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Preface

The utilisation of bio-based materials has emerged as a promising and innovative alternative
to materials derived from non-renewable and non-biodegradable resources. Against this
background, increasing research efforts have been directed towards the study and development
of polysaccharide-based materials. Polysaccharides are primarily obtained from biomass resources,
including agricultural by-products, marine organisms such as algae and crustaceans, as well as fungi
and microorganisms through metabolic pathways capable of producing exopolysaccharides. The
overarching aim of this Reprint is to promote the design of novel polysaccharide-based materials
and composites, the valorisation of bio-based resources, and the comprehensive investigation
of their structure—property—function relationships for a wide range of applications. A major
challenge that remains is the development of polysaccharide-based materials with functional
performance comparable to that of conventional synthetic polymers. In this context, this Reprint
brings together recent advances in the processing, modification, and functional characterisation of
polysaccharide-based materials. The collected contributions highlight the exceptional versatility of
polysaccharides as sustainable and functional building blocks for advanced material systems. Through
innovative processing strategies, controlled chemical modifications, and synergistic combinations with
other biopolymers, the studies demonstrate how representative polysaccharides, including cellulose,
chitosan, alginate, hyaluronic acid, starch, and kefiran, can be engineered to obtain materials with
tailorable mechanical, physicochemical, electrical and biological properties. The reported applications
span a broad range of fields, including flexible sensors, biomedical hydrogels, sustainable packaging,
wastewater treatment, and soil stabilisation. Overall, this Reprint offers valuable insights into the
design of next-generation polymeric materials, supporting the advancement of sustainable and

high-performance engineering solutions.

Andrés Gerardo Salvay
Guest Editor
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Editorial
Polysaccharide-Based Materials: Developments and Properties

Andrés Gerardo Salvay

Laboratorio de Obtencion, Modificacién, Caracterizaciéon y Evaluacién de Materiales, Departamento de Ciencia y
Tecnologia, Universidad Nacional de Quilmes, Roque Sdenz Pefia 352, Bernal B1876BXD, Argentina;
asalvay@ungq.edu.ar

The growing concern for environmental sustainability and the urgent demand to re-
duce dependence on non-renewable resources have placed bio-based materials at the centre
of materials science innovation. Within this context, polysaccharides have emerged as one
of the most promising classes of biopolymers. Their natural abundance, structural versatil-
ity, chemical functionality, and intrinsic biodegradability make them ideal candidates for
advanced, functional, and sustainable materials [1,2].

Polysaccharides are among the most abundant biopolymers on Earth, sourced from
plants, marine organisms, and microorganisms [3]. Their extraction and utilisation rep-
resent an essential step towards a circular bioeconomy. The structural complexity of
polysaccharides, arising from their monosaccharide composition, linkage types, branching
patterns, and degrees of substitution, provides a rich foundation for tailoring their material
properties [4]. This versatility enables their conversion into a wide variety of functional
forms such as hydrogels [1], films [2], aerogels [5], and composites [6,7].

In recent years, increasing attention has been paid to the valorisation of agricultural
and industrial by-products as sources of polysaccharides [8]. At the same time, microbial
fermentation has gained relevance as a sustainable alternative route, capable of producing
exopolysaccharides (EPS) with well-defined structures and properties [9]. Microbial EPS
such as dextran, pullulan, gellan, and bacterial cellulose have been extensively investigated
as renewable matrices for high-performance materials [10].

The conversion of polysaccharides into materials with targeted performance involves
a complex interplay between molecular structure, processing strategy, and application
requirements. Physical treatments, chemical modifications, crosslinking reactions, and
blending with other biopolymers or plasticisers are often used to overcome intrinsic limita-
tions such as brittleness, hydrophilicity, or poor water barrier properties [11,12]. Hybridiza-
tion with nanomaterials has proven effective to reinforce polysaccharide matrices [13].
Crosslinking reactions, either covalent or non-covalent, have proven particularly effective
in enhancing hydrogels’ stability and functional performance [14]. From a biotechnological
viewpoint, enzyme-mediated transformations and green synthesis routes are increasingly
preferred over conventional chemical treatments, offering more environmentally benign
processes [15].

The versatility of polysaccharide-based materials translates into an impressive range of
applications. In biomedicine, polysaccharide hydrogels and films have been developed as
carriers for controlled drug delivery, scaffolds for tissue regeneration, and wound-healing
dressings [16]. Their intrinsic biocompatibility, non-toxicity, and tunable degradation
profiles make them attractive for applications requiring close interaction with biological
tissues. In the food and packaging industries, polysaccharide films and coatings serve
as biodegradable alternatives to petroleum-based plastics, offering tunable permeability
and mechanical properties [2]. Incorporation of natural antimicrobials or antioxidants

Polymers 2025, 17, 3028 https://doi.org/10.3390/ polym17223028
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into such films has led to the emergence of active packaging materials that can extend
the shelf life of food products [7]. In environmental technologies, polysaccharide-based
adsorbents and membranes are increasingly used for wastewater treatment and pollutant
removal, demonstrating excellent performance due to their high surface area and functional
group diversity [17]. Furthermore, the integration of polysaccharides into hybrid and
composite materials opens new possibilities for advanced applications in sensors and
flexible electronics [18].

Despite significant advances, key challenges remain before polysaccharide-based
materials can achieve their full potential. Mechanical robustness, high hydrophilicity,
and variability in properties arising from differences in natural sources or extraction
methods continue to hinder large-scale adoption. Addressing these issues requires both
improved formulation and processing techniques and the standardisation of feedstock
characterisation. The design of hybrid materials, combining polysaccharides with other
biopolymers, nanofillers, or synthetic polymers, represents one of the most promising
strategies to overcome current limitations. Likewise, nanostructuration and self-assembly
strategies offer innovative routes to control morphology and enhance performance at
multiple scales. Computational modelling and molecular simulations are also expected
to play an increasingly important role in predicting and optimising material behaviour.
Moreover, true sustainability cannot be achieved without considering the entire lifecycle
of materials. Future efforts should integrate environmental and economic assessments,
ensuring that bio-based materials deliver genuine ecological advantages compared with
conventional counterparts.

In this Special Issue, we have collected the most recent advances in developments
and properties of polysaccharide-based materials, including ten original research articles.
The research topics mainly cover the design of novel polysaccharide-based materials and
composites, the valorisation of bio-based resources, and the exploration of functional
properties for applications.

Polysaccharides are increasingly exploited as structural platforms for advanced func-
tional materials. Kadsanit et al. [19] investigated the synthesis and modification of dialde-
hyde bacterial cellulose (DBC) through controlled periodate oxidation. Using response
surface methodology, the authors established predictive correlations between the reaction
conditions and the degree of oxidation, which strongly influenced morphology and alde-
hyde content. The resulting DBC acted as an efficient crosslinking and reinforcing agent for
gelatine matrices, enhancing tensile strength and stability. Moreover, the ability to fine-tune
the oxidation degree provides additional flexibility in designing materials with tailored
sponge-like morphologies and mechanical properties suitable for biomedical applications.
Li et al. [20] reported a sustainable strategy for developing high-performance ionic con-
ductive flexible hydrogels from Camellia oleifera shells, an agricultural by-product. By
extracting nanocellulose and introducing zwitterionic functionalities via atom transfer radi-
cal polymerisation, they fabricated nanocellulose-polyvinyl alcohol (NC-PSBMA /PVA)
composite hydrogels with remarkable porosity, conductivity, and mechanical strength
seven times greater than neat PVA. The resulting materials exhibit high sensitivity and
rapid response, representing a promising route towards biodegradable and high-efficiency
flexible electronic sensors.

In the field of energy storage, Legerstee et al. [21] examined magnesium transfer
phenomena in aqueous alginate-based electrolytes using atomic force microscopy. Their
findings demonstrated reversible magnesium deposition and stripping without dendrite
formation, enabling safe and controlled operation. This work underscores the potential of
polysaccharide-based electrolytes to improve the stability and environmental compatibility
of emerging magnesium battery technologies.
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Several contributions focused on circular-economy approaches and eco-friendly solu-
tions derived from polysaccharide-rich wastes. Lamoudan et al. [22] proposed a pioneering
method to transform cellulose-containing textile waste into multifunctional construction
panels using a papermaking process. The integration of phosphorylated lignocellulosic fi-
bres endowed the panels with enhanced mechanical resistance, thermal insulation, and fire-
retardant properties. Meeting international construction standards, these panels exemplify
how upcycling textile residues can simultaneously reduce waste and yield value-added
materials for sustainable architecture. Complementing this perspective, Trivunac et al. [23]
converted discarded cotton and mixed yarns into high-performance carbon adsorbents
through hydrothermal carbonisation and KOH activation. The modified cellulose-based
materials displayed large surface areas and abundant oxygen functionalities, leading to
high adsorption capacity for heavy metals, especially lead. This approach not only valorises
textile waste but also provides a scalable solution for wastewater treatment, reinforcing the
environmental potential of polysaccharide-based sorbents.

Wang et al. [24] investigated chitosan as a green alternative to cement for soil stabilisation.
Their systematic evaluation revealed that optimal acid concentration (0.5-1%) and curing
temperature (45-65 °C) significantly enhance unconfined compression strength and durability.
Microscopic analyses confirmed that chitosan forms hydrogen and electrostatic interactions
with soil particles, filling voids and strengthening the matrix. The results establish chitosan as
a sustainable and effective soil-binding agent for eco-friendly civil engineering.

Hydrogels, films, and coatings based on polysaccharides continue to attract attention
for their biocompatibility and tunable properties. Gorronogoitia et al. [25] designed semi-
interpenetrating (semi-IPN) hydrogels combining alginate and sulphated hyaluronic acid
for articular cartilage tissue engineering. By adjusting the alginate-to-hyaluronic acid ratio,
the researchers achieved control over rheological and viscoelastic behaviour, optimising
the balance between mechanical performance and biological functionality. These hydro-
gels effectively mimic extracellular matrix properties, demonstrating strong potential for
regenerative medicine.

