derivatives of ARP/TPS/PLA biocomposites.

The derivative of TGA (DTG) curves in Figure 8b and the corresponding testing
values in Table 4 indicate that the main decomposition of each sample fell into the range
between 300 ◦C and 400 ◦C. Both the initial decomposition and the maximum degradation
temperatures of the samples increased with the extension of soil-burial time. After being
buried in soil for 180 d, the Ti and Tp values of the samples were 340.0 ◦C and 367.5 ◦C,
increased by 10.6 ◦C and 12.7 ◦C from those of the unburied samples, respectively, meaning
that the soil burial improved the thermal stability of the samples. This trend was similar
with that of rice straw powder/PLA biocomposites [22].

Table 4. Thermogravimetric analysis information of different specimens.

Soil-Burial Time/Day Ti/◦C Tp/◦C Char Residue/% (550 ◦C)

0 329.4 354.8 7.72
30 336.3 363.6 7.28
60 337.5 364.7 7.79
90 338.9 366.8 2.43

180 340.0 367.5 2.72

The possible reasons for the improved thermal stability of ARP/TPS/PLA biocompos-
ites might come from three aspects. Firstly, PLA, as a polymer, was composed of crystal
and amorphous domains; after being buried in soil, the amorphous domains would be
destroyed by microorganisms, leaving the more thermally stable crystal domains, PLA itself
may behave as more thermally stable in this situation. Secondly, TPS, as a polysaccharide,
was easily degraded by microorganisms in the soil; the reduced amount of TPS in the soil
was helpful for the improvement in the thermal stability of the samples because of its much
poorer thermal stability than PLA as shown in Figure 3. Thirdly, ARP, as one kind of natural
fiber, may easily rot in soil by itself; meanwhile, it was also much more thermally unstable
than PLA and the biocomposite as shown in Figure 3. With the proceeding of soil burial,
more and more ARP rotted and its content in the biocomposite reduced further and further,
leading to the enhanced thermal stability of the whole sample.
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3.2.6. DSC Thermal Analysis

The glass transition temperature (Tg), melting point (Tm) and cold crystallization
temperature (Tcc) are the important parameters for the composites. These parameters were
investigated by a two-step heating cycle using DSC operating under a nitrogen atmosphere.
The secondary heating curves in the DSC traces of the samples at different soil burial
stages are shown in Figure 10, and the corresponding properties of the biocomposites are
presented in Table 5. The Tg, Tcc and Tm were 62.7 ◦C, 121.2 ◦C and 150.9 ◦C, respectively,
for unburied ARP/TPS/PLA. The Tg decreased, while both the Tcc and Tm increased with
the prolonging of the soil burial; however, these changes were not statistically significant.
However, the degree of crystallinity showed a small decrease with the prolonging of the
soil burial. This may be due to the following two reasons, one is that ARP, TPS and the
amorphous areas in PLA were gradually destroyed during degradation, and a bigger
free volume appeared in the matrix; as a result, the chain segment motion ability was
enhanced, leading to a gradually reduced glassy transition temperature; meanwhile, the
cold crystallization and melting would happen at higher temperatures. The other is that
ARP, as a natural fiber, could act as a nucleating agent for the polymer matrix. When it was
gradually degraded in the soil, the degree of crystallinity would be reduced accordingly.
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Table 5. DSC thermal information of ARP/TPS/PLA samples at different soil-burial durations.

Soil-Burial Time/d Tg/◦C Tcc/◦C Tm/◦C ∆Hcc/(J/g) ∆Hm/(J/g) Xc/%

0 62.7 121.2 150.9 −13.70 16.76 4.2
30 62.2 122.2 151.0 −18.38 19.26 1.2
60 62.0 124.3 151.1 −7.83 8.67 1.1
90 61.9 124.4 151.2 −14.81 14.52 0.4

120 61.7 124.6 151.4 −15.87 16.13 0.3

3.2.7. Thermo-Dynamic Mechanical Properties

Figure 11 shows the DMA results of the soil-buried samples. The storage modulus
(E′) (30 ◦C) shown in the figure was 2395.3 MPa, 2284.9 MPa, 1921.2 MPa, 1866.4 MPa
and 1476.5 MPa for the samples buried in soil for 0, 30, 60, 90 and 180 days, respectively.
Generally, the extension of soil-burial time decreased the E′ value gradually, and the
value was significantly decreased by 38.4% after 180 d of soil burial. The existence of the
hydrophilic natural fiber and starch made the sample more easily invaded and destroyed
by water and microorganisms, accelerating the breaking of the molecular chains; as a result,
the storage modulus of the sample was greatly reduced.
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4. Conclusions

This study first investigated the effect of the dosages of ARP and TPS on the mechanical
properties, thermal stability and mass changes in water of FDM 3D-printed ARP/TPS/PLA
biocomposite samples, then studied the effects of soil-burial duration on the degradation
behavior of the printed samples containing 11 wt.% ARP, 10 wt.% TPS and 79 wt.% PLA.
The following conclusions can be drawn from the results of this study:

1. Raising the dosage of ARP or TPS decreased the strengths of the biocomposites. The
tensile and flexural strengths of the samples containing 0 wt.% ARP, 10 wt.% TPS,
and 90 wt.% PLA were 18.73 MPa and 84.28 MPa, respectively, The strengths of the
samples containing 11 wt.% ARP, 0 wt.% TPS and 89 wt.% PLA were 23.07 MPa and
105.39 MPa, respectively, while those of the samples containing 11 wt.% ARP, 10 wt.%
TPS and 79 wt.% PLA dropped to 17.46 MPa and 82.06 MPa, respectively.

2. All of the composites were more easily thermally decomposed than PLA. Increasing
the percentage of TPS or ARP in the biocomposites resulted in the samples becoming
more thermally unstable.

3. After immersion in water for 7 days, the masses of all of the samples would be
changed due to the dissolvement of TPS and the water absorption by the samples.
For sample A containing 90 wt.% PLA and 10 wt.% TPS, the mass change rate was
negative. With the increase in the dosage of ARP, the mass change rate of the samples
increased gradually to positive values. When the content of ARP was kept constant in
the specimens, the mass change rate was monotonically reduced with the increase in
the amount of TPS.

4. Soil burial altered the surfaces and fracture surfaces of the samples. After soil burial,
the surface color became uneven, some components detached from the samples,
leaving some micro holes on the bodies. The fracture surfaces became much rougher,
and more cracks or holes appeared with the prolonging of the soil-burial time.

5. Extending the soil-burial time resulted in the samples’ extensive mass loss and reduc-
tion in storage modulus and flexural properties. After soil burial for 180 d, the weight,
the storage modulus at 30 ◦C, as well as the flexural strength and modulus, were
greatly reduced by 21.40%, 38.36%, 42.02% and 44.19%, respectively, when compared
with those before soil burial.

6. Extending soil-burial time increased the thermal stability and decreased the crys-
tallinity of the samples gradually, but had little effect on the glass transition tempera-
ture, cold crystallization temperature or melting point of the samples.

Through experimentation, it is confirmed that ARP/TPS/PLA can be subjected to
degradation in soil and the incorporation of ARP and TPS can accelerate the degradation
of PLA.
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Abstract: The presence of impurities such as H2S, thiols, ketones, and permanent gases in propylene
of fossil origin and their use in the polypropylene production process affect the efficiency of the
synthesis and the mechanical properties of the polymer and generate millions of losses worldwide.
This creates an urgent need to know the families of inhibitors and their concentration levels. This
article uses ethylene green to synthesize an ethylene–propylene copolymer. It describes the impact
of trace impurities of furan in ethylene green and how this furan influences the loss of properties
such as thermal and mechanical properties of the random copolymer. For the development of the
investigation, 12 runs were carried out, each in triplicate. The results show an evident influence
of furan on the productivity of the Ziegler–Natta catalyst (ZN); productivity losses of 10, 20, and
41% were obtained for the copolymers synthesized with ethylene rich in 6, 12, and 25 ppm of furan,
respectively. PP0 (without furan) did not present losses. Likewise, as the concentration of furan
increased, it was observed that the melt flow index (MFI), thermal (TGA), and mechanical properties
(tensile, bending, and impact) decreased significantly. Therefore, it can be affirmed that furan should
be a substance to be controlled in the purification processes of green ethylene.

Keywords: furan; green ethylene; Ziegler–Natta catalyst; random copolymer; catalyst; mechanical
properties; melt flow index

1. Introduction

Currently, the chemical, petrochemical, and agri-food industries and the research
community in general aim to mitigate the environmental impact these sectors have gener-
ated over the years [1]. For this reason, one of the strategies is to optimize the production
processes of polymeric substances of fossil origin that function as raw materials to obtain
products of great commercial utility [2,3]. However, the poor disposal of fossil substances
and their derivatives causes damage to the health and environment of the communities
near the plants that produce these substances [1–4]. This has led to the implementation
of new ideas, such as using raw materials that allow the production of polymers through
processes free of fossil fuels [1–7].

For the industrial synthesis of polymers, it is common to use the raw material ethy-
lene from fossil fuels and endothermic processes [1–9]. The green ethylene obtained from
the fermentation of corn, glucose, and starch has been implemented to meet the global
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demand for ethylene of fossil origin and thus reduce the environmental impact [1]. One
route for obtaining green ethylene is from the pyrolysis of methanol [9]. Regardless of
the ethylene and propylene source, these hydrocarbons are used to synthesize random
or impact copolymers since they are of great academic and industrial interest for better
physical and mechanical properties [10–14]. One of the limitations of ethylene of fossil
origin is the presence of impurities of sulfur-containing chemical compounds, ketones,
alcohols, arsine, phosphine, carboxylic acids, and thiols that act as aggressive inhibitors of
the Ziegler–Natta catalytic systems [2], which act as a catalytic agent in the synthesis of
copolymers. It is necessary to highlight that these impurities can affect other properties of
the polymer such as the melt flow index (MFI), thermal degradation, molecular weight, and
mechanical properties [2], which affect the productivity of the catalysts and the physico-
chemical properties of the synthesized copolymers. Since green ethylene is of natural origin,
it is understood that it is not in the presence of these contaminants, thus having another
competitive advantage. Green ethylene may have another type of contaminant present in
trace concentrations since it is obtained from the transformation of natural products and
methanol. In this research, we focus on heterocyclic compounds such as furan. Furan is the
name by which a five-membered aromatic heterocyclic compound is recognized [14]; it is
soluble in organic media, transparent and colorless with a high degree of flammability, and
very volatile [14,15]. The constant study of the structure and properties of this compound
has allowed us to affirm that around 135 different isomers of it are known to date [16],
and many of them generate negative impacts both on health and on the production costs
of certain substances and raw materials in the industrial sector. The slightest impurities
in a raw material can affect the final stages of the production of copolymers [1]. In the
identification of furan in renewable and non-renewable sources, techniques such as infrared
radiation [1,11] and gas chromatography [2] have been used. To date, very little information
is available on how compounds such as furan can influence the copolymer, how it affects
the physicochemical and mechanical properties of this product, and how it can affect its
production rate.

Since furan can be present as an impurity in green ethylene and can also be formed
during the pyrolysis of natural waste, we will develop this research and propose reaction
mechanism pathways that explain furan formation, the reaction of furan with the Ziegler–
Natta catalyst, and the effect of different concentrations of furan on the efficiency of
copolymer synthesis, and we will use other instrumental techniques to determine how the
melt index, molecular weight distribution, thermal stability, and mechanical properties of
the copolymer are affected.

2. Materials and Methods
2.1. Polymerization Process: Synthesis of Random Ethylene–Propylene Copolymer

Table 1 shows the list of reagents used to obtain polypropylene. For the development
of this research, a fourth-generation spherical Ziegler–Natta catalyst was used, with MgCl2
support with 3.6 wt.% Ti; diisobutyl phthalate (DIBP) was used as an internal donor with a
purity degree of 99.99% from Sudchemie, Germany. As a co-catalyst, triethylaluminium
(TEAL) with a purity of 98%, obtained from Merck, Germany, was used as well as cyclohexyl
methyl dimethoxy silane, the latter of which had a purity of 99.9%. Hydrogen and nitrogen
gases obtained by Lynde were used. Finally, the propylene used was obtained from Airgas
with a purity of 99.999%.
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Table 1. List of reagents for obtaining polypropylene.

Materials Supplier Used Purity

Diisobutyl phthalate (DIBP) (In-house donor) Sudchemie, Germany 99.99%

Triethylaluminium (Co-catalyst)Merck, Germany 98%

Cyclohexyl methyl
dimethoxysilane (CMDS) (External donor) Merck, Germany 99.9%

Hydrogen Lynde 99.999%
Nitrogen Lynde 99.999%

Ethylene Airgas 99.999%

Propylene Airgas 99.999%

For the synthesis of polypropylene, the methodology proposed in [1,12] was followed,
which suggests obtaining polypropylene with the help of a Ziegler–Natta catalyst [13–18].
The process starts with the use of a fluidized bed reactor which is purged with nitrogen; after
this, the system is fed with hydrogen and propylene, which provide fluidization in addition
to absorbing heat from the reaction. A Ziegler-Nata catalyst, TEAL, and a selectivity control
agent were also incorporated along with nitrogen. The quantities are shown in Table 2.
The process was carried out at 70 ◦C and 27 bar pressure in a discontinuous condition; the
reactor product gases were captured with a compressor and then taken to a heat exchanger,
where they were cooled and recirculated to the system. To obtain virgin resin, the method
proposed by [19–34] was followed. The resin obtained from the reactor was taken to a
purge tower fed with nitrogen to eliminate the hydrocarbons leaving the system.

Table 2. Identification of samples and sampling points.

Materials
Run

PP0 PP0-1 PP0-2 PP1 PP1-1 PP1-2 PP2 PP2-1 PP2-2 PP3 PP3-1 PP3-2

Catalyst, kg/h 5 5 5 5 5 5 5 5 5 5 5 5
Propylene TM/h 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Green ethylene 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

TEAL, kg/h 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Hydrogen, g/h 30 30 30 30 30 30 30 30 30 30 30 30
Furan (ppm) 0 0 0 6 5.8 6.2 12 12.2 12.5 25 25.5 24.6

Selectivity control agent, mol/h 1 1 1 1 1 1 1 1 1 1 1 1
T, ◦C 70 70 70 70 70 70 70 70 70 70 70 70

Pressure, bar 27 27 27 27 27 27 27 27 27 27 27 27

2.2. Gas Chromatography Analysis with Selective Mass Detector (GC-FID)

The data obtained to express the quantification of furan in the green ethylene samples
were obtained with the aid of a gas chromatograph (Agilent 7890B), with a front and rear
injector of (250 ◦C, 7.88 psi, 33 mL min−1) and (250 ◦C, 11.73 psi, 13 mL min−1), respectively.
The volume used ranged from 0.25 to 1.0 mL. The oven was started at 40 ◦C× 3 min, which
increased to 60 ◦C–10 ◦C min−1 × 4 min and then increased to 170 ◦C at 35 ◦C min−1.

2.3. Melt Flow Index—MFI

The flow index was determined using the methodology proposed by [12], in which a
Tinius Olsen MP1200 plastometer was used. The temperature inside the equipment was
230 ◦C, and a 2.16 kg piston was used to displace the molten material.

2.4. Thermogravimetric Analysis—TGA

For the development of the thermogravimetric analysis (TGA), a TGA Q500 thermal
analyzer was used to achieve better results and continued with the methodology established
by [12], where they proposed a heating rate of 10 ◦C min−1 from 40 to 800 ◦C in an air
atmosphere (50 cm3 min−1). Therefore, the equipment was calibrated for temperature and
weight via standard methods.
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2.5. Analysis of Mechanical Properties
2.5.1. Injection Molding

Several authors propose that materials obtained from thermoplastics should be pro-
cessed with a twin-screw extruder and then subjected to an injection molding process [32].
These composites can also be molded via compression molding, among other techniques.
For the present study, the samples were obtained via injection molding; to achieve bet-
ter results when molding the samples, variables such as temperature and pressure were
controlled, keeping the former at 50 ◦C and having strict control over the latter.