In line with food packaging and food preservation, Nitikornwarakul et al. [26] stud-
ied glutinous rice starch—chitosan (GRS/CS) blends as active coatings to extend mango
shelf life. Increasing chitosan content enhanced mechanical strength, hydrophobicity, and
resistance to fungal infection, maintaining fruit quality for up to ten days compared to
two days for uncoated samples. The optimised coatings reduced dehydration and respira-
tion, confirming their applicability as biodegradable, natural-based films for post-harvest
preservation. Shlosman et al. [27] developed cellulose-encapsulated emulsions of thymol
and eugenol essential oils through lyophilisation. The resulting powders retained antimi-
crobial and antioxidant properties, showed high encapsulation efficiency, and exhibited
slow release and improved thermal stability. These characteristics make them suitable for
integration into polymer matrices, particularly for agricultural and packaging applications
requiring controlled release at elevated temperatures.

Further extending the exploration of microbial polysaccharides, Ramirez Tapias
et al. [28] investigated films derived from integral milk kefir grain biomass and puri-
fied kefiran. Both materials formed homogeneous structures, yet kefiran films were more
transparent and exhibited stronger polymeric interactions. The addition of glycerol acted
as a plasticiser in integral milk kefir grain biomass-based films. On the other hand, an
antiplasticisation effect at low glycerol levels in purified kefiran films points to complex
polymer—plasticiser interactions. These findings emphasise the differences between materi-
als derived from the integral milk kefir grains and those from purified kefiran, providing
insights into their application potential.
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The ten contributions collected in this Special Issue illustrate the remarkable versatil-
ity of polysaccharides as sustainable, functional building blocks for advanced materials.
Through innovative processing, controlled chemical modification, and synergistic blending
with other biopolymers, these studies reveal how cellulose, chitosan, alginate, hyaluronic
acid, starch, and kefiran can yield materials with tunable mechanical, electrical, and bi-
ological properties. Applications range from flexible sensors and biomedical hydrogels
to sustainable packaging, wastewater treatment, and soil stabilisation. Collectively, they
demonstrate that polysaccharide-based systems can effectively bridge the gap between
renewable resource utilisation and high-performance engineering solutions.

Funding: This work was funded by the Universidad Nacional de Quilmes (UNQ, Argentina) through
the R&D programme PUNQ 745/25.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: Dialdehyde bacterial cellulose (DBC) has been implemented in versatile applica-
tions. DBC was prepared from bacterial cellulose (BC) through periodate oxidation with
varying parameters, including the mole ratio of BC and NaOly, temperature, and reac-
tion time. The relationship between the degree of oxidation (DO)/aldehyde content and
these parameters was proposed as a quadratic equation to predict the oxidation conditions
needed to achieve a specific DO using Response Surface Methodology (RSM). The chemical
structure and morphology of DBC were influenced by DO. DBC with different DO levels
was used as a crosslinker and a reinforcing agent for gelatin sponge fabrication. Results in-
dicated that a high DO of DBC could enhance the tensile strength and structural stability of
the gelatin matrix. Selecting the proper DO level could control the morphological structure
of the gelatin sponge, which is crucial for biomedical applications.

Keywords: bacterial cellulose; degree of oxidation; dialdehyde bacterial cellulose; gelatin;
optimization; RSM

1. Introduction

Bacterial cellulose (BC) or microbial nanocellulose is a polysaccharide with a linear
chain of (3-1,4 linked d-glucose units. Via metabolic pathway, pure cellulose nanofibrils are
extruded through the cell wall of Acetobacter xylinum and then packed in the form of a jelly-
like pellicle with high crystallinity, a high degree of polymerization, and high mechanical
strength [1]. Consequently, BC has been widely used as a material-based composite
and reinforcement for other polymers [2—4]. Moreover, with outstanding characteristics,
including biocompatibility, non-toxicity, high porosity, and good liquid-holding capacity,
BC has been applied in various biomedical applications [5], such as wound dressings [6],
drug delivery [7], and scaffolds for tissue engineering [8].

To tailor BC for specific applications and broaden its utility, further modification of its
properties is necessary. In the context of tissue engineering, the limited biodegradability
of BC in the human body poses a significant restriction [9]. To address this challenge,
both in situ and ex situ functionalization methods are commonly used. One of the most
extensive functionalization techniques is periodate oxidation. Strong ions (I04 ™) oxidize
the C2-C3 bond of the glucopyranoside ring and form two aldehyde groups located at the
C2 and C3 positions per glucose unit [10], named dialdehyde bacterial cellulose (DBC).

Polymers 2025, 17, 1836
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The dialdehyde functional group can crosslink polymers consisting of the amine functional
group through the Schift’s base reaction. For example, keratin was crosslinked by DBC
to enhance its mechanical strength for use as an adsorbent in the removal of dye and
heavy metal ions [11]. To obtain an antibacterial and healing wound dressing without
toxicity, chitosan was self-crosslinked with dialdehyde carboxymethyl BC instead of using
glutaraldehyde or formaldehyde as a crosslinker [12].

In addition, the aldehyde functional groups modified on the cellulose polymer chain
can develop BC characteristics, including water solubility, biodegradability, and antibacte-
rial activity. Li et al. (2009) [9] prepared DBC with an aldehyde content of 60.3% and tested
its biodegradation in vitro. DBC could degrade in DI water and phosphate-buffered saline,
resulting in mass losses of approximately 50% and 80%, respectively, in 60 days. Further-
more, approximately 10% of the aldehyde content of DBC showed a 16% degradation in
Tris-HCl-buffered synthetic body fluid over a 14-day period [13]. Moreover, cellophane was
oxidized with sodium periodate by varying reaction times (2-6 h) to develop antimicrobial
activity [14]. Aldehyde content or the degree of oxidation (DO) directly influences DBC
properties. Most publications reported only a specific value of aldehyde content.

The DO via periodate oxidation is influenced by four independent factors: periodate
concentration (the mole ratio of BC to periodate), temperature, reaction time, and pH.
Achieving the desired characteristics of DBC regarding DO is quite challenging. Further-
more, minimizing reaction time and the costs for chemicals and utilities is essential. The
effects of each parameter must be thoroughly examined, as the study of their impacts and
interactions remains insufficient. In this recent work, BC was oxidized using NalOj to
produce DBC with varying DO levels. The Design of Experiment (DOE) with Central
Composite Design (CCD) approach-based Response Surface Methodology (RSM) was
employed to analyze the impact of three independent factors: mole ratio between BC and
NalOy, temperature, and reaction time on DO and DBC properties. A quadratic equation
analyzed through RSM was applied to predict the reaction conditions for generating DBC
with specific DO levels of 20%, 40%, 60%, 80%, and 100%. The chemical and physical
characteristics of DBCs were analyzed. To give an idea, DBCs with specific DO levels were
used as reinforcement and crosslinkers for gelatin sponge fabrication. The chemical and
physical characteristics of the gelatin-DBC (GDB) sponge, affected by DO levels, were
examined to provide insights for further applications.

2. Materials and Methods
2.1. Bacterial Cellulose (BC)

BC cubes (1 x 1 x 1 cm?) synthesized by Acetobacter xylinum were kindly supported by
Fruitia Food Processing Co., Ltd., Nakorn Pathom, Thailand. The BC was initially treated
with 1% NaOH and then rinsed with DI water to achieve a neutral pH. Next, to prepare the
BC slurry, the BC cubes were homogenized using a blender (HR2096, Philips, Drachten,
The Netherlands) at 1200 rpm for 3 min [15] and stored at 4 °C until use. The dry weight of
the BC slurry was controlled at 1 g dry BC/100 g slurry.

2.2. Chemicals
Sodium periodate (NalO4) and hydroxylamine hydrochloride were purchased from
Alfa-Aesar, Ward Hill, MA, USA. Gelatin Type A (300 bloom), 2,4,6-trinitrobenzenesulfonic

acid (TNBS), and 7.5% sodium bicarbonate were supplied by Sigma-Aldrich, St. Louis,
MO, USA.
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2.3. Synthesis of Dialdehyde Bacterial Cellulose (DBC)

BC slurry was mixed with NalO, in mole ratios of 1:1, 1:1.5, and 1:2. The mixture was
stirred at 250 rpm in the dark at 40, 50, and 60 °C for 4, 8, and 12 h. Afterward, the DBC
was obtained and rinsed with deionized (DI) water to remove excess NalO,4 and NalOj3
(byproduct). The DBC slurry was stored at 4 °C until use.

2.4. Experimental Design

Factorial design has been extensively applied to experimental design to study the
impact of each independent variable on others. Many experiments must be conducted,
wasting time and resources. Design-Expert software (Version 7.0, Stat-Ease Inc., Minneapo-
lis, MN, USA) was used in this study to minimize the number of experimental runs. CCD
was utilized to design a range of independent parameters, including the mole ratio of BC
to NaOly (Xj), temperature (X;), and time (X3). The total number of experimental runs
designed was 19, comprising six axial points, eight factorial points, and five central points.
The central point was repeated five times to ensure accuracy. The parameters for the central
points included a mole ratio of 1:1.5, a temperature of 50 °C, and a reaction time of 8 h.
Statistical analysis was performed using Analysis of Variance (ANOVA). RSM was applied
to examine the interaction between parameters through three-dimensional (3D) surface
plots and a quadratic equation (Equation (1)).

Y =Bo+ Y Bixity . Bixi+y 27:1-“ Bijxix; @

where Y is a DO of DBC; B is a constant; f;, B;;, and p;; are linear, quadratic, and second-
order interaction coefficients, respectively; x; and x; are independent variables; and 7 is the
number of variables.