2.5.2. Test Specimen Preparation

ASTM standards were followed to prepare the specimens. Two molds were used to
design the tensile (ASTMD638) and flexural (ASTMD790) test samples to be stored for 48 h
at the same temperature as the surrounding environment and then used for each of their
respective tests.

2.5.3. Tensile Test

To verify the resistance of thermoplastic composites to axial tensile forces and to
determine the ability of the composite to elongate before cracking and failure, a tensile
strength test was performed. The tensile test was performed according to the ASTMMD638
standard on a computerized H50KL universal testing machine (TiniusOlsen). The samples
were clamped at both ends and then subjected to uniaxial tensile force. Since the samples
were obtained via injection molding, they were classified as TYPE 1. The dimensions of the
pieces to be studied were followed according to the methodology proposed by Suraj and
Sanyay, 2022 [32], where the value of the gauge length (G) was 50 mm, the width of the
narrow section (W) was 12.7 mm, and the thickness (T) was 3.4 mm.

2.5.4. Flexural Test

Flexural strength is considered to be the capacity of a composite to withstand the
bending force to which it is subjected, which is applied transversally to the shaft. For the
development of this research, this resistance was evaluated by taking into account the
ASTMD790 standard and using the H50KL universal testing machine (TiniusOlsen).

2.5.5. Impact Test

Using the model IT504 pendulum impact tester (TiniusOlsen), the Izod impact test
according to ASTMD256 was performed. Each specimen is assigned a 45◦, 2.5 mm deep
AV notch. One end of the notched specimen was fixed using a cantilevered vice.

3. Results
3.1. Effects of Furan on the Polymerization Process of Green Random Copolymer Rat

Figure 1 shows that the presence of furan was inversely proportional to the productiv-
ity of the Ziegler–Natta catalyst since the higher the furan concentration (ppm), the lower
the catalyst’s effectiveness. In the absence of furan, the productivity of the ZN catalyst was
47 MT/kg. The average concentration of 6, 12, and 25 ppm of furan in ethylene affected
productivity by 10, 20, and 41%, respectively.

The standard error for each of the variables was calculated based on the central limit
theorem (see Equations (1) and (2)).

Typical error =
σ√
n

(1)

σ =

√
∑N

i=1(xi − x)2

N
(2)
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It is essential to point out that all the groups studied presented significant differences
(p < 0.05) when varying the concentration of furan from one group to another. This result is
because furan acted as an inhibitor of the reaction since it reacted with the active center of
titanium, preventing the propylene from polymerizing in the vibrant center of titanium. It
should be noted that the inhibitory behavior of impurities on the productivity of the Ziegler–
Natta catalyst has been previously reported [1,3,12,35–40], showing that the presence of
impurities such as H2S, oxygenated compounds, and thiol, among others, affects the
efficiency in the production of polypropylene on an industrial scale.
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Proposed Mechanism of Action of Furan on the ZN Catalyst

Figure 2 shows the mechanism of furan formation in corn residues and other natural
products. As mentioned in this study, two of the sources of green ethylene are corn and
starch, which have glucose in their matrix. From this fact, Figure 2 shows the reaction
mechanism for furan formation while obtaining ethylene from the fermentation of corn and
starch. Figure 2 indicates that the furan formation process begins with four intramolecular
rearrangements in three equilibria of the glucose molecule. The first structure moves
an electron pair (double bond) from the carbonyl group to the alpha–beta carbon region
to form an alpha–beta carbon–carbon double bond. In the second structure of Figure 2,
the electronic pair transfers to form the carbonyl bond (C=O) on the beta carbon. The
third equilibrium is the transfer of the electron pair to form a carbon–carbon beta–gamma
double bond. Molecules 2 and 4 of the three proposed equilibriums undergo successive
dehydration, losing hydroxyl groups and hydrogen atoms, with which the conditions
for closing the ring between the beta–carbon carbonyl group and the epsilon carbon are
obtained. In this way, the furan ring is thus formed. Molecule 2 additionally forms an
equilibrium in which two electronic pairs are transferred from the carbonyl groups of the
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alpha and beta carbons to form alkene bonds between the alpha and beta and gamma and
delta carbons; here, in the same way, dehydration occurs until the furan ring is formed,
with the difference that in this way, a molecule of glycolic acid first detaches from the
structure before starting the furan ring.
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The furan originated in the pyrolysis of natural residues, which traces of unfermented
glucose can generate. These glucose molecules can undergo a dehydration process in
the first two steps of the mechanism presented in Figure 3, causing the characteristic and
propitious condition at carbon 1,4 for the formation of the furanoid ring; later, this ring
undergoes further dehydration, followed by dehydrogenation and the removal of the
carbonyl group that combines with the ring, leaving hydrogen to form formaldehyde. This
mechanism is because the pyrolysis conditions destabilize the glucose molecule, which
decomposes to create more stable species under such conditions, such as furan.
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Figure 3. Proposal of the mechanism of furan formation during the pyrolysis of natural residues.

In the mechanism proposed in Figure 4, furan competes with propylene monomer for
the Ti-active site. First, a π complex is formed by coordinating the furan with the Ti of the
TiCl4/MgCl2 complex. The furan-Ti interaction is carried out through the interaction of the
electropositive Ti with the lone pair of electrons of the oxygen atom of the furan heterocyclic
structure. This interaction is proposed to have a higher energy gain than that of a π complex
in Ti-propylene. Therefore, the furan-Ti reaction predominates. In other investigations, it
has been shown that to synthesize this family of polymers, there is a propylene insertion
barrier that varies between 6 and 12 kcal mol−1 because the probability of the occurrence
of the propylene insertion reaction in Ti is supported by thermodynamics since a favoring
of approximately 20 kcal mol−1 is observed. For the efficiency of the reaction to be affected,
the growth of the PP chain will be affected when the active site of Ti reacts with inhibitors
of different polarities. Since furan exhibits intermediate polarities to other poisons such as
H2S, their energy values are expected to be within the ranges of H2S. As shown in Figure 4,
furan interferes with the formation of propylene complexes and their insertion.
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3.2. Effects of Furan on the TGA of the Random Copolymer

TGA determined the thermal degradation of the copolymer; the curves are shown in
Figure 2. In these, it can be seen that as the concentration of furan increases, its thermal
stability decreases. This is due to the inhibitory capacity of furan in the polymerization
process [12] and the favoring of the formation of new functional groups as a consequence
of incomplete polymerization. This generates an alteration in the behavior and structure
of the copolymer at the micromolecular and macro-molecular levels. When evaluating
thermal degradation, it is evident that samples PP0 and PP1 have similar behavior in terms
of weight loss, which is 5% by weight at 390 ◦C. For PP3 and PP4, there is loss of 5% at
370 ◦C and 320 ◦C, respectively as shown in Figure 5.
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3.3. Effects of Furan on the MFI of the Green Random Copolymer

Figure 6 shows furan’s effect on the copolymer’s flow rate. Significant differences
(p < 0.05) were observed when varying the furan concentration, observing a proportional
relationship between the concentration of furan in the copolymer and the MFI index of the
samples PP1, PP2, and PP3. The MFI of the copolymer without furan was 20 and increased
to approximately 21, 23, and 27 g/10 min due to 6, 12, and 25 ppm furan, respectively.
This corroborates what was observed in Figure 1, which shows that furan has an adverse
action on the catalytic activity of ZN and, therefore, on the polymerization reaction. The
chemical structure of furan may allow its oxygen atom in its heterocyclic ring to react
with the active center of the titanium of the ZN catalyst to form a new stable complex
that prevents the growth of the chain length of the obtained copolymer [1,12,22,29,30], its
increase in fluidity, and the decrease in the molecular weight of the polymer. This can be
seen in Figure 7, where the rise in furan concentration increases the MFI and decreases its
molecular weight. This inhibitory behavior caused by polluting chemicals in the production
of resins of industrial interest has been previously reported (Hernandez et al., 2022) and
demonstrated that compounds such as Arsenia in concentrations of 0.001 to 4.32 ppm affect
the MFI, and consequently, the molecular weight of the polymer.
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3.4. Effects of Furan on the Mechanical Properties (Tensile, Flexural, and Impact) of the Random
Green Copolymer

The influence of the presence of furan on the mechanical properties of the copolymer is
shown in Figures 8–10. When evaluating the mechanical properties of the obtained product,
a notable difference is observed in the PP0 copolymer compared to PP1, PP2, and PP3,
which allows us to affirm that the presence of furan can directly affect these properties of
the copolymer since as the concentration of the component increases, the values of tension,
bending, and impact decrease. PP0 presented average bending, tensile, and Izod values
of 211,160 psi, 411,833 psi, and 11.6 ft-Lb*in, respectively. Increasing furan concentrations
by an average of 6, 12, and 25 ppm caused flex decreases of 1, 11, and 18%, respectively.
The tensile decreases were 4, 13, and 18%, respectively. The Izod impact trend was also
inversely proportional to the furan concentration, showing percentage decreases of 9, 18,
and 22%. This variation in the data is mainly due to the changes generated at the structural
level that occur in the copolymer, a product of the formation of new compounds with
different functional groups, in addition to incomplete polymerization and the presence of
an oxygen atom in the furan, directly influence the mechanical properties of the copolymer.
This behavior is associated with low flow rates and molecular weight distribution, which
directly affect the mechanical properties of polypropylene [24].
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4. Conclusions

In the present investigation, an analysis of a random green copolymer was carried
out to determine the influence of the presence of furan on the mechanical properties, MFI,
productivity, and TGA of the copolymer. The results showed an evident effect of furan
on the random copolymer polymerization process, inhibiting the Ziegler–Natta catalyst’s
capacity in this process, which generated losses in the productivity of this catalyst. A
notable decrease in the thermal capacity of copolymer was evidenced, and the results were
supported by the TGA levels obtained, as well as an increase in the MFI levels, which
may have been associated with a decrease in the molecular weight values due to the
degradation of the chemical structure of copolymer. Finally, a remarkable dominance of
furan on the mechanical properties of the random copolymer was observed due to the
changes generated in the levels of MFI, thermal degradation, and loss of the productivity
of the catalyst.
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Abstract: This study presents the functional effects of BaTiO3 powder loaded in ethylene–propylene–
diene rubber (EPDM) in three concentrations: 0, 1, and 2.5 phr. The characterization of mechanical
properties, oxidation strength, and biological vulnerability is achieved on these materials subjected
to an accelerated degradation stimulated by their γ-irradiation at 50 and 100 kGy. The thermal
performances of these materials are improved when the content of filler becomes higher. The results
obtained by chemiluminescence, FTIR-ATR, and mechanical testing indicate that the loading of
2.5 phr is the most proper composition that resists for a long time after it is γ-irradiated at a high dose.
If the oxidation starts at 176 ◦C in the pristine polymer, it becomes significant at 188 and 210 ◦C in the
case of composites containing 1 and 2.5 phr of filler, respectively. The radiation treatment induces a
significant stability improvement measured by the enlargement of temperature range by more than
1.5 times, which explains the durability growth for the radiation-processed studied composites. The
extension of the stability period is also based on the interaction between degrading polymer substrate
and particle surface in the composite richest in titanate fraction when the exposure is 100 kGy was
analyzed. The mechanical testing as well as the FTIR investigation clearly delimits the positive effects
of carbon black on the functionality of EPDM/BaTiO3 composites. The contribution of carbon black
is a defining feature of the studied composites based on the nucleation of the host matrix by which
the polymer properties are effectively ameliorated.

Keywords: ethylene–propylene–diene rubber-based composites; barium titanate as oxidation
protector filler; radiation stability; chemiluminescence; mechanical testing; antifungal strength

1. Introduction

The production of various polymers and their composite items requires detailed and
accurate investigations of the functional characteristics, such as mechanical strengths, long-
term stability, and biological solution to the fungi attack that describe complementary
global durability under hazardous conditions [1]. The analysis of operational performance
is the main goal of material qualification when the technical products are destined for
nuclear power plants [2]. For the keystone analysis of radiation effects on polymers, a
comprehensive book chapter was published [3]. The most important aspect that reveals
the radiochemical stability and the durability of polymer materials is the value of the ratio
between the radiochemical yields of scission and crosslinking, G(S)/G(X). Its superunitary
value, resulting from the three times higher ethylene segments with respect to the propylene
content, is proof for an appropriate radiation processing or long-term operation in nuclear
applications. The individual values of G(S) and G(X) for ethylene–propylene–diene rubber
(EPDM) are placed between the material characteristics of polyethylene (G(X) = 0.8–1.1
and (G(S) = 0.4–0.5) and polypropylene (G(X) = 0.8–1.1 and (G(S) = 0.4–0.5) [3]. The
consumption of diene (ethylene–norbornene) with a radiochemical yield of 32.1 [4] and the
formation of various oxygenated degradation products (ketones—G = 13.9, acids—G = 4.4,
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alcohols—G = 4.1 and peroxides—G = 0.3) depict the behavior of this elastomer under the
action of high energy radiation when the protector is not technologically added.

The thermal and radiochemical stabilization effects in the studied elastomer corre-
spond to the technical requirements for various applications such as sealants, vibration
buffers, automotive items, medical wear, corrosion protection layers, hydrophobic im-
pregnations, and shoe soles. There are many alternatives through which EPDM may gain
improved durability by the addition of phenolic antioxidants [5–7], inorganic fillers [8–10],
and wood wastes [11]. If the evolution of radiation-processed EPDM was already re-
ported [12], the stabilization mechanisms promoted by the inorganic materials based on the
surface interactions through which the free radicals born during the oxidative degradation
are still elaborating [13].

The inhibition of degradation is effectively accomplished by the appropriate com-
pounds, which are able to break the oxidation chain. On the propagation stage, the
conversion of peroxyl radicals into final stabile products would be efficiently interrupted
if the filler does not act on the free radicals by bonding or the active component exceeds
a certain critical threshold. The hazardous conditions existing in nuclear power plants
require a certain advanced stability by which the rubber products are able to resist with
proper functional parameters between the successive maintenance stops [14]. Under var-
ious circumstances, the nature and loading degree of filler [15], as well as the content of
diene composing the elastomer structure [16], are determining factors that characterize
the material strength against oxidation [17]. The high-performance materials that are
radio-oxidation resistant may be obtained either by the incorporation of another suitable
polymer to promote crosslinking [18,19], the addition of a crosslinker [20], or the compatibi-
lization of an efficient filler [21]. Accordingly, high-tech materials may be produced by the
inspired combination between the compositional features and the foreseen technological
parameters [22].

Crosslinked EPDM is a suitable material for several operation areas where the degra-
dation factors do not alter the functional features. The technical concern of stability charac-
teristics is related to the double role of the contained diene: a connecting element between
the molecular chains (Figure 1) and the weaker spot that is facilely broken.
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Figure 1. The structure of ethylene-propylene-diene-monomer.

During the exposure of this polymer to a certain γ-dose not greater than and especially
less than 100 kGy, the scission of norbornene and the bonds of tertiary carbon atoms from
propylene moieties create radicals that are involved in crosslinking and oxidation [4,23].
The presence of any oxidation protector increases the crosslinking degree due to the turning
of radicals onto the reaction with another analogous fragment [24].