2.5. Fabrication of Gelatin-DBC (GDB) Sponge

A 15 wt.% gelatin solution was prepared at 60 °C and then mixed with DBC slurry in
a 1:1 weight ratio while controlling the DBC concentration at 1% weight (dry basis). The
mixture was stirred at 60 °C for 30 min. Afterwards, 50 g of the mixture was poured into a
mold with a surface area of 6.5 x 15 cm?. Finally, it was lyophilized at —40 °C until fully
dried. The composite sponge was stored in a desiccator at room temperature until use.

2.6. Characterization of DBC and GDB Sponge

Five replicates were performed for all investigations, excluding FT-IR and SEM.

2.6.1. Fourier Transform-Infrared Spectrometer (FT-IR)

A freeze-dried sample was crushed into a fine powder and scanned using an
FT-IR spectrometer (PerkinElmer, Spectrum One, Waltham, MA, USA) between 4000 and

400 cm ™! with a resolution of 4 cm™1.

2.6.2. Scanning Electron Microscopy (SEM)

Morphologies of BC, DBCs, and GBD sponges were examined by SEM (JEOL,
JSM-IT500HR, Tokyo, Japan). The BC and DBC slurries were freeze-dried before coat-
ing with a thin layer of gold. For the GBD sponges, they were directly coated with gold.
Then, all the samples were observed at a voltage of 5 kV under high resolution.

2.6.3. Determination of Degree of Oxidation (DO)

Adapted from published work [16], 0.1 g dry weight (i) of a sample was mixed with
30 mL DI water and adjusted to pH 4 using 1 M NaOH or HCI. The mixture was added
with 20 mL of 0.25 M hydroxylamine hydrochloride solution and then shaken at 150 rpm.
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After 24 h, the supernatant from the mixture was titrated with 0.1 M NaOH (Mp,0q)- A
volume of 0.1 M NaOH used for the titration of the sample (V;) was recorded and compared
with that used for titration BC (V},), which was used as a blank. The molecular weight of
BC is 160 g/mol. The DO was calculated by Equation (2).

DO (0/0) =160 x 0.1 x MNLZOH X (Vs — Vb)/m (2)

2.6.4. Degree of Crosslinking

According to Thongsrikhem et al. (2022) [15], the quantitative percentage of oc-
cupied amino acid compared to the total amino acid of gelatin was examined using
2,4,6-trinitrobenzenesulfonic acid (TNBS) as a reagent. The aliquot obtained from the
reaction was measured for optical density at 346 nm using a UV-visible spectrophotometer
(PG Instruments T80+, Leicestershire, UK). Equation (3) was used to calculate the degree of
crosslinking. A represents the optical density, and W denotes the weights of the sample (s)
and the control (c), which is native gelatin sponge.

Degree of crosslinking (%) =1 — ((As/Ws)/(Ac/We)) x 100 3)

2.6.5. Swelling and Weight Loss

The GDB sponge was cut into 1 x 1 cm? and weighed (W;) before being immersed in
distilled water. After 24 h, the immersed sponge had its excess water removed by paper
wipe and reweighed (W) for calculating swelling ability using Equation (4). The same
procedure was carried out to determine weight loss, but the immersion duration was
extended to 7 days. Then, the sponge was removed from the water and dried at 60 °C for
24 h. The dried sponge was weighed again (Wy). The percentage weight loss was calculated
using Equation (5).

Swelling (times) = (Wy — W;)/W; 4)

Weight loss (%) = 100 x (wi - wf) /W )

2.6.6. Porosity

The porosity of the sponge was determined using the liquid replacement tech-
nique [17]. A 1 x 1 cm? sponge was measured for dimensions (width x length x thickness
= V}), weighed (W;), then immersed in 99.7% hexane (J.T. Baker, Phillipsburg, NJ, USA) un-
der vacuum conditions, allowing for the complete penetration of hexane into the sponge’s
interior without causing any swelling or shrinkage. The sponge was reweighed (W) after
reaching equilibrium. The porosity of the sponge was calculated using Equation (6).

Porosity (%) = 100 x (W, — W;)/ (hexane density x V;) (6)

2.6.7. Mechanical Test

Following ASTM D882, sponge (1 x 10 cm?) strength was analyzed by a Universal
Testing Machine (Instron model 1123, Norwood, MA, USA) with a tensile rate of 2 mm/min.
Tensile strength and elongation at break were obtained.

2.7. Statistical Analysis

Regression analysis and Analysis of Variance (ANOVA) were used to analyze the
experimental data by considering a significance level («) of 0.05. The coefficient of de-
termination (R?), adjusted coefficient of determination (Rzad]-), and predicted coefficient
of determination (Rzpred) were employed to validate the obtained quadratic model. The
optimization conditions were considered using the desirability function.
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3. Results and Discussion

DBC was synthesized through periodate oxidation using NalOy to oxidize the hy-
droxyl groups to create aldehyde groups within the BC structure. The experimental con-
ditions were designed by DOE, and the simulated equation was employed to predict the
conditions needed to achieve the specific DO of DBC. Model validation was conducted to
ensure the accuracy of the obtained equation. After producing the DBC with varying levels
of DO, it was incorporated into gelatin, serving as both a crosslinker and a reinforcement
for fabricating the GDB sponges. The sponges were characterized based on their chemical
and physical properties to reveal the influence of the DO level of DBC.

3.1. Experimental Design and Data Analysis

The experimental design consisted of 19 experiments, as summarized in Table 1, along
with predicted and actual DO (Y) values and residuals (the difference between the actual
and predicted DO). A second-order polynomial equation (Equation (7)) describes the
relationship between DO and the process parameters. A high degree of agreement between
the predicted and actual experimental DO is demonstrated in residual terms (Table 1). Most
residuals were quite low, indicating the success of the correlation development between DO
and the reaction parameters. According to the actual DO values of runs 8 to 12 (the central
point), it was confirmed that the DBC synthesis was highly reproducible. Moreover, the
experimental conditions, designed using a full factorial design (27 experimental runs), were
also carried out. Results of DO and DBC yield were summarized in the Supplementary File
(Table S1).

Y = —134.69 — 17.41X; + 5.05X, + 2.21X3 + 0.82X1 X, + 2.04X; X3

2 o 2 )
— 0.007X, X3 — 3.52X% — 0.05X2 — 0.08X2

Table 1. Degree of oxidation (DO) from prediction and experiment and their residuals.

Conditions DO
Run Mole Ratio of BC .
and NalOy4 Temperature  Time Predicted Actual  Residual
(X7) (X2) (X3)

1 1:1(-1) 40 (—1) 4(-1) 15.6 18.3 2.7
2 1:1(—1) 40 (—1) 12 (+1) 377 36.3 —14
3 1:1(=1) 50 (0) 8 (0) 421 40 21
4 1:1(—1) 60 (+1) 4(-1) 347 36.4 17
5 1:1(-1) 60 (+1) 12 (+1) 55.8 55 -0.8
6 1:1.5 (0) 40 (—1) 8 (0) 39.3 39.1 —0.2
7 1:1.5 (0) 50 (0) 4(-1) 415 35.2 —63
8 1:1.5 (0) 50 (0) 8 (0) 57.6 57.7 0.1
9 1:1.5 (0) 50 (0) 8 (0) 57.6 57.6 0
10 1:1.5 (0) 50 (0) 8 (0) 57.6 56.7 —-0.9
11 1:1.5 (0) 50 (0) 8 (0) 57.6 57.2 —04
12 1:1.5 (0) 50 (0) 8 (0) 57.6 57.8 0.2
13 1:1.5 (0) 50 (0) 12 (+1) 71.2 78 7.6
14 1:1.5 (0) 60 (+1) 8 (0) 66.1 66.8 —-0.7
15 1:2 (+1) 40 (—1) 4(-1) 28.5 29.2 0.7
16 1:2 (+1) 40 (—1) 12 (+1) 66.9 65.2 -17
17 12 (+1) 50 (0) 8 (0) 71.3 73.9 2.6
18 1:2 (+1) 60 (+1) 4(-1) 64 65.3 13
19 1:2 (+1) 60 (+1) 12 (+1) 101.4 98.6 -28

ANOVA was used to assess the reliability of the quadratic model, the impact of each
individual factor, and the combined effect of two factors that significantly influenced the
experimental results. The data analysis from ANOVA is presented in Table 2 and in Table S2
in the Supplementary Materials (a full version). The regression model showed statistical
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significance with a high f-value (53.46) and a very low probability (<0.0001). Additionally,
it was determined that Xj, X, and X3 were highly significant terms in the model. However,
X1 X3 and X; X3 become significant terms when the probability was considered at <0.05.
Nagpal et al. (2019) [18] suggested that the value of “Prob less than f < 0.05 indicated
significant model terms.

Table 2. ANOVA data analysis for the model.

Source Model X1 Xz X3 X1 X, X1X; X, X3 X2 X2 e Lac]l;a(:i Fit
Sum of Squares 6598.22 2137.44 1795.60 2211.17 133.66 133.66  0.5512 212 65.11 4.14 122.60
df 9 1 1 1 1 1 1 1 1 1 5
Mean Square 733.14 2137.44 1795.60 2211.17 133.66 133.66  0.5512 212 65.11  4.14 24.52
f-value 53.46 155.87 13094 161.24 9.75 9.75 0.04 0.15 4.75 0.30 119.61
p-value <0.0001 <0.0001 <0.0001 <0.0001 0.0110 0.0198  0.8120 0.7434 0.1045 0.4477  0.0002
R? 0.9816 Adeq precision 31.9295
R%,; 0.9633 C.V. (%) 6.87
R%red 0.8537

Lack of fit was significant in this model, resulting in a 0.02% chance. The f-value of
the lack of fit was this large due to noise. The R? of 0.9816 implied that 98.16% of the
DO of DBC was affected by the variation in the independent variables. Based on general
principles, the difference between Rzad]- and Rzpred was less than 0.2, implying reasonable
agreement between the two. Adeq precision represents the ratio between signal and noise.