The stability characterization of EPDM is a good opportunity for the presentation
of various faces of material qualification when different approaches reveal the peculiar
features of a product in connection with its structural understanding. The thermal anal-
ysis assay [25], the improvement of ablation resistance [26], the explanation of dielectric
properties under various environmental conditions [27], the preparation of new structural
materials by the blending EPDM with unlike products such as NBR [28], PP and PA6 [29]
or Kevlar fibers [30], the increase in crosslinking degree [31–33], the anti-migration effects
of graphene oxide [34], and many other practical aspects asked by the market are the study
themes that become important for certain applications. One interesting aspect that is related
to the valorization of EPDM by converting it into composites or blends is the recycling of
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its wastes [35,36], the main reason that it may be considered as an example for many other
polymer materials.

The modification of the functional performances of EPDM-based products by the
addition of an advisable blending component represents an attractive goal on which the
radiation processing may create new material structures with enlarged application areas.
The investigations on the stability effects of aluminum trioxide on fire retardancy [37],
improvement of mechanical characteristics required by electrical applications [38], assay
on radiation shielding for source depositing [39], changes in electrical properties of cables
for nuclear power plants [40], and applications in the production of commodities [41] are
the topics investigated, by which the selected compositions may offer the desired versions
of focused interest.

The present assay is addressed to the manufacturers on long-life polymer items, which
may resist certain energetic efforts. As it was previously demonstrated [9], the presence of
titanate filler is a good solution for the production of high-tech polymer composites. If this
early manuscript concerns the pristine barium titanate, the second part of the study will
report the stabilization effects brought about by doped barium titanates, which act more
efficiently on the degradation rate of EPDM by radical scavenging.

2. Materials and Methods

In the present paper, the composite materials based on EPDM are tested for their
application in various environments that promote accelerated oxidation.

2.1. Materials

The polymer matrix was manufactured by ethylene–propylene–diene terpolymer
(EPDM) used in the DSM Elastomers (Heerlen, The Netherlands) as KELTAN 8340. The
filler, barium titanate, was purchased from Thermo Scientific (Shandong Deshang Chemical
Co., Ltd., Jining, China). The pristine polymer material contained ethylene and propylene
moieties in the proportion of 3:1 and 5 wt% 5-ethylidene 2-norbornene (EBN). While the
preparation of sheets for the mechanical testing of samples was performed according to
an appropriate procedure, the thermal and radiation stabilities were checked on the thin
pellicles obtained by the solvent removal. This raw polymer was not subjected to any
purification process before the present investigations. Barium titanate has the following
characteristics: purity > 99% and an average particle size of 300 µm.

2.2. Sample Preparation

For mechanical testing, the plate samples were obtained by means of the thermal
pressing process achieved at 180 ◦C for 15 min. The equipment was produced by Nicovala
(Sighisoara, Romania), whose features (plate dimensions: 400 mm × 450 mm, charge:
160 tf, electrical heating) allow the optimal preparation of EPDM plates. The vulcanization
pressure was established at 100 bars. From these plates, standard dumbbells according to
ISO 527 were obtained. The black samples contain a significant amount of carbon content
(36 phr).

For chemiluminescence investigation, thin films were obtained by solvent removal
from aluminum round caps (diameter 5 mm) where the liquids were poured. Three
concentrations of barium titanate (0, 1, and 2.5 phr) were prepared by the addition of
appropriate amounts of powder followed by vigorous shaking for homogenization. Finally,
when the dry samples were obtained, they were weighted for the determination of specimen
masses. These mass values were used for the normalization of measured CL intensities
to the standard unit allowing reliable results for their comparison. Photon counting is
achieved by the connection between the experimental device and the attached computer.
The specific program for the addition of counting information allows the conversion of
results into the Origin representations, which are presented herein.
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2.3. γ-Irradiation

The radiation treatment was achieved in air at room temperature in an Ob Servo
Sanguis irradiation machine (Budapest, Hungary) provided with a 60Co source. Three
doses were selected (0, 50, and 100 kGy) for the radiation processing of specimens. The
dose rate was 0.5 kGy h−1. All measurements were performed immediately after the end
of exposures, avoiding any alteration of results due to the decay of short-life radicals.

2.4. Characterization of Filler

Several attempts for the identification of any differences between the XRD, Raman, and
FTIR spectra as well as the SEM images of crystalline pristine and γ-irradiated (100 kGy)
barium titanate powders failed. The overlapping of the recorded results did not allow the
detection of any radiation effect on this inorganic phase. These details prove that there
were no radiolysis effects on the inorganic blending component.

2.5. Characterization of Composites
2.5.1. Mechanical Testing

Mechanical testing was achieved using the ZMR 250 equipment (VEB THURINGER,
Raunestein, Germany) applying the testing standard ISO 37/2012. The evaluation of Shore
A hardness was based on ISO 7619/1 (2011) with testing unit equipment purchased from
STENDAL, Stendal, Germany).

2.5.2. Chemiluminescence (CL)

The stability assay was achieved by means of a LUMIPOL 3 device produced by the
Institute of Polymers, Slovak Academy of Science, Bratislava (Slovakia). The two available
investigation procedures, isothermal and nonisothermal, were used for the complementary
assay. For nonisothermal determinations, there were four selected heating rates: 5, 10, 15,
and 20 ◦C min−1. The isothermal measurements were achieved at 160, 170, and 180 ◦C.
The CL spectra were electronically transferred from the measurement device onto the
computing system, which allows the graphical approach.

2.5.3. Spectral Assay by FTIR-ATR

A Fourier transform infrared (FTIR) spectrometer (Interspectrum, INTERSPEC 200-X,
Tõravere, Estonia) equipped with a device for attenuated total reflectance (ATR) was used in
the wavenumber range between 4000 cm−1–750 cm−1 at room temperature for evaluation
of samples spectra. Each ATR–FTIR spectrum is an average of over 10 scans, using air as a
reference, and 4 cm−1 as the nominal spectral resolution.

2.5.4. Antifungal Properties

The antifungal properties of the samples consisting of EPDM and barium titanate
in various proportions were inspected according to ASTM-G21-09 standard [42]. Briefly,
small square samples (2.5 cm × 2.5 cm) with a smooth surface and free of defects were
placed in Petri dishes containing a layer of Chapex-Dox agar. A 0.1 mL of fungal spore
suspension (consisting of a mixture of Aspergillus brasiliensis—ATCC 9642, Penicillium
funiculosum—ATCC 11797, Chaetomium globosum—ATCC 6205, Trichoderma virens—ATCC
9645, and Aureobasidium pullulans—ATCC 15233) was poured onto the sample surface.
These samples were incubated for 28 days at 27 ± 2 ◦C and 95% relative humidity. After the
incubation period, the samples were visually evaluated for fungal growth. The extent of
growth was rated on a scale of 0–4. Number 0 indicates the lack of growth, while Number
4 indicates intense growth covering the entire sample surface. The evaluation of fungal
growth extent is useful for the nomination of inspected materials that are “resistant” or
“non-resistant” products. Materials with a rating of 0 or 1 are considered resistant materials,
while the other ones presenting a rating of 2, 3, or 4 are considered non-resistant products.
The assay was conducted in triplicates.
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3. Results

The thermal stability is directly related to the breadth of degradation that is initiated
by the formation of peroxyl radicals [4] The oxidation is propagated by the further reactions
of RO2

., whose generating rate depends on the free radical abundance and the diffusion
rate of molecular oxygen. In the case of EPDM, the most vulnerable spots are the position
of methyl in the polypropylene moieties and the unsaturation of diene (EBN) [43]. The
evolution of oxidation in the presence of stabilizers during the radiation processing of
EPDM products occurs differently, because the antioxidants may turn on the mechanisms in
peculiar ways [44]. Even though the γ-irradiation is an accelerated process of degradation,
it may be delayed in two different manners: crosslinking [45] and/or stabilization [46].

The progress of oxidative degradation caused by accidental or current energy deposit-
ing onto polymeric items may be slowed down by the effect of inorganic structures and
determines the diffusion and retention of free radicals inside the traps of stabilizer [9,47].
The delay of aging is always correlated with the stabilization efficiency that character-
izes the strength of scavenging and the size of available free space inside the structured
oxidation protector [48]. The γ-processing of polymers that causes profound damage to
macromolecules may be judged as a proper way of material improvement when the stabi-
lization action of filler is accompanied by radiation crosslinking [49]. In the case of EPDM,
this assumption is valid, because this polymer belongs to the polymer class of radiation
crosslinking materials [50].

3.1. Chemiluminescence

The emission of photons during polymer oxidation from the reacting entities, ac-
cording to the deexcitation of the triplet state of ketones onto the background, allows the
observation of the evolution of degradation. It is obvious that the progress of oxidation
involves the counting of the quantum number that is proportional to the concentration of
peroxyl radicals [51]. The shapes of CL curves offer real indications concerning the fate of
radicals and their decay in relation to the presence of oxidation protectors [52].

3.1.1. Nonisothermal Chemiluminescence

Certain formulations of material composition lead to peculiar thermal behavior, which
is the overall result involving the contributions of blended components. Accordingly, the
temperature when the oxidation starts is determined by the easiness of splitting of the
weakest existing bond. The influence of composition on the thermal stability of EPDM is
demonstrated by the evolution of oxidation with and without carbon black (Figure S1).
Even though the addition of carbon black initiates a crosslinking effect [53], it also provides
an effect of stabilization. This feature was previously reported [54,55]. Fortunately, photon
counting is possible with both groups of samples (with and without carbon black). However,
the application of isothermal determinations as the measurement procedure failed with the
black samples, this is because the long-time counting involves the self-absorption of CL
photons over the first part of the experiment.

The nonisothermal CL measurements of the EPDM-based composites reveal the in-
fluence of filler concentration on the progress of oxidation when the testing temperature
monotonically increases (Figure 2). The evident effect is the increase of starting oxidation
temperature as the filler loading becomes higher. The presence of carbon black in the
sample formulations causes a diminution of CL emission. It may be assumed that the
oxidation is inhibited by carbon black as it was also previously reported [38].
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Figure 2. Nonisothermal CL spectra recorded on (a) polymer with carbon black and (b) polymer
without carbon black. Filler concentration: (1) 0 phr, (2) 1 phr, and (3) 2.5 phr. Heating rate: 15 ◦C
min−1. (c) Histogram illustrating the CL intensities at 250 ◦C. (black) polymer with carbon black;
(white) polymer without carbon black.

The increase in the filler loading determines an evident improvement in the polymer
stability, which reaches a good degree when the barium titanate has a concentration of
2.5 phr (Figure 2). This behavior is in good agreement with the previous results obtained
by the preparation of nanocomposites [56]. The comparison of CL intensities measured
at 250 ◦C provides obvious proof for the contribution of carbon black on the material
stabilization during thermal oxidation.

The influence of filler concentration on the development of oxidation is illustrated
in Figure 3. The consequences of γ-irradiation on the progress of oxidation are related to
the availability of EPDM for crosslinking, being known that the dose range up to 100 kGy
is proper for the increase of its insoluble fraction [18,57]. This trend of amelioration in
the polymer stability is more evident at a higher dose (100 kGy) when the involvement of
free radicals in the oxidative degradation is really prevented by the presence of inorganic
filler. The extension of the stability range of temperature as the fillet content and processing
γ-dose growth is a main advantage; therefore, these compositions are recommended as the
proper formulations for their applications in degradation-providing environments.
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Figure 3. Nonisothermal CL spectra recorded on composite EPDM/BaTiO3 probes; filler contents:
(1) 0 phr; (2) 1 phr; (3) 2.5 phr. Samples with carbon black: (a) D 0 kGy, (b) D 50 kGy (c) D 100 kGy.
Samples without carbon black: (d) D 0 kGy, (e) D 50 kGy, (f) D 100 kGy. Heating rate: 15 ◦C min−1.
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3.1.2. Isothermal Chemiluminescence

The evolution of degradation at a constant temperature (170 ◦C) reveals the high
stability degree in the presence of barium titanate (Figure 4). The effects on the oxidation
rates, the maximum period of degradation, and the height of emission intensity obtained
for the investigated EPDM/BaTiO3 composites are relevant for the protective action of filler
during the accelerated degradation occurring during γ-irradiation. The chemiluminescence
measurements on the EPDM-based composite samples containing carbon black prove
(Figure S1) that technical items are more resistant when this additive is incorporated.
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The unusual long periods of degradation at 170 ◦C, even at technological γ-irradiation
doses (50 and 100 kGy), are reliable evidence that incorporated filler is able to delay
oxidation under hard energetic conditions of operation. The amplitudes of CL emission
intensities are low for composite formulations with respect to pristine material, which
depicts the jointing tightness of molecular fragments withdrawn from their reaction with
diffused oxygen. The differences that exist between the values of oxidation rates, maximum
Cl intensities, and oxidation induction times are the relevant indices for the scavenging
action of filler particles that superficially takes place before the reactions between free
radicals and penetrating gaseous oxygen. The progress of aging is efficiently delayed by the
interaction between energetic gaps existing in the outer layers of particle surface and the
hydrocarbon moieties resulting from bond scissions. For the low irradiation stages (0 and
50 kGy), the local concentration of oxidation intermediates is not too high. Consequently,
the pseudoplateau parts of CL curves are obtained, indicating the efficacious ability of filler
grains to catch reacting units. They also indicate the lack of desorption. At 100 kGy, the
ascendant curves show the generation of high amounts of oxidation initiators. The gaps
become highly populated, and an important fraction of radicals are oxidized prior to their
structural blocking. The defects existing in the lattice of titanate may also contribute to the
behavior amelioration of EPDM-based materials.

3.2. Mechanical Testing

The expected behavior regarding the mechanical properties of the studied formulations
is based on the correlation between the effect of filler that inhibits oxidative degradation
and the contribution of γ-treatment on the yielded crosslinking degree. As it was pre-
viously reported [58], EPDM presents a scission yield of 5.2 × 10−7 mol J−1, by which
this polymer provides free radicals for crosslinking according to the mechanism based
on radical recombination [48,59]. The structural dependency of crosslink density is the
consequence of the involvement of diene, namely 2-ethylidene-5-norbornene [60], whose
contribution to the material curing characterizes the modification that occurred in the
mechanical properties of EPDM composites. The aging changes undergone in γ-irradiated
EPDM are influenced by the existence of filler, which interacts with basic material by the
mechanistic modification of the fate of radicals [61]. This approach was also reported, when
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the ethylene-propylene-diene elastomer material was modified by the presence of lead
vanadate [62] or titania [63].

The degradation of plastics occurs as a fragmentation process [64], when the smaller
molecular parts composing the processed materials may be separated. The mechanical
properties of these studied samples are tightly related to the level of γ-irradiation [43],
whose values are the combination between this scission process and a certain degree of
crosslinking [65]. The illustration of this overlapping is based on the extended durability
that occurs in nuclear power plants [40,66].

The performances of irradiated composites based on elastomeric materials are the
overall effects by which free radicals undergo the reactions that may partially restore the
initial characteristics [67]. Because there are differences between the values of mechanical
properties (Figure 5), their explanation is based on the evolution of oxidation states whose
ways are preceded according to the protective action of filler [68]. The deterioration of the
mechanical behavior in EPDM leads to a reduction of molecular mobility by crosslinking.
This proof is indicated by the shift of the glass transition relaxation temperature towards
higher temperatures.
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Figure 5. Mechanical behavior of EPDM/BaTiO3 composites subjected to γ-irradiation. Samples 

with carbon black: (a) tensile strength, (b) elongation at break, (c) hardness; samples without car-

bon black: (d) tensile strength, (e) elongation at break, (f) hardness. 

Figure 5. Mechanical behavior of EPDM/BaTiO3 composites subjected to γ-irradiation. Samples
with carbon black: (a) tensile strength, (b) elongation at break, (c) hardness; samples without carbon
black: (d) tensile strength, (e) elongation at break, (f) hardness.