From the 3D plot (Figure 1), the DO increased as the mole ratio, temperature, and
reaction time rose. It had been reported that an increase in sodium periodate concentration
enhances the number of periodate ions, leading to the rapid oxidation of secondary hy-
droxyl groups located on the carbon atoms in positions 2 and 3 in the structure of cellulose
bacteria [16,19]. Considering Figure 1C, the shape of the 3D plot resembles a rhombus
without curves. This suggests that the mole ratio and reaction time significantly influence
DO, exhibiting a linear relationship. This aligns well with Figure 1D, which demonstrates a
strong contribution from the mole ratio (X;) and reaction time (X3), at 32.2% and 32.1%,
respectively. However, the impact of both mole ratio and temperature (X;X;) was slightly
higher than that of both mole ratio and time (X;X3). There were no impacts from either
temperature and time (X3X3) or squared mole ratio (X12). This finding was also observed
when the reaction temperature was controlled at 35°C; the reaction time needed to be
prolonged to 26 h to obtain dialdehyde carboxymethyl cellulose with 78.6% DO [20].

Consequently, these three parameters all significantly influenced the DO level. Eco-
nomically, operating costs can be dramatically reduced by minimizing NalO; utilization,
which can be accomplished through either increasing temperature or extending reaction
duration. Conversely, high productivity is one of the most critical parameters for industry;
therefore, the reaction time should be minimized through the utilization of a high molar
ratio and elevated operational temperature. The simulated model could effectively assist in
selecting operating conditions based on the investment cost.

Next, DBCs with specific DOs (20%, 40%, 60%, 80%, and 100%) were synthesized,
designated as DBC20, DBC40, DBC60, DBC80, and DBC100, respectively. The second-order
polynomial equation (Equation (7)) was used to predict the conditions, as shown in Table 3.
The DBC was quantitatively analyzed for the DO level to validate the obtained model.
The results revealed that the quadratic model had high precision, with an error value
(a percentage of difference between DO,ctyal and DOrequired) 0f <5.3%. Therefore, this
model had great potential for predicting the reaction conditions to achieve the specific DO
of DBC. The DBC was further analyzed for its characteristics.

11
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Figure 1. The 3D plots of aldehyde content for (A) temperature vs. mole ratio, (B) time vs. mole ratio,
(C) time vs. temperature, and (D) percent contribution of each parameter.

Table 3. Predicted conditions for synthesizing the specified DO of DBC.

Predicted Conditions DO (%)
Mole Ratio of
Symbol i % Error
ymbo BC and NalOy4 Ten:perature Time Required Actual °
. O (h)
(Time)
DBC20 1:1.29 40 4 20 20.8 £0.1 4.0
DBC40 1:1.45 50 4 40 42.1+0.2 5.3
DBC60 1:1.82 60 4 60 624+ 0.5 4.0
DBC80 1:1.86 60 8 80 82.8 +0.9 3.5
DBC100 1:1.97 60 12 100 98.0 + 0.6 2.0

% Error = | (DOgctual — DOrequired)/ DOrequired) % 100 I

3.2. Characterization of DBC
3.2.1. FT-IR Analysis

FT-IR spectra of BC and DBC are displayed in Figure 2. The characteristic bands of BC
were observed at 3341 cm ! for OH stretching, 2896 cm ™! range for C-H, and 1107 cm ™!
for C-O stretching [21]. All characteristic peaks of BC were also noticed in all DBCs.
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Figure 2. FT-IR spectrum of DBC with different DO levels.

New peaks at 1729 cm~! and 886 cm~! in DBC were observed, representing the alde-
hyde group (C=0) and the formation of hemiacetal bonds between aldehyde groups and
neighboring hydroxyl groups, respectively. Wegrzynowska-Drzymalska et al. (2022) [22]
also observed the aldehyde peak and hemiacetal bond peaks of dialdehyde cellulose at
1740 cm~! and 880 cm !, respectively. In the zoomed-in figure at 1729 cm ™!, the intensities
tended to be broadened with an increase in DO. It confirmed that the hydroxyl groups
located at C2 and C3 of the D-glucose structure were oxidized by 104~ to form aldehyde
groups, and this was in accordance with the DO level.

3.2.2. Morphologies of BC and DBCs

The structure of BC and DBCs is illustrated in Figure 3. A fibrous web-like network
structure was observed in BC (Figure 3A). BC fibers were approximately 52.3 &= 6.6 nm
in diameter (determined using Image] software, v1.54m). A similar morphology of BC
was also reported in [23]. After BC underwent oxidation by periodate, ultrafine fibers,
thinner than their original sizes, were observed in the following order: DBC20 (43.2 +
6.0 nm), DBC40 (34.7 & 6.5 nm), and DBC60 (27.3 £ 5.7 nm). It is also acknowledged in
the synthesis of dialdehyde microcrystalline cellulose that the fiber length became shorter
than its original length from 56.2 to 33.6 pm [24]. However, the fibrous structure could
not be seen in 80DBC and 100DBC due to the harsh conditions: high mole ratio, high

13
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temperature, and prolonged reaction time, which strongly oxidized hydroxyl groups at C2
and C3 in glucose monomers, resulting in the weakening of the BC polymeric backbone
and degradation of the fibrous structure. Tachai et al. (2024) [20] also found that periodate
oxidation transformed a smooth surface of carboxymethyl cellulose into a pitted and
non-smooth surface.

(E)

Figure 3. Morphologies of BC (A), DBC20 (B), DBC40 (C), DBC60 (D), DBC80 (E), and DBC100 (F).

The influence of various characteristics of DBC on the physical and mechanical prop-
erties of the gelatin crosslinked with DBC (GDB) sponge was further investigated.

3.3. Characterization of GDB Sponge

Gelatin, a protein biopolymer, is derived from the partial hydrolysis of collagen,
exhibiting remarkable biocompatibility comparable to that of collagen, with more cost-
effectiveness [25]. Due to the unique characteristics of gelatin, including its gel-forming
ability, biodegradability, and promotion of cell attachment, proliferation, and differentia-
tion [26], gelatin has been widely utilized in biomedical [27,28], tissue engineering [29,30],
and pharmaceutical [31] applications. Gelatin is composed of various types of amino
acids linked together by peptide bonds, with three primary amino acids: glycine (25-29%),
proline (15-17%), and hydroxyproline (12-14%) [32]. Due to the high water solubility of
gelatin, many applications require structural stability in the wet state; therefore, gelatin
must be crosslinked through a Schiff’s base reaction with substances containing aldehyde
groups, such as glutaraldehyde and formaldehyde [33]. Nonetheless, these two chemicals
are toxic to both animal and human cells, rendering them unsuitable for use in biomedical
applications [34,35]. An alternative option is natural extracts such as cinnamaldehyde [15]
and genipin [36], which are relatively expensive. Seeking a crosslinker with non-toxicity
and biocompatibility is a challenging task.

Low mechanical strength is the weakest point of gelatin, which limits its applications in
several areas [37]. Since neat gelatin is brittle and fragile, reinforcement with other polymers
is necessary. For example, cellulose nanocrystals incorporated with electrospun gelatin
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nanofibers to improve their tensile strength for further utilization in biomedical fields [38].
Chitosan—gelatin hydrogel reinforced with cellulose nanofibrils showed enhancements in
mechanical strength and thermal stability for diabetic wound healing applications [39].
Moreover, gelatin-starch was successfully integrated with polyvinyl alcohol to modify
mechanical resilience [40]. The high potential of utilizing gelatin must include crosslinking
and reinforcement steps. Consequently, the recent work proposed DBC simultaneously
acting as a crosslinker and a reinforcing agent to improve the structural stability of gelatin
sponge in both dry and wet states by controlling the DO level of DBC.

3.3.1. Degree of Crosslinking of GDB Sponge

DBC served simultaneously as a crosslinker and a reinforcement for the fabrication
of gelatin sponges. The degree of crosslinking between the amino groups of gelatin
and the aldehyde groups in DBC is summarized in Table 4. The results reveal that the
degree of crosslinking increased with higher aldehyde content/DO. Due to the existing
aldehyde content in DBC, it actively interacts with the amine functional groups of gelatin
through Schiff’s base reaction [41]. For the lowest aldehyde content (GDB20), the degree of
crosslinking was only 12.6%. In contrast, the maximum degree of crosslinking achieved
was nearly 50% using DBC100. However, the degree of crosslinking of the gelatin film
crosslinked with dialdehyde cellulose was reported to be about 68-75% [41]. This might be
attributed to the 9% lower gelatin concentration compared to recent work.

Table 4. Characteristics of gelatin (GL) and GDB sponges.