The reinforcement of EPDM containing relatively low amounts of barium titanate
(1 and 2.5 phr) and enough high loading of carbon black (36 phr) is observed after the
application of γ-radiation treatment. This means that the fragments that result from the
splitting of macromolecules are agglomerated around fillers. They promote nucleation as it
occurs in other EPDM composites [69,70]. Of course, the compositions with carbon black
are suitable for several applications (O rings, anticorrosive protection, phonic insulations,
vibration attenuators, impregnation agents for hydrophobic layers of ceramics, and many
other opportunities.

3.3. FTIR for the Oxidation of Composites

The course of oxidation progresses during the propagation stage of degradation, when
free radicals are attacked by molecular oxygen. It grows the content of oxygenated products,
whose evolution may be well illustrated by the modifications occurring in the carbonyl
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band (Figure 6). There are great differences between the samples containing carbon black
and the probes free of it [71].
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Figure 6. FTIR spectra for EPDM/BaTiO3 composites subjected to oxidative degradation under 

γ-irradiation. Samples with carbon black: (a) 0 kGy; (b) 50 kGy; (c) 100 kGy. Samples free of carbon 

black: (d) 0 kGy; (e) 50 kGy; (f) 100 kGy. Filler loadings: (1) 0 phr; (2) 1 phr; (3) 2.5 phr. 

Figure 6. FTIR spectra for EPDM/BaTiO3 composites subjected to oxidative degradation under
γ-irradiation. Samples with carbon black: (a) 0 kGy; (b) 50 kGy; (c) 100 kGy. Samples free of carbon
black: (d) 0 kGy; (e) 50 kGy; (f) 100 kGy. Filler loadings: (1) 0 phr; (2) 1 phr; (3) 2.5 phr.

The modification of absorbance values follows the contributions of various intermedi-
ates that produce the oxygenated stabile structures accumulating in the final state of the
material. The presence of BaTiO3 filler determines a dissimilar modification in the trans-
mittance values for carbonyl vibrations (Figure S2) that provide proof for the protection
activity of the inorganic phase by means of its capacity to inactivate radicals in respect
to their oxidation. It is well known that EPDM composites are efficiently protected by
inorganic fillers [72,73] due to the elemental composition comprising oxygen. However,
the structure of the host polymer plays an important role in the concentration, distribution,
and inner movement of oxidation promoters [74].

The relative order of peaks (Figure 6) that reflects the involvement of filler particles
in polymer aging is relevant for the industrial applications of processed EPDM when the
diminution of oxidation rate is the main factor for the extension of material durability. The
concentration of 2.5 phr of barium titanate provides evident chemical stability, which is
proven by the slower accumulation of carbonyl structures. Though the samples containing
carbon black keep a relatively constant oxidation level, the compositions free of carbon
black present a relatively linear level of oxidation that signifies an active implication of it in
the progress of aging [75]. The interaction between elastomer and CB particle surface was
reported [76], demonstrating the formation of slight chemical bonds between the polymer
macromolecules and some superficial carbon atoms.

A previously published report on the effects of inorganic fillers, such as carbon black,
silica, and nanoclay on ethylene–propylene–diene elastomer [77] stated that the best fea-
tures are obtained when the inorganic component reaches high amounts. Another proof of
the improved strength of EPDM composites is shown by the elastomer fibers containing
POSS, a three-dimensional silicon-oxygen polyhedral configuration, which presents a good

249



Polymers 2023, 15, 2190

effect on the extension of durability [78]. The attaching of molecular moieties on the particle
surface may be considered an electronegativity action of oxygen atoms contained in titanate
molecules. The electrostatic attraction promotes the tight joint of radicals on the inorganic
phase, where hydrocarbon fragments are electrically blocked vs the oxidation of polymer.

The studied composites may be considered as good examples for other inorganic
compounds that are required for certain special applications.

3.4. Resistance against Fungi Actions

Table 1 presents the images of the samples exposed to fungi mixture for 28 days, and
Table 2 shows the interpretation of the results according to ASTM G21-09 [42] after 7, 14,
21, and 28 days.

Ethylene–propylene–diene monomer (EPDM) rubber is a synthetic rubber material
that has good resistance to heat, weather, and chemicals, which makes it suitable for
various industrial and automotive applications. When it comes to microbial behavior,
EPDM rubber is generally considered to be resistant to microbial growth. EPDM rubber is
non-porous and has a smooth surface, which makes it difficult for microorganisms to adhere
to and grow on the surface. Additionally, EPDM rubber is resistant to moisture and water
absorption, which further reduces the likelihood of microbial growth [79]. However, it is
important to note that under certain conditions, such as exposure to various environment
stressors (humidity, moisture, organic compounds, UV and gamma radiations) or their
modification with different additives, the microbial behavior of EPDM can be changed, and
the microorganisms can grow on EPDM rubber surfaces [80].

While there is some research on the antimicrobial properties of barium titanate (most
of them being reported on its nano form), the results are not conclusive, and more research
is needed to fully understand its potential as an antimicrobial agent [81]. Some studies have
shown that barium titanate nanoparticles can inhibit the growth of certain bacteria and
fungi [81–83]. One proposed mechanism for this antimicrobial activity is the production of
reactive oxygen species (ROS) when the nanoparticles come into contact with water, which
can damage the cell membranes of microorganisms [84].

As can be seen from Tables 1 and 2, all types of non-irradiated EPDM samples show
high resistance to fungi (i.e., 0 and 1 ratings). The resistance to fungi for the EPDM samples
with barium titanate content seems to be influenced by the irradiation dose, thus at 50
kGy, the resistance to fungi is lower than at 100 kGy for both concentrations of BaTiO3,
even after the first 7 days of exposure. This can be due either to the higher degree of
radio-induced crosslinking of the material at 100 kGy than at 50 kGy, and therefore the
enzymatic degradation of the material becomes more difficult, or to a stabilizing effect of
the BaTiO3 that prevents the degradation of the material. In reality, it is possible to have a
synergistic effect of the two types of reticulation-stabilization mechanisms. In the case of
EPDM samples with carbon black (CB) and barium titanate, the resistance to fungi is higher
than in the samples without CB, even after 28 days of exposure. Although there are not
many studies that attest to the antifungal activity of BC, it is possible that it functions as a
radio-induced free radical trap or as a decomposer of peroxides to form stable products [85].

This present interpretation is correlated with the results obtained by chemilumines-
cence and FTIR measurements.
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Table 1. Sample images after 28 days of fungal exposure.

Sample
Dose (kGy)

0 50 100

EPDM
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Table 2. Sample ratings according to ASTM G21-9.

Sample
7 Days 14 Days 21 Days 28 Days

0
kGy

50
kGy

100
kGy

0
kGy

50
kGy

100
kGy

0
kGy

50
kGy

100
kGy

0
kGy

50
kGy

100
kGy

EPDM 0 1 1 0 2 1 0 2 1 1 3 2

EPDM + 1% BaTiO3 0 2 1 0 3 1 0 3 1 0 3 2

EPDM + 2.5% BaTiO3 0 2 1 0 2 1 0 2 1 0 2 1

EPDM + CB * 0 0 0 0 0 0 0 0 0 0 1 1

EPDM + CB + 1% BaTiO3 0 0 0 0 0 0 0 0 0 0 1 1

EPDM + CB + 2.5% BaTiO3 0 0 0 0 0 0 0 0 0 0 1 1

* CB means carbon black powder.

4. Discussion

The behavior analysis of all studied formulations reveals the decisive role of fillers that
efficiently hinder the oxidation of EPDM as it happens in many polymeric systems with
special availabilities like poly (vinylidene fluoride) [86], polyketone [87], polysiloxane [88],
polyurethane [89], ultrahigh molecular weight polyethylene [90], and Nafion [91]. The way
of polymer stabilization by inorganic compounds becomes open for certain salt structures,
which directly act on the breaking degradation chain [9,92]. The initiation of stabilization
activity is often related to the capacity of filler or additive for the assistance of structural
nonconformity like lattice holes and low electron density [9,93]. The stabilization systems
based on structured carbon are appropriate examples for the restructuring of polymer
networks [94].

The characterization of the stabilization contribution of barium titanate is suggested
by the interaction between the surface of filler particles and available free radicals that may
be placed in their neighborhood. A possible explanation is the differences that exist in the
electron charge distribution near the lattice gaps. The reliable support is the increase of
protection effects as the filler concentration becomes greater (Figure 4). The increase in the
temperature values for inspected formulations, when the oxidation effectively starts (onset
oxidation temperatures, Figure 2a,b), supports the explanation of protective effects by the
superficial concentration of defects. More than that, the decrease in CL intensities either for
the samples containing carbon black or for the probes free of it explains the involvement
of electronic interaction by which free radicals are scavenged and withdrawn from the
degradation chains.

The dissimilar mechanism of stabilization promoted by barium titanate with respect
to the classical mechanism ascribed to classical antioxidants concerns the strong physical
interactions, which are possible due to the unpaired electron that is present in scission
fragments. The exposure of EPDM/BaTiO3 composite to the action of γ-rays amplifies the
stabilization effects when the irradiation dose is not too high for the initiation of oxidative
degradation (Figure 3). The availability of free radicals for their trend of recombination
instead of their oxidation is revealed by the evolution of carbonyl vibration (1720 cm−1)
during the FTIR investigation (Figure 6). The increase in the transmittance values is
correlated with the fate of intermediates when they are decayed according to the reactions
through which they are combined.

The mechanical properties are also based on the evidence of the anti-aging effects
of barium titanate, as it protects oxidation and allows the improvement of material elas-
ticity. The most relevant aspect concerning the amelioration of the mechanical behavior
of composites is the dissimilarity between the tensile strength and elongation at break
values as well as their evolution by the modification of irradiation dose (Figure 5). Striking
differences appear for the sample subjected to 50 kGy, where the increase in received energy
reached the gelation dose (15 kGy) [95], and the crosslinking exceeds the degradation.
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The material properties at 100 kGy become more convenient, but the content of titanate
influences the stabilization degree.

Starting with the result analysis from a previous report [96], it is easy to consider
that irradiation processing is a welcome procedure for the manufacture of O-rings in the
presence of carbon black. However, the favorable course of degradation is found only
for the elastomer containing 2.5 phr of barium titanate. Under these circumstances, the
nonirradiated materials offer an excellent answer to the fungi attack (Tables 1 and 2). The
radiation processing decreases the resistance at the fungi attack, but it becomes relevant at
low filler loading (1 phr). The selection of these formulations for the applications under
outdoor conditions, namely electrical cable insulations, is a suitable decision, because these
materials present appropriate mechanical properties and oxidation strength, with their
irradiation being included in the manufacturing procedure.

The inclusion of titanate into the composition of the EPDM structure is accompa-
nied by the restrictive condition of movement for free radicals. The higher content of
titanate determines the hindering of fragments to meet oxygen for their conversion into
degradation products. If the initiation stage does not depend on the formulation, the
propagation step complicates the mechanism by the overlapping of superficial scavenging
and inactivation [97].

The formation of free radicals during the γ-irradiation of EPDM indicates the possi-
bility of crosslinking [18,98]. This feature explains the modification noticed in the values
of mechanical properties, which are tightly dependent on the number of intermolecular
bridges that appear by irradiation curing. The radiation vulcanization of EPDM [99] may
provide a resistant material whose utilization in an energetic hazardous environment would
be recommended [100]. The hybrid-structured EPDM compounds with barium titanate
allow radiation processing as a suitable version of fabrication for many industrially applied
items [101,102].

The presence of some appropriate compounds whose structures recommend them
as suitable stabilizers may increase the period of safe usage of EPDM compounds ex-
plained by the effective inhibition of oxidation based on strong catching by stable chemical
bonds [103,104]. The delay of degradation evaluated by the evolution of FTIR spectroscopy
is a fast and convenient effect brought about by certain fillers and additives that extends the
material durability without significant influence of mechanical properties. Accordingly, the
improvement of barium titanate on the material lifetime is mandatory and required by the
optimization of functional properties and the minimizing the destructive effects of degrad-
ing stressors. The essential requirement for the inclusion of an oxidation protector is its
participation in the overall amelioration of material behavior simultaneously accompanied
by the lack of alterations [105].

5. Conclusions

The present study reports the conditioned behavior of EPDM substrate by the presence
of various amounts of barium titanate particles. The radiation degradation of polymer
fraction is delayed by the scavenging action of fillers when the composites are processed
by γ-irradiation. The compositional feature individualized by the presence of carbon
black powder may be considered as an appropriate characteristic, which leads to high
oxidation resistance, good mechanical properties, and slow advancing oxidation states.
The significant increase in onset oxidation temperature (the temperature that indicates the
start of oxidation) of 10–15 ◦C for each additional 50 kGy is a main benefit of long-term
applications that expends either the operation ranges or the warranty conditions. The
proposed composite formulations containing higher titanate loadings may be suitable for
the manufacturing of high-tech products capable of keeping their oxidation states at a low
level, as it is demonstrated by spectroscopic investigation. The mechanical properties are
relevant for safe usage when the content of barium titanate is 2.5 phr. It is well corroborated
with the longest oxidation induction times (around 500 min) presented by these γ-processed
composites. The chemiluminescence results prove the efficient protection activity of BaTiO3
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filler when γ-irradiation is applied and the thermal aging in the measuring furnace stimu-
lates lower CL emission from the polymer samples with higher filler concentrations (1 and
2.5 phr). The improved functional characteristics of EPDM composites including barium
titanate make the manufacture of a large series of materials possible, which can protect
surfaces against corrosion, eliminate fluid loss by perfect and long-term sealing, assure the
attenuation of vibrations in the jointing part of bridges or buildings, and protect outdoor
devices against the wrong effects of forecast factors.
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EPDM/BaTiO3 composites exposed to a γ-dose of 100 kGy.
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Abstract: We investigated the reinforcement behavior of small amounts of chemically unmodified
cellulose nanofiber (CNF) in eco-friendly natural rubber (NR) nanocomposites. For this purpose,
NR nanocomposites filled with 1, 3, and 5 parts per hundred rubber (phr) of cellulose nanofiber
(CNF) were prepared by a latex mixing method. By using TEM, a tensile test, DMA, WAXD, a bound
rubber test, and gel content measurements, the effect of CNF concentration on the structure–property
relationship and reinforcing mechanism of the CNF/NR nanocomposite was revealed. Increasing
the content of CNF resulted in decreased dispersibility of the nanofiber in the NR matrix. It was
found that the stress upturn in the stress–strain curves was remarkably enhanced when the NR was
combined with 1–3 phr CNF, and a noticeable increase in tensile strength (an approximately 122%
increase in tensile strength over that of NR) was observed without sacrificing the flexibility of the
NR in the NR filled with 1 phr CNF, though no acceleration in their strain-induced crystallization
was observed. Since the NR chains were not inserted in the uniformly dispersed CNF bundles, the
reinforcement behavior by the small content of CNF might be attributed to the shear stress transfer
at the CNF/NR interface through the interfacial interaction (i.e., physical entanglement) between
the nano-dispersed CNFs and the NR chains. However, at a higher CNF filling content (5 phr),
the CNFs formed micron-sized aggregates in the NR matrix, which significantly induced the local
stress concentration and promoted strain-induced crystallization, causing a substantially increased
modulus but reduced the strain at the rupture of the NR.

Keywords: natural rubber; nanocomposites; cellulose nanofibers; mechanical property; reinforcement

1. Introduction

Natural rubber (NR), a natural polymer of cis-1,4-polyisoprene obtained from natural
sources, is an important raw material in the rubber industry. NR is known to have excel-
lent mechanical properties due to its stretchable nature and its ability to crystallize after
stretching [1,2]. It is, therefore, widely used in the rubber industry to manufacture rubber
products, specifically, automobile tires, vibration insulators, and surgical gloves [3–6]. In the
manufacturing process, NR is often added with fillers to achieve a desirable reinforcement,
lower its price, and improve processability.