. Weight Loss . . .
. Porosit Degree of Swellin; Tensile Elongation at Break

Sponge  Thickness (mm) R Crosslignking %) Afteioz)D S After1 Day Chime) Strength (MPa) S

GL 40+04 239 + 3.1 0.0 £0.0 523 +54 153 +£29 59+1.0 29.1 +5.6
GDB20 02+0.0 35+3.1 12.6 £2.8 33.0+25 11.8 £ 0.6 28+ 1.6 51.7 + 8.8
GDB40 1.7+03 323 +9.8 199 +£2.7 15.0 £ 0.8 75+ 0.8 4.6+43 49.3 +5.0
GDB60 32406 413 +£5.6 35.6 +2.3 114 £ 0.6 59+1.3 49+12 50.1 + 6.8
GDBS80 23+04 283 +9.5 456 + 1.6 10.6 + 0.8 47 +0.2 6.8 +4.4 50.4 + 8.6
GDB100 28402 47.7 £2.3 49.6 + 1.6 9.6 +£0.7 4.7 4+0.2 9.0+ 3.6 55.0 + 2.6

FT-IR spectroscopy was used to characterize the sponges (Figure S1 in the Supple-
mentary Materials). The characteristic bands of gelatin and DBC were present in all
the GDB sponges. The vibration of the OH bond in gelatin and DBC peaks between
3100 and 3600 cm ! was observed. After gelatin was crosslinked with DBC, the OH peaks
shifted from 3284 cm~! to 3279-3273 cm~!. This shift could be attributed to the hydrogen
bonding interaction between gelatin and DBC. Tohamy (2025) [42] also observed a shift in
the OH peak from a higher (3336 cm ™) to a lower (3330 cm 1) wavenumber, indicating
strong hydrogen bonding between dialdehyde cellulose and chitosan. This finding was
also reported in the dialdehyde carboxylated cellulose crosslinked with soy protein [43]. For
the chemical reaction (Schiff’s base), a new peak of imine (C=N) around 1600-1700 cm~lora
shift in the 1650-1600 cm ! range [44] should be detected. However, this peak overlapped
with the amide I of gelatin and the carbonyl peaks of DBC, leading to unclear identification.
Moreover, the characteristic peaks (1729 and 886 cm ') of DBC disappeared in all GDB
sponges, which was also reported in [41], indicating that these two peaks were utilized by
the crosslinking process.

3.3.2. Weight Loss of GDB Sponge

The sponges were immersed in water for 7 days to determine the structural stability
in terms of weight loss percentage, which directly relates to the degree of crosslinking.
Generally, gelatin must be crosslinked to enhance its water resistance before being utilized
in many applications. The percent weight loss of the GDB is presented in Table 4. Without
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crosslinking, the GL sponge had the highest weight loss compared to the GDB sponges.
After crosslinking, the structure of the sponge was more stable in water, retaining more
than 85% of its weight (GDB40, GDB60, GDB80, and GDB100) after 7 days. Due to the
strong chemical reaction (Schiff’s base reaction) between gelatin and DBC, DBC possessed
the potential to be a crosslinker for gelatin. Consequently, DBC containing 40% DO could
significantly improve the structural stability of gelatin.

3.3.3. Swelling of GDB Sponge

The swelling ability of the composite depends on several parameters, such as hy-
drophilicity /hydrophobicity, material structure, and interaction between polymer chains.
Although gelatin and DBC both exhibit high hydrophilicity, after crosslinking, the swelling
decreased as the DO of the DBC increased. Particularly with GDB80 and GDB100, the
sponges could only swell to 4.7 times their original state. This may be due to the high
aldehyde content in DBC effectively bonding with the gelatin polymer chains, resulting
in a more rigid structure, which corresponds with the degree of crosslinking and percent
weight loss. This finding aligns with gelatin gel crosslinked with dialdehyde cellulose
nanocrystal [45] and dialdehyde starch [46].

3.3.4. Morphology of GDB Sponge

The fabrication technique employed in this research is lyophilization, which creates a
three-dimensional porous structure suitable for various applications, including scaffolds
for tissue engineering [47], wound dressings [48], and wastewater treatment [49]. After ice
crystals are formed during the freezing step, they are sublimated during the drying phase,
resulting in a porous structure, particularly in the interior of the sponge [17]. The thickness
and porosity of the sponges are shown in Table 4, where the GL sponge exhibited the
highest thickness. In contrast, the GDB20 structure, when gelatin crosslinked with DBC20,
resulted in a densely non-porous film-like structure, as depicted in Figure 4 (second row).
Due to the mild conditions, the structure of DBC20 (Figure 3B) retained fibers, similar to
BC, without being destroyed by oxidation reactions. When gelatin was crosslinked with
the DBC20 fibers, they tended to compact together, resulting in a film-like structure with a
thickness of 0.2 mm. As the aldehyde content of DBC increased, the thickness and porosity
of the GDB sponges reached their maximum at 60% DO. As seen in Figure 3, a fibrous
network structure was observed in DBC20, DBC40, and DBC60, demonstrating a gradual
trend of fiber degradation. With increasing DO, the fiber diameter and structure became
thinner and looser, respectively. All these parameters substantially influenced the GDB
sponge structure.

GDB20 GDB100

Figure 4. SEM images of the surface area with a magnification of x40 (above) and cross-sectional
area with a magnification of x100 (below) of the GL and GDB sponges.

16



Polymers 2025, 17, 1836

For the GDB80 sponge, the thickness and porosity decreased when compared to those
of the GDB60. According to the oxidation conditions (Table 3), a doubled reaction time
was operated for synthesizing DBC80 with nearly the same mole ratio and temperature,
resulting in a high degree of degradation in the fibrous structure. The harsh conditions
could damage the BC fibers. When comparing GDB80 and GDB100, greater thickness and
porosity were observed in the gelatin crosslinked with DBC100. This suggests that DBC100
was well-incorporated into gelatin, resulting in a homogeneous composite sponge, which
was obviously noticed on the smooth surface of GDB100 (Figure 4, first row).

The surface area of the sponges is shown in Figure 4 (1st row). A high roughness with
numerous pits was noticed on the surface of the native gelatin (GL) sponge. This appearance
was also observed in [17]. When gelatin was crosslinked with 20DBC (GDB20), all the
pits disappeared and the surface became much smoother, implying a good distribution
of 20DBC fibers within the gelatin. However, the GDB40 and GDB60 sponges exhibited
greater surface roughness compared to the GDB20 sponge. This may be due to the smaller
diameter of the fibers creating more roughness on the surface. For the non-fibrous structure
of DBC80, the roughness on the surface of the GDB80 sponge was fine. In contrast, a
homogeneous and smooth surface resembling an open-area sponge was only observed on
the surface of the GDB100 sponge due to the finest and non-fibrous structure of DBC100.

3.3.5. Mechanical Strength of GDB Sponge

The tensile strength and elongation at break of the GL and GDB sponges are gathered
in Table 4. Gelatin is recognized as a biopolymer with high strength but low elasticity. As
shown in Table 4, the GL sponge exhibited quite high strength with the lowest elongation
at break. Crosslinking with DBC, considering different DO and structure, enhanced the
tensile strength of the GDB sponges as the DO of the DBC increased. The high degree of
crosslinking contributed to the improved mechanical strength of the sponges. The structural
integrity could be improved by the chemical reaction between amine and aldehyde groups,
resulting in greater tensile strength [41]. Only the homogeneous sponge (GDB100) achieved
the highest tensile strength of 9 MPa, representing a 52.5% improvement over that of the
GL sponge.

After the gelatin sponges were crosslinked with DBC, the elongation at break showed
huge improvement. This can be attributed to both the crosslinking and reinforcing
processes between gelatin and DBC. This finding aligns with the results reported by
Lin et al. (2019) [50]. The elasticity of all gelatin sponges crosslinked with DBCs improved
by approximately 20-26% compared to the native GL sponge. An insignificant differ-
ence was observed in all GDB sponges. Generally, the enhancement of tensile strength
conversely correlates with improved elasticity. Surprisingly, DBC could simultaneously
enhance tensile strength and elongation at break.

3.4. Future Applications for DBC

DBC demonstrated significant potential as both a crosslinker and a reinforcing
agent for protein biopolymers. DBC nanofiber was used to crosslink and reinforce the
gelatin/carboxymethyl chitosan hydrogel for three-dimensional (3D) printing tissue engi-
neering applications [51]. The 3D sponge-shaped collagen scaffolds were crosslinked with
dialdehyde cellulose to enhance mechanical strength, and their ability to promote embry-
onic nerve cell culture was also demonstrated, confirming high biocompatibility [52]. To
fabricate a rehydratable hydrogel for wound healing, quaternized chitosan was crosslinked
with DBC to enhance its mechanical properties [53]. Not only are biomedical fields applied,
but gelatin film was also crosslinked with dialdehyde cellulose to develop tensile strength,
water resistance, and barrier properties for application in the packaging area [41].
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For biological properties, the 6.59 mmol/g (100%) aldehyde content present in the
dialdehyde microcrystalline cellulose (DAMC) structure exhibited a strong scavenging
effect on 1,1-diphenyl-2-picrylhydrazyl (DPPH), (2,2’-Azino-bis-(3-ethyl-benzthiazoline-
6-sylfonic acid (ABTS), and hydroxyl radicals, with half-inhibitory concentration (ICsg)
values of 5.9, 5.6, and 8.1 mg/mL, respectively, indicating high antioxidant activity [24].
Along with its antibacterial activity, DAMC showed minimum inhibitory concentrations
(MICs) of 15 mg/mL against Staphylococcus aureus, Bacillus subtilis, and Escherichia coli,
respectively, and 30 mg/mL against Salmonella typhimurium. Gram-negative bacteria had
greater sensitivity to DAMC compared to Gram-positive bacteria [54]. Moreover, DBC was
biocompatible and promoted fibroblast attachment and proliferation on day 4 [55].

In conclusion, cellulose oxidized by periodate exhibited distinctive characteristics,
including biocompatibility, biodegradability, and antioxidant and antibacterial activities,
which may potentially be applied in various fields as a crosslinking and reinforcing agent
to improve the mechanical properties and structural stability of protein-type biopolymers.