Currently, the addition of cellulose nanofibers (CNFs) as a load-bearing filler has
received significant attention for the formulation of high-performance polymer nanocom-
posites due to the outstanding mechanical properties presented by these CNFs. The CNFs
were reported to exhibit high Young’s moduli (~100–160 GPa) [7–11] and high strength
(~1.6–3 GPa) [12,13]. Due to the impressive mechanical properties of CNF, along with its
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inherent biodegradability, abundant availability, renewability, and low density, several
research groups have investigated the use of CNF in a wide variety of polymers, such as
thermosets/thermoplastics [14–16], biodegradable polymers [17–19], and synthetic rub-
bers [20–23]. Over the years, CNFs have become a potential nano-filler candidate to be
combined with NR. Abraham et al. [24] dispersed CNF together with sulfur and zinc-based
crosslinking agents in an NR matrix using an NR latex mixing method, and they found that
the introduction of increasing CNF contents (1–10 wt% based on the weight of the dried NR)
markedly increased the tensile modulus and strength of the NR. Similar observations have
also been presented by other authors [25–28]. These authors have ascribed the properties
increase in the NR to the establishment of a chemical network of Zn/cellulose nanofiber
complex in the NR. Kato et al. [28] reported a great increase in the reinforcing efficiency of
pristine CNFs in NR with increasing the filling level from 1 to 5 wt%. The use of chemically
modified CNFs further increased the stiffness and reduced the thermal expansion of the NR
nanocomposite due to the finely dispersed CNF and the formation of chemical crosslinks
between the CNF and the NR. Owing to the above observations, the findings have clearly
shown that both CNF dispersion and bonding strength at the interface between the CNF
and the NR were the main reasons for the rise in mechanical and thermal properties at low
levels of addition.

Due to the stereoregularity of NR, the crystallization in NR under deformation,
called strain-induced crystallization (SIC), presents a major interest in rubber technology.
The formation of crystallites in a natural rubber network leads to a strengthening of this
material, providing NR with a self-reinforcement character [29–31]. Generally, it is well-
established that the strain-induced crystallization of NR is sensitive to the microstructure
of the NR network and its changes during deformation [1,32]. Furthermore, the presence
of popular nano-fillers such as nanoclay, silica, carbon black, carbon nanotubes, and
graphene was found to activate an early crystallization, as well as promote the overall
crystallization of NR during uniaxial deformation [4,5,33–36]. Recently, Wongvasana
and co-workers [37] was the first group to compare the structure–property relationship
of NR nanocomposites reinforced with nanoclay and CNF at a filling level of 5 phr. The
results from this study showed clear distinctions between the nanoclay and the CNF in
terms of their reinforcing effects and mechanisms. The nanoclays were found to finely
disperse in the NR, and they effectively increased the crystalline phase in the NR due
to the orientation of the NR chains introduced by the cooperation of the clay rotation
and crosslinking in the NR network during stretching. As a consequence, the 5 phr
nanoclay/NR nanocomposite exhibited high tensile strength and breaking strain. On
the contrary, the CNF at a content of 5 phr formed an aggregated structure consisting of
entangled nanofibers dispersed in the NR. The CNF aggregates were shown to impart
high stiffness to the NR, with a low breaking strain. Interestingly, the ability of the
aggregated CNFs to induce the NR crystallization upon stretching was also noted, even
at low strain of approximately 150%.

NR has shown different mechanical properties when combined with different loadings
of fillers [4,38,39]. Previous works [4] have shown that the microstructure of NR was
changed by the dispersed fillers and their contents, and the NR microstructure strongly
affected the strain-induced crystallization and mechanical properties of the NR nanocom-
posites. Up to now, studies on the strain-induced crystallization of NR reinforced with CNF
have been very limited, and therefore, information on the mechanistic reinforcement is not
adequate for the development of eco-friendly and sustainable materials which require the
effective use of CNFs.
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In this study, we aimed to explore CNF’s effects and the structures they form at
different contents on the properties of NR. Pristine CNFs were used at concentrations of 1,
3, and 5 phr. The use of CNF without chemical modification is of benefit to manufacturing
from an economical and environmental perspective. The CNFs were mixed with NR using
a latex mixing method, as previously outlined in the literature [37], and crosslinked with
dicumyl peroxide (DCP) to obtain CNF/NR nanocomposites. The neat NR was prepared
and used as a control. To clarify the CNF’s effects on the mechanistic reinforcement of
the NR at different contents, we investigated the microstructures, mechanical properties,
bound rubber contents, crosslink densities, and strain-induced crystallization levels of
the CNF/NR nanocomposites by transmission electron microscopy (TEM), tensile tests,
dynamic mechanical analyses, measurements of bound rubber, solvent-induced swelling,
and gel contents, and wide-angle X-ray diffraction (WAXD), respectively.

2. Materials and Methods
2.1. Materials

High ammonia (HA) concentrated natural rubber (NR) latex containing a dry rubber
content (DRC) of 60% was supplied by Yala Latex Co., Ltd. (Yala, Thailand). Cellulose
nanofibers (CNF, Nanoforest-S) made from wood pulp using the aqueous counter collision
(ACC) method were kindly supplied by Chuetsu Pulp and Paper Co., Ltd. (Tokyo, Japan).
Dicumyl peroxide (DCP) was manufactured by Wuzhou International Co., Ltd. (Shenzhen,
China), and 2, 2, 4-trimethyl-1,2-dihydroquinone (TMQ) was supplied by Lanxess AG
(Cologne, Germany). Paraffinic oil (white oil grade A, no. 15) was provided by China
Petrochemical International Co., Ltd. (Shanghai, China).

2.2. Preparation of CNF/NR Nanocomposites

The CNF/NR nanocomposites were prepared through the latex mixing method
schematically shown in Figure 1. In the latex mixing method, the aqueous CNF sus-
pension (1 wt%), obtained by mixing the CNFs in water, as outlined in the literature [37],
was firstly mixed with NR latex under vigorous stirring (600 rpm) at room temperature
for 30 min using an IKA® RW 20 digital mixer (IKA®-Werke, Staufen, Germany). The
obtainable CNF/NR mixtures having amounts of CNF of 1, 3, and 5 phr were then dried
at 50 ◦C for 2 days. The dried CNF/NR masterbatches were later compounded with the
rubber additives in a Hakke internal mixer (Thermo Electron Corporation, Karlsruhe, Ger-
many) at a temperature and rotor speed of 50 ◦C and 60 rpm, respectively, for 12 min. The
compositions of the CNF/NR nanocomposite compounds are listed in Table 1. The com-
pounded CNF/NR nanocomposites were crosslinked with DCP in a hot-pressing machine
at 160 ◦C for 10 min. The neat NR used as a reference specimen was also prepared using
the same procedure as described above. Photographs of the NR and NR nanocomposite
samples are shown in Figure 1. The chemically unmodified CNF-reinforced NR was vis-
ibly transparent at CNF filling levels of 1–5 wt%. In this study, the DCP-crosslinked NR
nanocomposites with 1, 3, and 5 phr CNF were designated CNF1/NR, CNF3/NR, and
CNF5/NR, respectively.

Table 1. Formulation of the NR and the CNF/NR nanocomposites.

Ingredients
Parts per Hundred Rubber (phr)

NR CNF1/NR CNF3/NR CNF5/NR

NR 100 100 100 100
CNF - 1 3 5

Paraffinic oil 20 20 20 20
TMQ 2 2 2 2
DCP 1 1 1 1
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Figure 1. Schematic diagram of the preparation of the NR and the CNF/NR nanocomposites.

2.3. Characterization
2.3.1. Transmission Electron Microscopy (TEM)

TEM was used to study the dispersion of the CNFs in the CNF/NR nanocomposites.
TEM imaging was conducted using a JEOL JEM 2010 (JEOL Co., Tokyo, Japan). Ultra-
thin sections (approximately 100 nm) were cut with a diamond knife at a temperature of
−120 ◦C using an ultramicrotome (RMC MT-XL, RMC Products Group, Ventana Medical
System, Inc., Oro Valley, AZ, USA).

2.3.2. Wide-Angle X-ray Diffraction (WAXD) Measurements

The degree of crystallinity in the NR and the CNF/NR nanocomposites during tensile
stretching was assessed by wide-angle X-ray diffraction (WAXD) using a NANO-Viewer
system (Rigaku Co., Ltd., Tokyo, Japan). Cu-Kα radiation with a wavelength of 0.154 nm
was generated at an accelerated voltage of 46 kV and a target current of 60 mA. The sample-
to-detector distance was 15 mm. An imaging plate (IP) (Fujifilm BAS-SR 127) was used as a
two-dimensional detector and an IP reading device (R-AXIS Ds3, Rigaku Co., Japan) was
used to transform the obtained image to text data. The sample was stretched in steps after
WAXD measurements at a fixed strain using a miniature tensile machine (Imoto Machinery
Co., Ltd., Kyoto, Japan). The exposure time was 15 min at room temperature (20 ◦C). The
scattering intensity was corrected with respect to the exposure time, the sample thickness,
and the transmittance.

The area of the crystalline diffraction peaks assigned to the (200) and (120) planes and
the area of the amorphous halo were fitted using Origin®9.1 software. The value of Xc was
calculated using Equation (1):

Xc =
Ac

Ac + Aa
× 100 %, (1)
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where Ac represents the areas of the crystalline region and Aa corresponds to the amorphous region.

2.3.3. Mechanical Property Measurements

The mechanical properties were measured on a Hounsfield Tensometer (H10KS,
Hounsfield Test Equipment Co., Ltd., Surrey, UK) at a temperature of 25 ± 2 ◦C with
an extension rate of 500 ± 50 mm/min by ASTM D412. The dumb-bell-shaped specimens
were cut from the crosslinked rubber films. An average of ten specimens was considered
for the tensile test.

2.3.4. Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of the NR and the CNF/NR nanocomposites were
measured using an advanced rheometric expansion system rheometer (model ARES-RDA
W/FCO, TA Instruments Ltd., New Castle, DE, USA). The storage modulus (E′) and loss
factor or damping factor (tan δ = E′′/E′, where E′′ is a loss modulus) were determined with
the tension mode at temperatures ranging from −95 ◦C to 80 ◦C using a heating rate of
2 ◦C/min, a frequency of 1.0 Hz, and a dynamic strain amplitude of 0.5%.

2.3.5. Bound Rubber

Bound rubber measurements were performed to determine the physical linkages
between the rubber and the CNF. Approximately 0.2 g (g) of uncured rubber compounds
contained in a metal cage were immersed in 20 mL of toluene at room temperature for
3 days, with the solvent replaced every day. Then, the samples were removed from the
toluene solvent and dried at 105 ◦C until they reached a consistent weight. The bound
rubber content was estimated using the following equation [40]:

Bound rubber (%) =
W f g −W f

Wp
, (2)

where Wfg represents to the weighted sample after immersion, Wf is the weight of the CNF
in the specimen, and Wp refers to the weight of the NR in the specimen.

2.3.6. Gel Content

Gel content measurements were performed to measure the extent of the crosslinking of
the NR phase in the NR and the CNF/NR nanocomposites. Specimens weighing between
0.17 and 0.20 g were cut into small pieces and directly immersed in a 250 mL round bottom
boiling flask containing ~100 mL of toluene and attached to a condenser. The gel content
determination was carried out for 8 h. The insoluble residues were taken out and dried at
room temperature for 48 h prior to weighting. The gel content was calculated using the
following equation [41]:

Gel content = 100−
[( W f inal

(1− F) Wrubb

)
× 100

]
, (3)

where Wfinal is the weight of the sample after extraction, Wrubb is the initial weight of the
rubber in the sample, and F is the volume fraction of the filler.

3. Results and Discussion
3.1. Dispersion of CNF in the CNF/NR Nanocomposites

The effect of the CNF content on the filler dispersion state in the NR matrix was
examined by the TEM technique, and the results are shown in Figures 2 and 3. Figure 2
shows TEM photomicrographs of thin sections of the CNF/NRs containing 1, 3, and 5 phr
CNF taken at low magnification levels. In the early work of Thomas et al. [25], in a TEM
photograph of NR without filler, the absence of fillers was apparent. However, the obtained
TEM images of the NR nanocomposites concerning the dispersion of the CNF showed the
CNF structure in the NR matrix. The sizes of the CNFs in the various CNF/NR samples
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were measured from the TEM images using Image J software, and their sizes were repre-
sented by the thicknesses. The results are given in Table 2. From Figure 2A–C, it can be
seen that different grades of CNF dispersion were formed in the NR matrixes, depending
on the content of CNF. It has been reported that individual CNFs obtained from wood
sources had thicknesses of approximately 3–5 nm [13,42,43]. Based on the measured sizes
of the nanofibers shown in Figure 2 and Table 2, it was clear that the CNF1/NR consisted
of CNFs which were separate from the nanofiber and bundles of nanofibers due to high
extent of CNF-CNF interactions via the hydrogen bonding of the active hydroxyl group
(-OH) on the CNF surfaces [14,22,44]. When the addition of the CNFs was increased to
3 phr, the nanofibers were held together to form fiber bundles, and their thicknesses were
apparently increased (Figure 2B and Table 2). With further addition of CNFs of up to 5 phr,
the CNFs were mostly aggregated, and the aggregated dimensions were approximately
1–3 µm (Figure 2C and Table 2). At higher magnification, as shown in Figure 3, the TEM
images clearly displayed the nanofiber structure in the CNF1/NR sample and the aggre-
gated structure composed of highly entangled nanofibers in the CNF5/NR sample. In
an early work by Fiorote et al. [45], the effect of CNF content (0.5, 1, 2.5, and 5 phr) on
the morphology of CNF/NR nanocomposites was investigated. The results showed that
the degree of nanofiber dispersion decreased with increasing contents of CNF. Similarly,
Zhang et al. [46] incorporated CNFs of different contents (1–10 phr) in NR nanocomposites,
and they demonstrated that poor nanofiber dispersion was observed for the nanocompos-
ites loaded with CNF in the amounts of 5 and 10 phr. In this study, the findings from the
TEM analysis led to the conclusion that there was a homogeneously dispersed, nano-sized
CNF in the CNF1/NR sample and a micro-sized domain of aggregated nanofiber in the
CNF5/NR sample.
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Figure 2. TEM images of (A) CNF1/NR, (B) CNF3/NR, and (C) CNF5/NR at low magnification
(X5,000).
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Table 2. Dimensions of the dispersed CNFs in the CNF/NR nanocomposites.

Samples Dimension Range of CNFs
(nm)

Average Thickness of the CNFs
(nm)

CNF1/NR 3–184 65 ± 63
CNF3/NR 30–345 140 ± 99
CNF5/NR 1000–3000 1700 ± 700
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Figure 3. TEM images of (A) CNF1/NR and (B) CNF5/NR at high magnification (X15,000).