4. Conclusions

The preparation of DBC using a 1:2 molar ratio at 60 °C for 12 h yielded the highest
aldehyde content of 98.3%. The molar ratio of BC and NalOy, as well as the reaction time,
had a slightly greater effect on aldehyde content formation than temperature. The simulated
quadratic model was highly accurate, with an error of only 5.3%. DO level significantly
influenced the chemical and morphological structure of DBC. Gelatin was crosslinked and
reinforced with DBCs containing DO/aldehyde content levels of 20%, 40%, 60%, 80%, and
100%. The GDB80 and GDB100 sponges exhibited excellent structural stability in water due
to their high degree of crosslinking. The morphology of the sponge was influenced by both
DO and the structure of the DBC. The strongest sponge was GDB100, featuring the highest
tensile strength and elongation at break. The distinct characteristics of the GDB sponge
will make it suitable for various applications, depending on the requirements, which can
be adjusted by the DBC’s DO.
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Abstract: To address the growing demand for environmentally friendly flexible sensors,
here, a composite hydrogel of nanocellulose (NC) and polyvinyl alcohol (PVA) was de-
signed and fabricated using Camellia oleifera shells as a sustainable alternative to petroleum-
based raw materials. Firstly, NC was extracted from Camellia oleifera shells and modi-
fied with 2-chloropropyl chloride to obtain a nanocellulose-based initiator (Init-NC) for
atomic transfer radical polymerization (ATRP). Subsequently, sulfonyl betaine methacrylate
(SBMA) was polymerized by Init-NC initiating to yield zwitterion-functionalized nanocel-
lulose (NC-PSBMA). Finally, the NC-PSBMA /PVA hydrogel was fabricated by blending
NC-PSBMA with PVA. A Fourier transform infrared spectrometer (FT-IR), proton nuclear
magnetic resonance spectrometer (*H-NMR), X-ray diffraction (XRD), scanning electron
microscope (SEM), transmission electron microscope (TEM), universal mechanical testing
machine, and digital source-meter were used to characterize the chemical structure, surface
microstructure, and sensing performance. The results indicated that: (1) FT-IR and 'H
NMR confirmed the successful synthesis of NC-PSBMA; (2) SEM, TEM, and alternating
current (AC) impedance spectroscopy verified that the NC-PSBMA /PVA hydrogel exhibits
a uniform porous structure (pore diameter was 1.1737 pum), resulting in significantly better
porosity (15.75%) and ionic conductivity (2.652 S-m 1) compared to the pure PVA hydrogel;
and (3) mechanical testing combined with source meter testing showed that the tensile
strength of the composite hydrogel increased by 6.4 times compared to the pure PVA hydro-
gel; meanwhile, it showed a high sensitivity (GF = 1.40, strain range 0-5%; GF = 1.67, strain
range 5-20%) and rapid response time (<0.05 s). This study presents a novel approach to
developing bio-based, flexible sensing materials.

Keywords: cellulose-based atrp initiator; nanocellulose extraction; zwitterionized
nanocellulose; ATRP; cellulose-based hydrogels; flexible sensor
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1. Introduction

With the rapid advancement of intelligent medical and wearable devices [1,2], there
is an increasing demand for flexible and high-sensitivity sensing materials in biosens-
ing applications, such as motion monitoring and cardiac detection [3,4]. Hydrogels, as
soft materials with a three-dimensional network structure [5], exhibit excellent ionic con-
ductivity [6] and tunable mechanical properties [7], making them ideal candidates for
constructing flexible biosensors [8-10]. Among the numerous hydrogel systems, poly
(vinyl alcohol) (PVA) hydrogels exhibit significant potential for biosensing applications
due to their readily available raw materials, simple preparation process, and outstanding
mechanical properties [11,12]. Nevertheless, PVA hydrogels possess inherent limitations:
their single physical cross-linking network makes it challenging to balance mechanical
strength with toughness [13,14]. Furthermore, the absence of ion-conducting groups limits
their performance in high-sensitivity sensing applications [15,16].

To overcome the performance limitations of PVA hydrogels, researchers have mod-
ified them through physical blending [17,18] and chemical cross-linking [16]. Although
physical blending is convenient and straightforward, the weak interactions between addi-
tives and the PVA matrix often lead to unstable material properties. Nanoparticles can be
used as reinforced fillers in physical blending. For example, Tsou C. et al. [19] prepared
PVA/CNT-NZnO composite hydrogels by ultrasonic solution mixing and freeze—thaw
cycles. However, the use of nanoparticles often involves the phenomenon of agglomer-
ation [20], which can cause a significant decline in the hydrogel’s conductive properties
over time. While chemical cross-linking enhances the network structure of hydrogels,
the introduction of cross-linking agents can compromise their biodegradability. Zhao J.
et al. [21] employed Titanium bis(triethanolamine) diisopropoxide (TE) as a cross-linking
agent for the preparation of PVA hydrogels [22]. The presence of chemical cross-linkers ren-
ders hydrogels cytotoxic, produces unpleasant odors, and makes PVA non-biodegradable,
adversely affecting some of its properties [23]. This presents challenges for natural degra-
dation and makes PVA a less ideal green material. And notably, atomic transfer radical
polymerization (ATRP) was used in this study for the surface functionalization of nanocel-
lulose (NC), which has advantages compared to other processes’ commercial materials [24].
Compared with conventional chemical cross-linking methods, such as the use of toxic
cross-linking agents such as glutaraldehyde, the ATRP process can significantly reduce
by-product generation and lower purification costs by virtue of modular reaction control
and high atom economy. In terms of feedstock cost, nanocellulose extracted from oil tea
husk is free of charge, which is much lower than commercial nanocellulose (5-10 USD/g)
and synthetic conductive polymers (e.g., PEDOT:PSS, 20-50 USD/g). In terms of process
scalability, ATRP technology is adapted to continuous flow reactors with batch yields of
50-100 g/h per unit [25], which is comparable to the industrial productivity of polyvinyl al-
cohol (PVA) hydrogels. In contrast, commercially available flexible sensors based on metal
nanowires (e.g., silver nanowires, 300-500 USD/g) or carbon nanotubes (100-200 USD/g)
are not only expensive in terms of material cost but also face agglomeration challenges in
scale-up processing. Therefore, developing a green and efficient strategy for modifying
PVA hydrogels with excellent overall performance remains a critical challenge.

Nanocellulose (NC), a nanomaterial derived from biomass [26,27] with high strength
and a high specific surface area, is easily modified [28-30], exhibits excellent mechanical
properties [31], and is biodegradable [32,33], making it particularly advantageous for hy-
drogel reinforcement. However, the absence of conducting groups on the NC surface limits
its direct application in ion sensing [34]. Thanks to the robust interaction between PVA
and NC, PVA hydrogels enhanced with pure NC exhibit outstanding mechanical strength.
However, the absence of effective ion transport pathways limits its ionic conductivity,
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making it unsuitable for applications such as motion monitoring and electrocardiogram
detection. Therefore, imparting the conductivity of NC and achieving synergistic enhance-
ment with PVA has become a key focus in overcoming the performance limitations of
traditional PVA hydrogels.

In this study, a green preparation strategy for utilizing biomass waste resources to pro-
duce ionized gel enhancers was proposed. Nanocellulose was first extracted from Oleifera
Shells, and then SBMA amphiphilic groups were grafted onto the surface of nanocellulose
using atom transfer radical polymerization (ATRP) to construct an ion-conducting network.
Finally, the modified nanocellulose was compounded with polyvinyl alcohol (PVA) to form
a hydrogel. The resulting hydrogel demonstrated a high signal-to-noise ratio (SNR) in both
sports and electrocardiogram (ECG) monitoring, providing a sustainable alternative mate-
rial for flexible electronic devices and promoting the high-value utilization of agricultural
and forestry waste. This strategy aims to integrate the advantages of different components
to endow the hydrogel with excellent performance, providing a sustainable solution for
flexible electronic devices and promoting the high-value utilization of agricultural and
forestry wastes.

2. Materials and Methods
2.1. Chemicals and Materials

Camellia oleifera shells were offered from Hunan Qiyi Biotechnology Co., Ltd. (Jiaxing,
China) Anhydrous tetrahydrofuran (THF, 99.5%), anhydrous triethylamine (TEA, 99.5%),
2-chloropropionyl chloride (98%), anhydrous N,N-dimethylacetamide (DMAc, 99.8%),
dichloromethane (DCM, analytical grade), polyvinyl alcohol (PVA, Mw~88,000), and
N,N,N,N,N-pentamethyl diethylenetriamine (PMDETA, 98%) were sourced from Shanghai
Titan Technology Co., Ltd. (Shanghai, China) Sulfobetaine methacrylate (SBMA, 98%)
was obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China) Copper(I)
bromide (CuBr, 99.5%) was acquired from Shanghai Bide Pharmatech Co., Ltd. (Shanghai,
China) Acetone (analytical grade) was procured from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China) Ethanol (analytical grade), methanol (analytical grade), and acetic
acid (analytical grade) were purchased from Tianjin Tianli Chemical Reagent Co., Ltd.
(Tianjin, China) Ammonia solution (analytical grade) was sourced from Tianjin Fuyu Fine
Chemical Co., Ltd. (Tianjin, China) Sodium chlorite (analytical grade) was obtained from
Tianjin Aopu Chemical Co., Ltd. (Tianjin, China) Toluene (analytical grade) was purchased
from Xilong Scientific Co., Ltd. (Guangzhou, China)

2.2. Extraction of Nanocellulose

A total of 15.0 g of Camellia oleifera shell was accurately weighed and pulverized into
80-mesh powder using a reciprocating ball mill (30 Hz, MM400, Retsch, Haan, Germany).
The powder was added to a Soxhlet extractor and extracted at 120 °C for 8 h using a 2:1 so-
lution of toluene and ethanol by volume to remove the majority of the extractables, and the
solid sample was collected after filtration and separation. The lignin was removed from the
samples by washing with a sodium chlorite solution for 1 h at 75 °C, adjusting with glacial
acetic acid to maintain a pH 3-5 environment, and repeating the washing five times to
obtain hemicellulose. The removal of the remaining hemicellulose was then accomplished
by washing for 2 h at 90 °C with a freshly configured 2 wt% sodium hydroxide solution.
The crude cellulose was treated in the same acidic sodium chlorite system for 1 h. After
separation, it was treated with a 5 wt% sodium hydroxide solution at 90 °C for 2 h to pre-
pare alkalized cellulose, which was then made into a 2 wt% cellulose aqueous suspension.
Finally, Camellia oleifera shell nanocellulose was produced by ultrasonic crushing for 30 min
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using an ultrasonic plant cell crusher (1200 W, JY98-IIIDN, Ningbo Scientz Biotechnology
Co., Ltd., Ningbo, China).

2.3. Chlorination Modification of Nanocellulose

Solvent Centrifugal Replacement Method: An aqueous suspension of nanocellulose
(100 g, 5.3 wt%, and 32.7 mmol) was centrifuged using acetone as the solvent at a speed
of 5000 r/min. The supernatant was discarded to obtain a white transparent colloid. The
centrifugation process was repeated, followed by sequential washing with tetrahydrofuran
and ultra-dry tetrahydrofuran, each time centrifuging at a speed of 5000 r/min to obtain
a suspension of nanocellulose in the anhydrous tetrahydrofuran system. The suspension
was transferred to a reaction flask and anhydrous tetrahydrofuran was added under a
nitrogen atmosphere. A total of (9.11 mL, 65.4 mmol) of anhydrous triethylamine was
added while stirring, and 2-chloropropionyl chloride (8.31 mL, 65.4 mmol) was added
dropwise under an ice water bath. After stirring at 40 °C for 16 h, a small amount of
reaction mixture was taken and precipitated in water to obtain small brown solid particles.
The precipitated liquid was centrifuged at a speed of 5000 r/min and washed sequentially
with tetrahydrofuran, acetone, and distilled water to obtain a light yellow flocculent solid,
which was dried as a cellulose initiator (Init-NC, 3.42 g, 15.2 mmol). The equation for
Zwitterionized Nanocellulose is shown in Figure 1.
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Figure 1. Equation for Zwitterionized Nanocellulose.

2.4. ATRP Polymerization

ATRP polymerization of SBMA: The Init-NC (0.377 g, 1.67 mmol) was dispersed in
water to initiate the polymerization of SBMA. SBMA (4.6902 g, 21 mmol) and PMDETA
(0.175 g, 1.01 mmol) were added in a reaction flask under a nitrogen atmosphere, and
purified CuBr (0.24 g, 1.67 mmol) was added after 15 min, which was operated quickly,
and nitrogen continued to be blown into the flask for 2-3 min to prevent the oxidation of
Cu®. The reaction was conducted at 60 °C for 20 h 50 min to obtain a blue turbid solution.
The mixture was then centrifuged at 8000 r/min, and the light blue solid precipitate was
collected. This precipitate was centrifuged multiple times with distilled water, causing the
blue color to gradually fade. The precipitate was taken again and washed four times using
a 12.5 wt% ammonia solution as the solvent, followed by centrifugation. The precipitate
turned gray-white, and vacuum filtration was performed to remove the ammonia solution,
yielding the solid product. Finally, the washed solid was homogeneously dispersed in
water and dialyzed using a dialysis bag with a molecular weight cut-off of 8000-14,000.
The retained supernatant was also poured for dialysis. After dialysis and freeze-drying,
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two types of white solids were obtained, with the supernatant and precipitate labeled as
PSBMA and NC-PSBMA, respectively.

2.5. Preparation of PVA Gels

PVA hydrogels, and all hydrogels below, were obtained by the freeze-thaw method. A
total of 0.4 g of PVA was mixed with 4 mL distilled water and stirred at 95 °C for 2 h to grad-
ually dissolve the white solid into a colorless, clear solution. The prepared aqueous PVA
solution was cryogenically frozen at —25 °C and thawed at room temperature for cycling.
The PVA solution was transformed into a hydrogel through physical temperature variation.

2.6. Preparation of PSBMA/PVA Gels

A total of 0.4 g of PVA was mixed with 7 mL distilled water and stirred at 95 °C for
2 h. As the white solid gradually dissolved, the system became colorless and transparent.
Then 0.3 g of PSBMA was added to the system and stirred at 95 °C for 1 h. The prepared
solution was subjected to repeated cycles of cryogenic freezing at —25 °C and thawing
at room temperature. The hydrogel of PSBMA /PVA solution was formed through the
physical variable of temperature.

2.7. Preparation of NC-PSBMA/PVA Gels

A total of 0.4 g of PVA was mixed with 7 mL of distilled water and stirred at 95 °C for
2 h. The white solid gradually dissolved and the system became colorless and transparent.
Then 0.3 g of NC-PSBMA was added to the system and stirred at 95 °C for 1 h, and the
solution gradually turned into a light yellow transparent state. The prepared solution
was subjected to repeated cycles of cryogenic freezing at —25 °C and thawing at room
temperature. The hydrogel of NC-PSBMA /PVA solution was formed through the physical
variable of temperature.

2.8. Instrumentation and Characterization

The functional group structure of the sample was analyzed using a Fourier Transform
Infrared Spectrometer (TENSOR II, Bruker, Ettlingen, Germany) with a scanning range
of 4000~500 cm™1, a resolution of 4 cm~1, and 32 scans. The sample’s structure was
examined using a Nuclear Magnetic Resonance Spectrometer (AVANCE III HD, Bruker,
Zurich, Switzerland) at a frequency of 600 MHz. X-ray diffraction (40 mA, 10 kev) was
used to analyze the crystalline properties of the samples using an X-ray diffractometer
(XRD, ADVANCE A25, Bruker, Ettlingen, Germany). A Scanning Electron Microscope
(Apreo S HiVac, Thermo Fisher, Prague, Czech Republic) was employed to observe the
microscopic surface structure of the sample. Before testing, the sample was gold-sputtered,
and the pores were binarized using Avizo software (Avizo2020.1) to facilitate the subsequent
measurement and analysis of pore parameters. A PC-80D ECG meter (Shenzhen Carewell
Electronics Co., Ltd., Shenzhen, China) was used for four-lead ECG acquisition.

An electrochemical workstation (CHI660F, Shanghai Chenhua Instrument Co., Ltd.,
Shanghai, China) was utilized to test the conductivity of the sample. The hydrogel sample,
cut into dimensions of 10 mm x 10 mm x 1.27 mm, was clamped between two copper
sheets with a thickness of 0.01 mm. The conductivity of the hydrogel sample was tested
using Electrochemical Impedance Spectroscopy (EIS) in the frequency range of 10'~10° Hz.
The ionic conductivity of the hydrogel was calculated with the following Equation (1):

J_— L
7R0><S

)

where L was the height of the hydrogel (m); Ry was the hydrogel resistance ((2); and S was
the total contact area between the hydrogel and the electrode sheet (m?).
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The stress—strain curve of the hydrogel was measured using a universal mechanical
testing machine (DR-507AS, Dongguan Dongri Instrument Co., Ltd., Dongguan, China) at
a speed of 50 mm/min. The sensing performance of the samples was evaluated using a
digital source meter (2611B, Tektronix, Inc., Beaverton, OR, USA) with a current of 1 mA.
The hydrogel sensor sensitivity was characterized by the strain sensitivity factor Gg, which
was calculated with the following Equation (2):
_R—Rp 1

- 2

F
G RO 3

where R was the resistance of the hydrogel sensor at stretching (€)); Ry was the initial
resistance of the hydrogel sensor (()); and e was the tensile strain of the hydrogel (%).

The delay time was determined by measuring the change in resistance of the com-
pressed hydrogel at room temperature during the deformation process. The stretching
distance was 2.94 mm, and the stretching speed was 100 mm /min.

3. Results and Discussion
3.1. Micro-Morphological Analysis of Camellia Oleifera Shell Nanocellulose

The nanocellulose extracted from the Camellia oleifera shells exhibited a high aspect
ratio (greater than 80), with a single fiber diameter of about 24.84 nm and a length of
more than 2 um, which was in line with the size of a typical nanocellulose, which was
conducive to enhancing the mechanics and network construction in hydrogels. These fibers
self-assembled into cluster aggregates with widths ranging from 20 to 50 nm and lengths
reaching several micrometers (Figure 2). Notably, some individual fibers protruded from
the surface of the aggregate, forming a distinctive “dendritic” structure. This particular
morphology offered the following advantages: on the one hand, the abundance of surface
hydroxyl groups and the dendritic structure provided sufficient active sites for chemical
modification, allowing functional groups to be incorporated through chlorine modification.
On the other hand, the multi-level ordered structure can enhance the interfacial interaction
with the PVA matrix. The improvement in the mechanical strength of the hydrogel was
achieved through the physical entanglement of the fiber network and the hydrogen bonding
between ionic groups and PVA hydroxyl groups.

Figure 2. (a) 50,000 x SEM image of NC. (b) 100,000 x SEM image of NC. (c) 6000 x TEM image of
NC. (d) 10,000 x TEM image of NC.
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3.2. Structural Characterization

The FT-IR spectrum of freeze-dried NC and Init-NC showed (Figure 3a) a stretching
vibrational peak of -CH,- on NC at 2890 cm~ L. After the chlorination reaction, the Init-NC
curve methylene was shifted, and the telescopic vibration peak of methyl-CHjz appeared in
the region of 2970-2800 cm~!. Compared to NC, Init-NC showed a stretching vibration
peak of the carbon-oxygen double bond at 1750 cm~!, demonstrating the successful
introduction of the carbon group from 2-chloropropionyl chloride, and thereby achieving
the chlorination modification of NC. Based on the FT-IR analysis above, the two-step
preparation of chlorinated cellulose using the solvent centrifugal displacement method
was feasible and successfully produced a chlorine-modified nanocellulose initiator.