3.2. Stress-Strain Behavior of NR and CNF/NR Nanocomposites

Figure 4 shows the representative stress–strain behavior of the CNF/NRs filled with
different CNF contents. As can be seen in Figure 4, it was obvious that the characteristic
stress–strain curves of the NR, CNF1/NR, and CNF3/NR samples, but not that of the
CNF5/NR sample, were very similar; that is, their stresses gradually increased as a function
of the applied strain and turned upward sharply beyond a certain strain, as indicated by
the arrows. It was also interesting to see that the upward turn was pronounced upon the
addition of the CNFs into the NR. In the unfilled NR, the abrupt upturn of stress at high
strains was generally assigned to the strain-induced crystallization (SIC) process [4,47,48].
Conversely, the CNF5/NR sample showed a different stress–strain behavior. The tensile
stress exerted on this sample was dramatically raised upon stretching until it reached
the rupture stress at low applied strain (~300%), where the abrupt upturn in stress was
about to occur. As we clearly demonstrated that the CNFs in the CNF5/NR sample were
inhomogeneously dispersed in the NR (Figures 2 and 3), the aggregated nanofibers in the
CNF5/NR sample could have acted as crack precursors that reduced the breaking strain of
the NR.
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The tensile moduli at 50%, 100%, and 300%, as well as the tensile strength, strain at
break of the NR, and various CNF/NRs, were also compared, as shown in Table 3. These
results clearly showed the influence of the different CNF addition levels on the mechanical
properties of the NR nanocomposites. The tensile moduli at 50%, 100%, and 300% strains
obviously increased with the increasing CNF content. Several authors have reported a
dependence of the modulus of a polymer on the filler content [49–51]. In Table 3, it is
seen that the increases in the moduli at the 50%, 100%, and 300% strains of the NR were
significant in the CNF5/NR sample (the increases were 110%, 304%, and 420% for the
50% modulus, 100% modulus, and 300% modulus, respectively). The tensile strength of
the CNF/NR samples increased when CNFs were incorporated at 1 phr, and then they
leveled off as the CNF contents of 3–5 phr were added. For the CNF1/NR sample, it
was seen that the tensile strength of the CNF1/NR sample was remarkably improved by
approximately 122% over that of the NR, and its strain at break was approximately 757%
comparable to that of the NR (which had a breaking strain of approximately 759%). The
high tensile strength and good flexibility may be ascribed to the well-dispersed CNFs in
the CNF1/NR sample. The crosslink density determined from the equilibrium swelling
measurement is also included in Table 3. In general, the crosslink density of a composite
material is a measure of the filler–rubber interaction [27,39]. Based on the data, it was
clear that increments in overall crosslink density resulted from more interaction between
the CNF and the NR. Therefore, the addition of more CNF caused higher restricted NR
chain mobility, which accounted for the increase in the tensile modulus and the decrease in
the rubber flexibility. However, the tensile strength was inconsistently increased with the
increasing crosslink density.

Based on these observations, a noteworthy result obtained was that the characteristic
stress–strain behaviors of the NR and the NR nanocomposites with lower CNF contents
(1–3 phr CNF) were clearly distinguishable from those of the high CNF content samples
(5 phr CNF). Furthermore, the tensile properties of the NR nanocomposites changed in
variation with the incorporated CNF contents. To explain these observations, a study on
the microstructural evolution of NR networks in various CNF/NR samples using WAXD
analysis was carried out, and their features of strain-induced crystallization were compared
and are discussed in the next section.

Table 3. Summary of the mechanical properties of the NR and the CNF/NR nanocomposites.

Samples
50%

Modulus
(MPa)

100%
Modulus

(MPa)

300%
Modulus

(MPa)

Tensile
Strength

(MPa)

Elongation
at Break

(%)

Crosslink
Density

(×10−5 mol/g)

NR 0.22 ± 0.02 0.24 ± 0.03 0.49 ± 0.06 3.26 ± 0.66 759 ± 20 3.22 ± 0.20
CNF1/NR 0.23 ± 0.03 0.35 ± 0.02 0.70 ± 0.06 7.26 ± 1.03 757 ± 38 3.67 ± 0.14
CNF3/NR 0.42 ± 0.05 0.76 ± 0.08 1.56 ± 0.16 3.08 ± 0.47 470 ± 43 4.79 ± 0.20
CNF5/NR 0.50 ± 0.06 0.90 ± 0.03 2.55 ± 0.43 2.56 ± 0.31 302 ± 21 4.92 ± 0.11

3.3. Strain-Induced Crystallization of the NR and the CNF/NR Nanocomposites

Figure 5 displays two-dimensional (2D) WAXD images of the NR and the CNF/NR
samples containing 1, 3, and 5 phr CNF at various applied strains.

Figure 5 shows that the different positions of the reflection spots seen in these pho-
tographs were assigned to different crystallographic planes, and the crystallographic planes
that corresponded to (200) and (120) were of interest. It was clear that the applied strain
had a significant impact on the patterns in the WAXD images. At strains of 0 and 150%, no
reflection spots were observed in these images due to the fact that no crystallization had
occurred. On the other hand, several reflection spots belonging to different crystallographic
planes appeared when the samples were stretched up to strains of approximately 175–300%.
These reflection spots became more pronounced, with increasing deformations, suggesting
that the strain promoted crystallization and molecular chain orientation [3].
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Figure 5. Typical two-dimensional WAXD images as a function of the applied strain for the NR and
the CNF/NR nanocomposites.

To obtain clear information about strain-induced crystallization in the CNF/NR samples,
the 2D WAXD data were transformed into 1D data, and the results are shown in Figure 6.
Figure 6 shows the 1D WAXD patterns of the NR and the various CNF/NR samples selected at
strain levels of 200%, 300%, and 450%. The diffraction peaks observed at 2θ of approximately
16◦ and 24◦ corresponded to the (200) and (120) planes [52,53]. No crystal peaks were observed
at 200% strains for the NR, CNF1/NR, and CNF3/NR samples, indicating crystallization
had not occurred in these samples. The crystallization in the NR, CNF1/NR, and CNF3/NR
samples was initially seen at a strain of 300%, in which the two diffraction peaks at 2θ of
approximately 16◦ and 24◦ were observed. These two peaks became more pronounced with
further deformation, implying the enhancement of the crystallinity with the strain. Unlike the
NR and CNF/NR samples with 1–3 phr CNF, the diffraction peaks corresponding to the (200)
and (120) planes in the CNF5/NR sample were observed at a low strain of 200%, suggesting an
early crystallization process in this sample. Since the CNF5/NR sample was broken at strain of
approximately 300%, no further enhancement of crystallinity was observed in this sample.
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Based on the 1D WAXD images, the crystallinity (Xc) of the stretched NR and different
CNF/NR samples could be estimated using Equation (1). The Xc results are shown in
Figure 7.

Figure 7 shows the change in crystallinity degree (Xc) as a function of the applied
strain for the NR and the various CNF/NR samples filled with different amounts of CNFs.
It was obvious that the Xc of all samples increased with the increasing strain, indicating that
the crystallization of the NR and the nanocomposites was caused by tensile deformations.
The Xc values of the NR and the CNF1/NR and CNF3/NR samples were initially seen at
a strain of approximately 300%. This implied that the onset strains of the strain-induced
crystallization in these three samples were similar. The variation in Xc upon stretching and
at the same strain levels was also comparable among these samples, suggesting that the
crystallization process that took place in the NR was similar to those of the CNF1/NR and
CNF3/NR samples, even though the latter contained CNF as reinforcement. Therefore,
the characteristic patterns of the stress–strain curves of the NR and the CNF/NR samples
containing 1 and 3 phr CNF were very similar, as discussed earlier (Figure 4). On the other
hand, the CNF5/NR sample showed a dramatic decrease in strain value (175%) at the onset
of crystallization and a progression of crystallization with increasing the applied strain from
175% to 225%. No further deformation and crystallization developed because the sample
had failed (~300% strain). It was proposed that the immobilized NR chains at the surface
of the aggregated CNF contributed to the local stress concentration and the strain-induced
crystallization behavior in the CNF5/NR sample [37], and thereby, they significantly
increased the moduli at different strains (Figure 4 and Table 3). As the CNF5/NR sample
was strained up to approximately 300%, the amount of local stress concentration was
significantly high, which resulted in the quick failure of the CNF5/NR sample.
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nanocomposites.

The most surprising aspect of the above observations was that the accelerated strainin-
duced crystallization was not detected in the CNF/NR samples with comparatively lower
CNF contents (1–3 phr), and their degrees of crystallization upon stretching did not depend
on their CNF content, though the tensile properties showed different variations. Thus,
further investigations to reveal the influence of CNF concentration on the nanocomposite
structure and their reinforcement effects through DMA analysis, bound rubber formation,
and gel content measurement were performed.

3.4. Dynamic Mechanical Properties of the CNF/NR Nanocomposites

Figure 8 shows the correlation between the storage modulus (E′) and the damping
factor (Tan δ) as a function of the temperature for the NR and the CNF/NR samples
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containing 1, 3, and 5 phr CNF. Generally, the addition of CNF significantly enhanced
the E′ in a rubbery state and decreased the tan δ, reflecting the influence of CNF on the
reinforcement of the NR. The values of E′ at 25 ◦C, the tan δmax of the NR (the height of the
tan δ peak), and the glass transition temperature (Tg) of the NR and the CNF/NR samples
are also listed for comparison in Table 4.
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As can be seen from Figure 8A and Table 4, the inclusion of CNF improved the E′

of the NR at 25 ◦C, and the magnitude of the increment increased with increasing CNF
contents. This resulted from the rubber being more rigid as a result of the higher filling
levels of CNF [37]. The rigidity of the pristine CNF could impede the movement of the
chain segment of the NR through the filler–rubber interfacial actions [14,54]. Thus, in our
study, it was likely that that the improvement in the E′ at 25 ◦C could mainly attributed to
the physical interaction or entanglement between the pristine CNFs and the NR chains in
the CNF/NR samples. Moreover, it was seen that the pristine CNFs reduced the tan δmax of
the NR depending on the amount of CNF. The reduction in the tan δmax with the increasing
CNF contents indicated the higher restricted movement of the NR chain segments at the
interface of the CNF and the NR [37,55–57]. The glass transition temperature illustrated
by the tan δ peak temperature of the NR (−60.1 ◦C) was systematically shifted to higher
temperature as the CNF content was increased. When the NR chains adhered to the
surfaces of CNFs via interfacial interactions, as discussed previously, a higher energy was
required to achieve the same level of chain segment movement in the CNF/NR samples
than in the neat NR. Similar results have been found in CNF-reinforced polyethylene oxide
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(PEO) [14] and styrene-butadiene (SBR) nanocomposites [22]. Therefore, the lowering of the
tan δmax and the increment of the Tg with the incorporated CNF further substantiated the
interfacial interaction between the nanofibers and the NR at the interface of the CNF/NR
samples. Owing to the results demonstrated by the DMA technique, the CNF-reinforced
NR nanocomposites showed better dynamic properties than the NR due to the interfacial
reinforcement in the CNF/NR nanocomposites.

Table 4. Storage moduli (log E′) at 25 ◦C, maximum tan δ peaks (tan δmax), and glass transition
temperatures (Tg) of the NR and the CNF/NR nanocomposites.

Samples Log E′ at 25 ◦C
(MPa) Tan δ max

Tg
(◦C)

NR 5.79 2.85 −60.1
CNF1/NR 6.18 2.55 −59.2
CNF3/NR 6.21 1.71 −58.9
CNF5/NR 6.30 1.64 −58.1

3.5. Bound Rubber and Gel Content of the CNF/NR Nanocomposites

Table 5 shows the effect of CNF concentration on bound rubber and gel content
formation. The bound rubber is a measure of the elastomer adsorption onto the filler
surface [40,58], while the gel content reveals information about the chemical crosslink
density in the NR network [59].

It was seen that bound rubber was not detected in the CNF1/NR and CNF3/NR
samples. This implied that the NR molecules did not interact chemically with the reinforcing
nanofibers and they could be readily removed from the unreacted CNF1/NR and CNF3/NR
compounds after being immersed in toluene for a given period of time. On the other hand,
the CNF5/NR sample in which the nanofibers were mostly aggregated (Figures 2C and 3B)
showed a significant bound rubber content of approximately 9.06%. It was shown that the
non-extractable NR observed in the CNF5/NR sample was formed by the insertion of NR
chains into the aggregated CNFs. These inserted NR chains led to a number of immobilized
NR chains and a significant local stress concentration, which had a large influence on the
tensile properties and crystalline formation in the CNF5/NR sample, as discussed earlier
in our previous work [37]. These results suggested that the NR chains were not inserted
into the CNF bundles of the CNF1/NR and CNF3/NR samples.

Table 5. Bound rubber contents and gel contents of the NR and the CNF/NR nanocomposites.

Samples
Bound Rubber

Content
(%)

Gel Content
(%)

NR N/A 80.12 ± 0.11
CNF1/NR N/A 80.24 ± 0.32
CNF3/NR N/A 80.38 ± 0.08
CNF5/NR 9.06 ± 1.18 80.43 ± 0.73

Considering the data of gel content measurements in Table 5, it was clearly seen that
each gel content of the NR and the CNF/NR samples filled with 1, 3, and 5 CNF phr
was not different, meaning that the incorporation of CNF did not change the degree of
chemical crosslinking in the NR by the peroxide vulcanization. Therefore, the changes in
the mechanical properties of the CNF/NR nanocomposites were largely governed by the
CNFs’ dispersibility and their microstructure formations. Unlike the CNF5/NR sample,
the NR nanocomposites reinforced with relatively lower CNF contents, particularly the
CNF1/NR sample, showed high levels of improvement in the tensile strength of the NR,
with good flexibility, even though the acceleration of the strain-induced crystallization by
the CNF incorporation and the bound rubber in this sample were not observed. These
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results may interestingly suggest a different reinforcement mechanism of the CNFs in the
NR nanocomposites with relatively low (1 phr) and high (5 phr) CNF contents.

3.6. Model of Reinforcement Mechanism

Based on the observations mentioned above, we proposed a mechanistic model explain-
ing the reinforcement of the CNF/NR nanocomposites with low CNF contents, as depicted
in Figure 9. The focus was on the NR nanocomposites filled with 1 phr CNF, as the rein-
forcement mechanism of the NR nanocomposites containing high CNF loading (5 phr) was
well-described in our earlier publication [37]. It should be noted here that the CNF1/NR
sample exhibited separate nanofibers and small bundles of a nano-sized scale (Figure 2(A)),
implying that the surface area of the CNF for the interaction with the NR in this sample was
relatively high.
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In an unstretched state, the long chains of the NR molecules would most likely in-
teract with the single CNF and bundled CNFs through physical entanglement, as shown
in Figure 9. Upon tensile stretching, the NR network was deformed, whereas the stiff
CNF was not deformed. Theoretically, in a classical model of short-fiber composites, the
reinforcement of rigid fiber occurs through the transfer of tensile stress from the matrix to
the fiber by means of interfacial shear stress [60,61]. By this mechanism, the tensile stress
in the NR was built up by the transfer of the shear stress from the NR to the CNF across
the CNF/NR interface. Therefore, the CNF in the CNF1/NR would contribute to carry
more tensile stress upon deformation, owing to relatively large interfacial area for the stress
transfer from the CNF to the NR. However, the nano-sized CNFs prevented the NR chains
from aligning and crystallizing because of the lack of stress concentration at the interface
between the CNF and the NR chains in the CNF1/NR sample. As a result, enhancement
of the strain-induced crystallization caused by the nanofiber was not observed in the NR
nanocomposites containing small amounts of CNF. On the other hand, the presence of
the local stress concentration at the interface between the aggregated CNF and the NR
caused by the mutually entangled structure of the CNF aggregates and the NR chains, as
demonstrated by the bound rubber measurements (Table 5), was the main factor for the
acceleration of the strain-induced crystallization at the low strain in the CNF5/NR sample
(Figures 5–7). When the tensile deformation reached a strain of 300%, crystallization was
observed in the CNF1/NR sample, which was due to the strain-induced crystallization
by the short NR chains around the dense crosslinking points. The crystallization of the
NR matrix progressively increased with the applied strains because the strain caused
the orientation and alignment of the NR chains. At a large tensile deformation (>600%
strain), the interfacial shear stress at the interface region between the CNF and the NR
was significantly high, leading to a large increase in load bearing in the CNF and, thus,
a significant enhancement of the NR reinforcement. The breaking strain of CNF1/NR
was also comparable to the neat NR owing to the stretching without debonding at the
CNF1/NR interface by the interaction through the physical entanglement.

4. Conclusions

We found the reinforcement behaviors of small amounts of chemically unmodified
cellulose nanofiber (CNF) in eco-friendly natural rubber (NR). The tensile modulus and the
storage modulus of the CNF-reinforced NR increased with increasing CNF concentrations.
The NR nanocomposite with 1 phr CNF showed the maximum tensile strength, which
was an approximate 122% increase over that of the NR, together with a large strain at
break (757%). The CNF in amounts of 1–3 phr were well-dispersed in the NR matrixes,
without microscaled aggregation, leading to significant enhancements in stress upturn
during stretching. However, it was observed that the addition of CNF at low concentrations
(1–3 phr) did not participate in the strain-induced crystallization process of the NR, and
their degree of crystallinity was not dependent on the CNF filling contents. Therefore, the
high tensile strength for the 1 phr CNF-filled NR nanocomposite was based on the increase
in the dispersion state of the CNF, which, in turn, increased the CNF/NR interaction for
the effective stress transfer capability from the NR to the embedded CNF. On the other
hand, at a filling content of 5 phr CNF, the nanofibers were aggregated, resulting in a local
stress concentration and accelerated strain-induced crystallization. This contributed to a
high tensile modulus but low tensile strength and strain at break. Thus, this study revealed
that the effects of CNF on the mechanistic reinforcement of NR varied depending on the
different CNF filling concentrations.
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Abstract: Replacing fossil-based polymers with renewable bio-based polymers is one of the most
promising ways to solve the environmental issues and climate change we human beings are facing.
The production of new lignocellulose-based polymers involves five steps, including (1) fractionation
of lignocellulose into cellulose, hemicellulose, and lignin; (2) depolymerization of the fractionated
cellulose, hemicellulose, and lignin into carbohydrates and aromatic compounds; (3) catalytic or
thermal conversion of the depolymerized carbohydrates and aromatic compounds to platform
chemicals; (4) further conversion of the platform chemicals to the desired bio-based monomers;
(5) polymerization of the above monomers to bio-based polymers by suitable polymerization methods.
This review article will focus on the progress of bio-based monomers derived from lignocellulose,
in particular the preparation of bio-based monomers from 5-hydroxymethylfurfural (5-HMF) and
vanillin, and their polymerization methods. The latest research progress and application scenarios
of related bio-based polymeric materials will be also discussed, as well as future trends in bio-
based polymers.

Keywords: cellulose; HMF; vanillin; bio-based polymers; biopolyester

1. Introduction

Since the industrial revolution, large-scale use of fossil resources has led to serious
environmental problems such as the greenhouse effect, atmospheric pollution, soil, and
marine pollution. Among these, cheap, lightweight, and versatile polymers are essential for
all aspects of daily life, but most polymers are still highly dependent on chemicals derived
from fossil fuels for their production [1]. Not only is the polymer industry facing a depletion
of raw materials, but the production process also has an irreversible negative impact on
the environment. For example, studies have shown that the equivalent CO2 emissions per
kilogram of polypropylene and polyethylene produced are 1.34 and 1.48 kg, respectively [2].
In addition to this, only 14% of plastic packaging is collected for recycling after use and
a significant amount escapes into the environment [3]. The resulting white pollution and
greenhouse effect also pose an unprecedented challenge for industrial development and
materials research and development. For this issue, mass production and applications
of bio-based polymer materials through the efficient use of green and renewable plant
resources are the most promising means for solving the problems [4]. The research and
development of bio-based polymer materials have been well developed in recent years
in terms of bio-based monomer preparation with high efficiency, novel polymerization
methods of bio-based monomers, and the preparation of novel catalysts. Depending on
the synthetic methods, bio-based polymers include two main categories: natural polymers
and bio-based synthetic polymers from bio-based monomers [5]. Natural polymers are
mainly represented by cellulose and lignin, etc., which are widely found in plants. For
the latter category, the mainly used raw materials for bio-based synthetic polymers are
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lignocellulose, cellulose, hemicellulose, and lignin from biomass, which can be converted
to polymerizable monomers through various chemical processes.

As the most abundant renewable resource on earth, lignocellulose is widely found
in hardwoods (e.g., aspen), softwoods (e.g., pine needles), agricultural waste (e.g., straw),
and herbaceous plants [6–9]. Its main components are cellulose, hemicellulose, and lignin
(Figure 1) [10–14]. Depending on the type of biomass, the content of the individual compo-
nents varies [4]. In wood raw materials such as hardwoods and softwoods, the cellulose
content is high, up to more than 50%, while in agricultural waste such as straw, the cel-
lulose content varies from 28% to 40%. Due to the importance of wood raw materials in
structural materials and in order to reduce the diversion of food resources from biomass
development, the conversion of non-edible agricultural waste into high-value-added chem-
icals is one of the most effective tools that have been investigated in recent years. The
production of new lignocellulose-based polymers includes five steps: (1) fractionation of
lignocellulose into cellulose, hemicellulose, and lignin; (2) depolymerization of the frac-
tionated cellulose, hemicellulose, and lignin into carbohydrates and aromatic compounds;
(3) catalytic or thermal conversion of the depolymerized carbohydrates and aromatic com-
pounds to platform chemicals; (4) further conversion of the platform chemicals to the
desired bio-based monomers; (5) polymerization of the above monomers to bio-based
polymers by suitable polymerization methods [15,16]. This review article will focus on the
progress of bio-based monomers derived from lignocellulose, in particular the preparation
of bio-based monomers from 5-hydroxymethylfurfural (5-HMF) and vanillin, and their
polymerization methods (Figure 2). The latest research progress and application scenarios
of related bio-based polymeric materials will be also discussed, as well as future trends in
bio-based polymers.
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2. Bio-Based Monomers from Lignocellulose
2.1. C5/C6 Sugar Platform Chemicals Based on Cellulose/Hemicellulose

Cellulose is a homopolymer of glucose and is mainly found in the cell walls of plants.
The hydrolysis products of cellulose are mainly the six-membered sugar glucose (C6
sugars), and their chemical structures are shown in Figure 3a. The hydrolysis products of
hemicellulose include not only glucose but also other five-membered sugars (C5: xylose,
arabinose) and six-membered sugars (C6: mannose, galactose, rhamnose). These sugar
intermediates can be used to prepare various first-generation furan derivatives, with
furfural and 5-hydroxymethylfurfural (5-HMF) being the most common platform chemicals
used to prepare polymerizable monomers (Figure 3b).

Most of the bio-based monomers are prepared based on 5-HMF, furfural, and furfuryl
alcohol (FA). Of these, 5-HMF is one of the twelve core chemicals selected by the U.S.
Department of Energy Biomass Program (2004) and is the most versatile intermediate.
5-HMF can be prepared highly selectively from hexoses such as fructose, and all the
six carbon atoms initially in the C6 sugars are retained in the molecular structure of 5-
HMF. In 2009, Binder et al. reported that a solvent of N, N-dimethylacetamide (DMAc)
containing lithium chloride (LiCl)) (DMAc/LiCl) can be used to efficiently prepare 5-HMF
in a single-step reaction at low temperatures (≤140 ◦C) [17]. Reaction mechanism studies
have shown that the loosely bound halide ions in the DMAc-LiCl ion pair play a crucial
role in the reaction process. In addition, Dumesic et al. studied the impact of solvent choice
on HMF yield by adding inorganic salts (e.g., NaCl) to a concentrated fructose aqueous
solution (30 wt%) in a biphasic system containing an organic phase. The 5-HMF yield
could be increased by increasing the partitioning of 5-HMF in the extraction phase [18].
The results indicated when tetrahydrofuran (THF) was used as the organic extraction
phase, high selectivity (83%) and high extracting power (R = 7.1) at 150 ◦C were achieved.
A research team from Ehime University developed a high-temperature, high-pressure
continuous flow microwave organic reactor that can achieve a special reaction operation:
rapid rising of reaction temperature from room temperature to 400 ◦C within 0.01 s and
rapid reduction of temperature after the reaction. The process can effectively suppress
the generation of side reactions and increase the yield of 5-HMF to 70%. The obtained
5-HMF as a platform chemical can be converted into a variety of derivatives, which are
important raw materials for bio-based polymers [19–24]. The reported types of derivatives
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can be divided into two categories according to whether the furan ring structure remains
intact in the derivatives: (1) 5-HMF-derived monomers without furan ring structure and
(2) 5-HMF-derived monomers with a furan ring structure.
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2.2. Bio-Based Monomers without Furan Ring Structures Derived from 5-HMF

The furan ring in the 5-HMF structure can undergo various reactions such as with
electrophilic reagents, nucleophilic reagents, oxidizing agents, reducing agents, cycloaddi-
tions, and metals and metal derivatives to synthesize various bio-based monomers as well
as precursors (Figure 4a) [25]. Production of 2,5-hexanedione from 5-HMF was achieved
us high temperature water (HTW) as a reaction medium and Zn as a catalyst [26]. The
HTW at 250 ◦C was desirable for acid/base catalyzed HMF conversion. Maleic anhydride
is a versatile chemical intermediate used in the production of various compounds and
polymers, such as 1,4-butanediol, fumaric acid, tetrahydrofuran, and polyester resins. It
was abandoned to use benzene as starting chemicals for synthesis of maleic anhydride
in the industry because of the toxicity and undesirable loss of two carbons for the struc-
ture during reactions. The replacement of a benzene-based process with a biomass-based
process is promising. Xu et al. obtained a from-5-HMF-to-maleic anhydride yield of 52%
using VO(acac)2 as a catalyst after a reaction at 90 ◦C for 4 h in acetonitrile through the
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simultaneous oxidation of hydroxymethyl group and C–C bond cleavage of 5-HMF [27].
Levulinic acid is an important biomass-derived platform chemical as an intermediate for
the preparation of polymer monomers such as succinic acid [28–30]. The acid-catalyzed
decomposition of 5-HMF for the preparation of levulinic acid has been widely reported, but
most of them were limited by low yields and deficient economic efficiency. Recently, a new
strategy for the efficient green preparation of levulinic acid using bifunctional Brønsted
Lewis acids (HScCl4) as catalysts has been proposed by Yu et al. [31]. In addition, the
catalytic hydrogenation of 5-HMF using Pd/Al2O3 catalysts afforded 2,5-tetrahydrofuran
dimethanol (THFDM) with a 9:1 ratio of cis to trans structure [32]. The oxidation of THFDM
in water using a hydrotalcite-supported gold nanoparticle (AuNP) catalyst (~2 wt%) gave
rise to 2,5-tetrahydrofuran dicarboxylic acid (THFDCA) with a high yield of 91%, which
is a compound with potential applications in the biopolymer industry (Figure 4b) [33].
The AuNP size and basicity of hydrotalcite (HT) significantly impact the performance
of the catalyst and that sintering of AuNPs was the main pathway for catalyst deacti-
vation. 1,6-Hexanediol (HDO) is a highly valuable and important compound with two
hydroxyl groups at the end of the molecule. This structure makes it an ideal monomer for
the synthesis of polymers such as polyesters, polyurethanes, adhesives, and unsaturated
polyesters. Bio-based HDO can also be prepared by directly catalytic conversion of 5-HMF
using a Pd/ZrP catalyst and formic acid as a hydrogen source in 43% yield after 21 h of
reaction at 413 K [34]. HDO was also prepared by direct catalytic conversion of 5-HMF
in a fixed-bed reactor using a Pd/SiO2 + Ir-ReOx/SiO2 bilayer catalyst. Under optimal
reaction conditions (373 K, 7.0 MPa H2, mixed solvent of water (40%), and tetrahydrofuran
(60%)), the yield of HDO was 57.8% [35]. The direct conversion of 5-HMF to caprolactone
is difficult and therefore an indirect method is used. HDO is one of the most important
intermediates and can also be prepared by oxidative cyclization of caprolactone [36]. The
conversion of caprolactone to caprolactam through reacting with ammonia is a commonly
used industrial process.

2.3. Bio-Based Monomers with Furan Ring Structures Derived from 5-HMF

The chemical modification of the hydroxyl and aldehyde groups in the 5-HMF
molecular structure can also be selectively reacted to prepare bio-based monomers with
the furan ring structure remaining unchanged. The monomers can be used for the
synthesis of polyamides, polyesters, polyurethanes, polycarbonates, polyimides, and
polyureas. Figure 5 illustrates various monomers obtained from the 5-HMF side group
reactions [25]. 2,5-Furandicarboxylic acid (FDCA), 2,5-diformylfuran (DFF), and 2,5-
bis(hydroxymethyl)furan (BHF) are the most common 5-HMF derived monomers with
symmetrical chemical structures. These chemicals can also be used as intermediates to
design the synthesis of bio-based monomers with reactive groups such as vinyl, acetylene,
amine, and epoxy groups. FDCA is one of the most important near-market platform chemi-
cals with an estimated value of USD 50.5 billion and is considered a promising alternative
to petroleum-based terephthalic acid (TPA) for the production of green polymers such as
polyethylene 2,5-furandicarboxylate (PEF) [37–39].
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The production of FDCA from the oxidation of bio-based 5-HMF is of great interest
and can be achieved by processes of aerobic catalytic oxidation, electrochemical catalytic
oxidation, and biocatalytic reaction [40]. The most commonly used catalysts in the aerobic
catalytic oxidation method are precious metal oxides (e.g., palladium catalysts: Pd-Bi-
Te/C [41], platinum catalysts: CeCP@Pt [42], and gold nanoparticles loaded on metal
oxides: Au/TiO2 [43], Au/CeO2 [44], Au-Cu/TiO2 [45], and Au/Ce1−x Bix O2−δ [46]).
However, precious metal catalysts suffer from high cost, harsh reaction conditions (high
reaction temperature as well as high reaction pressure), lack of universality, and non-
recyclability, thus hindering large-scale industrial applications. Recently, Li et al. have
reported a mild solvent-free and alkali-free reaction system with a PdO/AlPO4-5 catalyst
under an oxygen atmosphere. [47] Using this reaction system, FDCA selectivity of up to
83.6% can be obtained at 80 ◦C for 5 h. Mechanistic studies showed that the hydroxyl group
in the chemical structure of 5-HMF was oxidized first in this reaction system, while in
the reaction that happened in the aqueous phase, the aldehyde group was oxidized first.
Transition metal oxides are potential alternatives to noble metal catalysts. For instance, Hu
et al. achieved near 100% conversion efficiency of 5-HMF to FDCA and up to 99.5% FDCA
yield using two-dimensional Mn2O3 nanoflakes as catalysts [48].

The electrochemical oxidation of 5-HMF for the preparation of FDCA has a number
of advantages, including (1) ambient reaction temperature and reaction pressure, (2) no
need for high oxygen pressure, (3) no need for toxic oxidants, and (4) non-precious metals
catalysts. However, the low surface area of typical catalysts results in low overall electro-
catalytic activity, and the development of new catalysts with electrically active centers and
high porosity is an effective way to improve reaction efficiency [49]. To address this issue,
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Pila et al. loaded a thin layer of Co(OH)2 on the surface of the porous metal–organic frame-
work (MOF) material ZIF-67 and achieved excellent catalytic performance with conversions
of up to 90.9%, FDCA yields of 81.8% and Faraday efficiencies of 83.6% [49]. Importantly,
the applied potential for the reaction was reduced to 1.42 V (vs RHE), one of the lowest
potentials reported.

The biocatalytic process is another synthetic method that allows the production of
FDCA under mild conditions. 5-HMF oxidase and aryl alcohol oxidase can catalyze the
complete oxidation of 5-HMF to FDCA [50,51]. Although a biocatalytic process generally
needs a long reaction time, selecting suitable oxidases and optimizing experimental condi-
tions could improve the reaction rate and achieve high conversion with a short reaction
time. A tandem enzymatic one-pot reaction using galactose oxidase M3-5 and aldehyde
oxidase PaoABC can also convert 5-HMF to pure FDCA with an isolated yield of 74% [52].
In particular, at 10 mM 5-HMF concentration, almost complete conversion (97%) of 5-HMF
to FDCA after 1 h was observed. The galactose oxidase (GOase) variant prepared by W.
Birmingham et al. was very active against 5-HMF, with high oxygen adsorption and very
high production capacity [53]. The selective oxidation of 5-HMF to 2,5-diformylfuran
was also possible. The biocatalyst and reaction conditions provide a blueprint for the
further development of effective enzymatic catalysts and also facilitate the development
of large-scale biocatalytic techniques for the preparation of furan-based compounds from
sustainable feedstocks.

Similar to FDCA, DFF is one of the main products of the oxidative transformation
of 5-HMF and is used as a chemical intermediate as a starting material for the synthesis
of ligands, drugs, pesticide antifungals, fluorescent materials and new polymeric ma-
terials [54–56]. The oxidation of 5-HMF to DFF is always accompanied by a number
of side reactions, such as the over-oxidation of DFF to FDCA, the oxidation of aldehy-
des to 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), decarbonylation, and cross-
polymerization to produce unwanted by-products. Therefore, selective oxidation of 5-HMF
to DFF remains challengeable [56]. A number of catalysts have been reported for the selec-
tive oxidation of 5-HMF to DFF, such as manganese oxide-based catalysts [57], graphitized
carbonitrides (g-C3N4) based catalysts [58], Ru-loaded catalysts [59], and vanadium-based
catalysts [60], etc. Recently, a visible light catalyst developed by Huang et al. has achieved
95% DFF selectivity and good cycling stability [58]. The in situ oxidation using Co3O4
electrochemical catalyst developed by Zhang et al. achieved 100% conversion of 5-HMF to
FDCA in 93.2% yield due to its unique defect structure and abundant electroactive sites [61].
More notably, the above reaction process simultaneously produces hydrogen, thus allowing
the preparation of clean hydrogen energy as well as obtaining high-value chemicals, which
can contribute to the realization of carbon neutrality from many aspects.

In addition, the catalytic hydrogenation of 5-HMF to prepare BHF is also a very impor-
tant reaction for the high-value conversion of biomass. BHF can be used as a feedstock for
renewable polymers such as bio-based polyesters and polycarbonates. Common catalysts
are metal oxide-loaded platinum catalysts (MO/Pt), which vary greatly in their reaction
selectivity depending on the type of metal oxide. Basic metal oxides such as MgO/Pt can
achieve up to 99% BHF selectivity, while acidic loaded oxides such as TiO2/Pt have a lower
BHF selectivity [62].

2.4. Lignin-Based Platform Chemicals and Polymeric Monomers

The aromatic structure of lignin dictates that its degradation products are platform
compounds with unique methoxyphenol structures [63]. However, due to its structural com-
plexity and heterogeneity, its selective degradation of lignin to obtain chemicals with high
selectivity and yield is very challenging. The main approaches to make lignin depolymer-
ization include thermochemical (e.g., hydrolysis, gasification, hydrothermal liquefaction,
and microwave methods), chemical (e.g., acid-base catalysis, ionic liquids/supercritical
fluids, oxidation,) and biotechnological (e.g., bacterial, fungal, enzymatic) routes [64,65].
The resulting platform chemicals can be structurally simpler compounds by the selec-
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tive breaking of C-O bonds; new fine chemicals and bio-based monomers can then be
prepared by selective modification of specific functional groups [66–69]. 3-Methoxy-4-
hydroxybenzaldehyde (vanillin) is one of the most important platform compounds derived
from lignin conversion, containing both aldehyde and hydroxyl groups for further function-
alization. It can be used as an intermediate compound for the preparation of a variety of
bio-based monomers with aromatic structures (Figure 6a). Vanillin is the only commercially
available bio-based aromatic compound because the depolymerization and purification of
lignin are complex and difficult. Therefore, it has received a great deal of attention from the
polymer community and can be used as a starting material for the preparation of various
vanillin-based polymers, such as phenolic resins, benzoxazine resins, polyesters, acrylates,
and methacrylate polymers (Figure 6b) [70,71]. A derivative, vanillin methacrylate was also
reported as a bio-based monomer for the synthesis of aldehyde-containing porous materi-
als [72]. The hydroxyl group in vanillin can also react with epichlorohydrin to synthesize
compounds with both epoxy and aldehyde groups for the preparation of epoxy resins.
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3. Common Polymerization Methods of Bio-Based Monomers

Since most polymers are synthesized depending on the petrochemical industry, which
always accompanies a negative impact on the environment, there is a strong need to
develop a facile and efficient synthesis of bio-based polymers using renewable platform
chemicals as monomers [73]. Similar to petroleum-based monomers, the polymerization of
bio-based monomers can be divided into chain-growth and step-growth polymerization
depending on the reaction mechanism proposed by Flory in 1953 [74]. In chain-growth
polymerization, the reaction starts from the active center generated by initiators and
consists of chain initiation, chain propagation, and chain termination. The reaction rates
and activation energies vary considerably between the various stages. Common free radical
polymerization, ionic polymerization, coordination polymerization, living polymerization,
and ring-opening polymerization belong to the category of chain-growth polymerization.
Different from chain-growth polymerization which is proceeded by the addition of a
monomer to a growing polymer with an active center, step-growth polymerization is
gradually proceeded by reactions between any two compounds of monomers and growth
chains with the rate and activation energy of each reaction step being approximately
the same. Polymers including polyesters, polyamides, polyurethanes, etc., are produced
through step-growth polymerization. Since most bio-based monomers contain functional
groups such as hydroxyl, amine, and carboxyl groups, step-growth polymerization is
the most common method for the preparation of bio-based synthetic polymers. Ring-
opening polymerization is also used for the polymerization of cyclic molecules such as
caprolactones. Although it is rare, there are some bio-based monomers with C=C double
bonds by chemically modifying 5-HMF possible for free radical polymerization.

3.1. Step-Growth Polymerization by Condensation or Addition

In step-growth polymerization, condensation polymerization, and addition polymer-
ization are referring to the formation of a polymer from bifunctional monomers with the
release of small molecules or not. In the former, the molecular weight of the repeating
units in the polymer is less than that of the monomer, e.g., the dehydration condensation
polymerization of a dicarboxylate monomer with a diol. In the latter, the molecular weight
of the repeating units in the polymer is same as that of the monomer, such as the reac-
tion of diisocyanate with a diol to form a polyurethane. Figure 7 illustrates the types of
polymers that can be prepared from 5-HMF derived bio-monomers, including polyesters
(PEt), polyamides (PA), aromatic resins (AR), phenolic resins (PhR), polyimides (PI), and
polyurethanes (PU).

Among all 5-HMF derived bio-monomers, FDCA is the most promising alternative to
the petroleum-based monomers, sharing the same carboxyl functional groups and similar
aromatic center and reactivity with terephthalic acid (PTA), allowing the preparation of
high-performance bio-based polymeric materials by condensation polymerization with di-
ols or diamines [75–79]. However, before 2009, the development of FDCA-based polymers
was limited by the purity and the price of the bio-monomer feedstocks. With the rapid de-
velopment of biotechnology and the chemical industry, the economics and purity of FDCA
feedstock have been greatly improved. In 2009, Gandini et al. prepared poly(ethylene
glycol) 2,5-furandicarboxylate (PEF) by performing a transesterification and polycondensa-
tion between FDCA dimethyl ester with ethylene glycol using an antimony oxide catalyst
(Sb2O3, 70–200 ◦C under high vacuum) and obtained high-molecular-weight products
(degree of polymerization: 250–300) [76]. Since then, different diols such as 1,3-propanediol,
1,4-butanediol, 1,6-hexanediol, and 1,8-octanediol have been used as monomers in con-
densation reactions with FDCA to prepare bio-based polyesters containing different alkyl
chain lengths [77].
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FDCA-derived bio-based polyesters are non-toxic, renewable, and have controlled
degradation and similar properties to polymers of PTA and diols (e.g., polyethylene gly-
col terephthalate, PET) in terms of glass transition temperature (Tg), melting point (Tm),
Young’s modulus (η), and tensile strength (σ). Table 1 compares the thermomechanical
properties of PEF and PET as well as polybutylene glycol 2,5-furandicarboxylate (PBF)
and polybutylene glycol terephthalate (PBT) [77–79]. Although FDCA and TPA have
very similar structures, there are differences in aromatic ring size, molecular polarity, and
molecular symmetry, e.g., the distance between the two carboxyl groups in TPA is 5.731 Å,
whereas in FDCA this value is less than 4.830 Å [78]. In addition, the angle between the
two carboxylic acid groups is different, 180◦ in TPA and 129.4◦ in FDCA. These structural
differences therefore lead to some specific properties of PEF, such as better gas barrier
properties than PET, because of the polarity of the furan ring which could favorably interact
with polar molecules. In particular, PEF has 6 times higher O2 barrier than PET and 14
times higher CO2 barrier than PET, thus offering great potential for applications such as
high-performance food packaging materials. PET and PEF have similar chemical structures,
which makes their recycling face similar problems. For instance, under a mechanical recy-
cling process, incomplete separation and recovery of pure streams are general problems
limited by technical difficulties. The degradation properties of the PEF in comparison with
the PET were also well studied [80]. It was found that the PEF films degraded 1.7 times
faster than PET ones under enzymatic hydrolysis. For instance, not only in the academic
field, with the growth of global environmental issues and for achieving carbon neutrality
by 2050, various large chemical companies such as Coca-Cola, DuPont, BASF, Mitsubishi,
and Avantium are also vigorously pursuing the application of bio-based polymers instead
of traditional petroleum-based materials. They are devoted to the commercialization of
PEF and its copolymers. Among them, Avantium’s 100% bio-based PEF, developed based
on YXY technology, has been used in renewable plastic bottles, fibers as well as films, and
other commodities [4].
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Table 1. Comparison of various properties of PEF vs. PET and PBF vs. PBT.
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3.2. Chain-Growth Polymerization
3.2.1. Ring-Opening Polymerization

Ring-opening polymerization (ROP) of cyclic bio-based monomers is a common
method for the production of bio-based polymers, for instance, ROP of bio-based caprolac-
tones [81]. The ROP products of caprolactones are aliphatic polyesters with biodegradability,
good compatibility with other polymers, and easy processing. As U.S. Food and Drug
Administration (FDA)-approved materials for human use, bio-based polycaprolactones
(PCLs) have a wide range of applications in resin modification, coatings, drug-carrying
materials, binders, etc. [82]. Depending on the type of initiator used, the ROP mechanism
varies by anionic ROP, cationic ROP, and acid-activated monomer ROP mechanisms [83].

In the anionic ROP, nucleophilic reagents such as organometallics, alcohol salts and
alcohols are used as initiators. The mechanism of polymerization is shown in Figure 8a,
where an initiator such as an alcohol salt attacks the carbonyl carbon in the lactone monomer
to open the ring structure of the lactone and then creates growing anionic chain ends. It
is worth noting that the reaction produces a number of side reactions such as inter- and
intra-molecular ester exchange reactions leading to the shortening of the polymer chain or
lengthening of the chain, thereby expanding the molecular weight distribution. In addition,
some reverse tail-bite reactions can also occur leading to the formation of oligomeric
macrocyclic molecules. In contrast to the anionic mechanism, the cationic initiator in
the cationic ROP first electrophilically attacks the carbonyl oxygen atom to produce an
oxonium ion, which is a class of cation with an oxygen substituent attached to the central
sp2 hybridized carbon atom and capable of carrying a positive charge through π-bond
dispersion between the central carbon and oxygen atoms. This then leads to alkyl oxygen
cleavage and growth occurs through the continued reaction of this oxonium ion with the
monomers (Figure 8b). Because the growing polymer chain end carries a positively charged
terminus, the cationic mechanism is also known as the active chain end mechanism. Unlike
the cationic mechanism where the active chain end is growing, a proton ion is added
to the monomer side to continuously generate activated monomers for chain growth in
the activated monomer mechanism (Figure 8c). First, the protonated lactone cation is
approached by the hydroxyl nucleophilic reagent at the chain end, which opens the C=O
double bond and leads to ring opening. The ring-opening reaction via the activation
monomer mechanism is less susceptible to side reactions or molecular rearrangements
because it does not have charged chain ends.
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3.2.2. Free Radical Polymerization

Free radical polymerization is carried out in the mechanism of chain-growth polymer-
ization initialized by an initiator. The application of 5-HMF as a direct feedstock in free
radical polymerization is less common. However, the aldehyde group in 5-HMF can be
selectively modified to other chemical structures suitable for free radical polymers, such
as vinyl, acetylene-based monomers, etc. In 2008, Yoshida et al. transformed 5-HMF into
2-hydroxymethyl-5-vinylfuran (5-HMVF) and 2-methoxymethyl-5-vinylfuran (5-MMVF)
by the Wittig reaction (Figure 9) [84]. 5-MMVF requires a methylation step to convert
the hydroxyl group to methoxy group. Polymerization of these monomers is achieved at
70 ◦C under a nitrogen atmosphere using azodiisobutyronitrile (AIBN) as an initiator. The
resulting polymers, PHMVF and PMMVF are in the form of oligomers and have number
average molecular weights (Mn) of 2170 and 2890 g/mol, respectively.
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Figure 9. Synthetic routes of 5-HMVF and 5-MMVF bio-based monomers and their free radical
polymerization.

4. Conclusions and Future Prospects of Bio-Based Polymers

For any new material, moving from concept to market launch is a challenge, with
many hurdles to overcome, including the technology required to scale up the production
and processing of the material. In recent years, the development of bio-based monomers
and polymers as well as qualitative improvements in mechanistic research and commer-
cialization have advanced by leaps and bounds, for example, the commercialization of
PEF. However, the market share of bio-based polymers is still only about 1%, so there
is still a long way to go in terms of their popularity and dissemination. This further
requires increased research and development efforts in the areas of large-scale and effi-
cient preparation of bio-based monomers, the achievement of improved properties of the
bio-based polymers to approach those of petroleum-based polymers, and new synthetic
technologies. In the production of bio-based monomers, conversion studies for different
lignocellulosic feedstocks, the development of efficient production units, and the design of
new catalytic systems may help to achieve more efficient and economical production of
bio-based monomers than petroleum-based monomers [85].

In terms of polymer performance, bio-based polymers that have been commercialized
or are close to commercialization are still lacking in terms of high performance and therefore
require further optimization of molecular design and synthetic process. For petroleum-
based polymer materials, hard monomers with aromatic structures characterized by high
glass transition temperature (Tg) can provide the polymer with higher mechanical strength
and heat resistance temperatures. In recent years, the design and synthesis of bio-based
hard monomers have been exploited to develop high performance polymeric materials for
replacement of engineering plastics. Some bio-based hard monomers were used to obtain
polymers with high glass transition temperatures, such as spirofuran-based monomers
(Figure 10) [86–93]. It is also found that the CO2 emission for production of the bio-based
rigid monomer 1 (Figure 10a,b) was much lower than that of fossil-based monomers, which
gave rise to high performance polymers with a degradation temperature of up to 300 ◦C
based on thermal gravimetric analysis (TGA) (Figure 10c) [86]. In addition to this, advanced
computational methods can be used in the design of bio-based monomer structures to
quickly and efficiently select suitable bio-based monomers among numerous molecular
structures and to design rational polymerization routes, for example, material informatics
methods using domain modeling to explore polymer structure–property relation [94].
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