The O-H stretching vibration peak significantly weakened in NC-PSBMA compared
with NC, while the C=0 stretching vibration peak at 1725 cm ™! was stronger (Figure 3a).
This indicated that most of the hydroxyl groups on its surface were involved in forming
new chemical bonds, and NC-int successfully initiated the polymerization of monomers.
In the 'H-NMR spectrum of NC-PSBMA (Figure 3b), the peaks at 0.8-1.2 ppm attributed
to methyl-CHs (25, 27, 46, 82, 63, and 67) indicated that the number of methyl groups
increased in NC-PSBMA. The peaks at 3.2-3.5 ppm attributed to the methyl group attached
to N* (36, 37, 54, 55, 75, and 76), and the presence of peaks of hydrogen on the cellulose
carbon backbone (3.5-4.5 ppm) indicated that the NC-PSBMA was the product of the
grafting polymerization that occurred. It was demonstrated that the NC-SBMA was
synthesized successfully.
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Figure 3. FT-IR spectrum of: (a) NC, Init-NC, and NC-PSBMA. (b) 1H-NMR spectrum of NC-PSBMA.
(c) XRD spectrum of NC and Init-NC.
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Both the Init-NC and the NC exhibited characteristic cellulose diffraction peaks at
20 =16.5°,22.5°, and 34.5°, corresponding to the (001), (200), and (004) planes, respectively
(Figure 3c). A slight decrease in the crystallinity of Init-NC compared to NC was observed,
likely due to chlorination modification and swelling effects. The crystalline regions of
cellulose remained largely intact, with no significant changes in crystalline morphology or
adverse effects on mechanical properties.

3.3. Micro-Morphological Analysis of NC-PSBMA/PVA Hydrogels Surface

SEM images of the NC-PSBMA /PVA hydrogel surfaces at different magnifications
revealed a relatively uniformly distributed porous network at low magnification. At high
magnification, the internal pore structure appeared to be non-uniformly distributed, dense,
and highly interconnected (Figure 4a,b). A highly smooth hole wall structure suggested
that the block fiber network of NC-PSBMA and the PVA molecular chains were fully
interpenetrated through hydrogen bonding and physical entanglement. Additionally,
the presence of hierarchical porous structures in certain regions further enhanced the
mechanical strength of the hydrogel via the “stress dispersion effect”. This complex
architecture not only promoted efficient ion transport but also simultaneously improved
the tensile properties of the composite hydrogel.

Statistical analysis of the SEM images of NC-PSBMA /PVA hydrogels (Figure 4d,e)
indicated an average pore size of 1.1737 £ (1.03731) um with the size distribution from
0.253689 pm to 9.60339 pm. The specific surface area was 1.926 + (4.377) um?2, and the
porosity was 15.75%. This size range indicated that the pore structure was at the micrometer
level, which was advantageous for the diffusion and penetration of ions or water, as well
as provided sufficient spatial selectivity for ion adsorption and preventing the desorption
of conductive ions.
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Figure 4. SEM images of NC-PSBMA /PVA hydrogels (a) 10,000x and (b) 600x. (c) Presenta-
tion effects of NC-PSBMA /PVA hydrogel pore binarization images after threshold segmentation.
(d) Equivalent diameter distribution image of NC-PSBMA /PVA hydrogels’ pores. (e) Distribution
image of pore-specific surface area of NC-PSBMA /PVA hydrogels.

3.4. Mechanical Strength Characterization of Hydrogels

Figure 5 presents the stress—strain curves of NC-PSBMA /PVA, PSBMA /PVA, and
pure PVA hydrogels. All three exhibited similar profiles characterized by elastic defor-
mation regions followed by strain hardening without a distinct yield point, indicating
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that deformation is primarily elastic throughout the stretching process. Among them, the
NC-PSBMA /PVA hydrogel exhibited a narrower elastic deformation range, primarily due
to the rigid, brush-like architecture of NC-PSBMA and its strong interactions with the
PVA matrix, which resulted in an earlier onset of strain hardening. Nevertheless, this
hydrogel achieved a remarkable elongation at a break of approximately 300%, demon-
strating excellent stretchability. In comparison, pure PVA hydrogel remained in the elastic
region up to failure but exhibited a lower elongation at break, with only 250% elongation,
attributed to weaker intermolecular interactions. Incorporating ionic polymers (PSBMA
and NC-PSBMA) significantly enhanced the mechanical strength of PVA hydrogels. The
addition of PSBMA increased the tensile strength by approximately 300% to 0.2 MPa.
In contrast, the inclusion of NC-PSBMA—owing to its intrinsic strength and brush-like
morphology—further amplified interactions with the PVA network, boosting the tensile
strength by nearly sevenfold to 0.32 MPa.
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Figure 5. Stress—strain curve of NC-PSBMA /PVA, PSBMA /PVA, and pure PVA hydrogels.

3.5. Characterization of Conductivity for Hydrogels

The conductivity of all samples was measured using two-electrode AC impedance
spectroscopy. So, the fitted equivalent circuit model for the impedance spectra is illustrated
in Figure 6a. In this model, R represented the intrinsic resistance of the hydrogel film. R;
and R, corresponded to the contact resistance between the film and the two electrodes.
CPE; and CPE; were constant phase elements, and Ly denoted the inductance of the
overall circuit.

The impedance spectra of the NC-PSBMA /PVA, PSBMA /PVA, and pure PVA hy-
drogels are shown in Figure 6b. Based on the equivalent circuit fitting results and the
conductivity equation in the Section 2, the conductivities of the three hydrogels were
determined to be 2.652 S:\m~—!, 0.363 S‘m !, and 0.135 S-m !, respectively. These results
indicated that the incorporation of ionic polymers substantially enhanced the conductivity
of pure PVA hydrogels. Notably, the conductivity of the NC-PSBMA /PVA hydrogel was
19.64 times higher than that of the pure PVA hydrogel, primarily due to the additional
mobile charge carriers introduced by the ionic polymers.
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Figure 6. (a) Equivalent circuit. (b) Impedance spectra of NC-PSBMA /PVA, PSBMA /PVA, and pure
PVA (the curves are the best fits to the equivalent circuit).

Interestingly, when introduced at the same mass fraction, the conductivity of the
NC-PSBMA /PVA hydrogel was approximately seven times greater than that of the PS-
BMA /PVA hydrogel. This enhancement cannot be explained solely by the difference in
ionic group content (since PSBMA contained more ionic groups per unit mass). Instead,
it was attributed to differences in molecular architecture: compared with linear PSBMA,
brush-like NC-PSBMA had densely packed side chains that formed a larger steric repulsion
layer within the PVA matrix, significantly improving polymer dispersibility. Moreover,
its brush-like structure minimizes chain entanglement and reduces the tendency for crys-
tallization. As a result, NC-PSBMA was more uniformly dispersed in the PVA matrix,
creating more efficient ion conduction pathways and thereby dramatically enhancing the
overall conductivity.

3.6. Sensing Performance Characterization of NC-PSBMA/PVA Hydrogel

Employing copper electrodes, the ionogel (NC-PSBMA /PVA hydrogel) was systemat-
ically evaluated as a flexible sensing detector (Figure 7a). Under continuous cyclic strain
within the low-strain regime (1-5%), the material demonstrated excellent linearity, repro-
ducibility, and high symmetry in its electrical response, as characterized by the (R — Rg)/Rg
curves (Figure 7b), highlighting its superior electrical sensitivity. As the strain increased
to 50%, the hydrogel sensor continued to maintain a stable and reliable response curve
(Figure 7c), demonstrating its effectiveness across a wide range of strains. The hydrogels
maintained consistent signal outputs under fixed strains of 10%, 20%, 30%, 40%, and 50%
(Figure 7d). The time-delay measurements (Figure 7e) showed that the resistance change
lags behind the strain change by approximately 0.05 s, indicating a response time of 0.05 s
for the hydrogel. This suggested that the ion-conducting network within the hydrogel can
respond rapidly to external deformation. The gauge factors (GF) were characterized under
both small-strain (<5%) and large-strain (5-20%) conditions (Figure 7f). The GF measured
1.40 at strains below 5% and exhibited a moderate increase to 1.67 within the 5-20% strain
range. This performance was comparable to that of state-of-the-art ionic conductive hy-
drogels, meeting the operational requirements for conventional strain sensing. During the
cyclic stability experiments, the resistance of the samples showed a minor increase after
300 stretching cycles, while the resistance change sensitivity remained stable, indicating
that the NC-PSBMA /PVA hydrogel sensors were suitable for repeated use and were stable
for long-term use. This excellent stability may be attributed to the reversible hydrogen
bonding and entangled network, which prevented structural damage during repeated

31



Polymers 2025, 17,1901

(@)

@

(2)

deformation and ensured a consistent sensing performance. In practical applications, the
hydrogel was affixed to the surface of a finger to monitor its bending motion (Figure 7h).
The corresponding relative resistance change response curve (Figure 7i) showed that the
peak signals exhibit distinct changes, accurately capturing the trajectory of the finger’s
bending motion. These results demonstrated that the NC-PSBMA /PVA hydrogel strain
sensor possessed high sensitivity, making it suitable for wearable, flexible sensors with the
strong potential for real-time monitoring of human motion.
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Figure 7. (a) Photograph of the testing device. Sensing resistance change curves (b) small strain,
(c) large strain, and (d) at different strains (10%, 20%, 30%, 40%, and 50%). (e) Curve of resistivity
with time. (f) Linear fitting curve of relative resistivity to strain. (g) Curve for 300 cycles. Sensing for
finger bending, (h) photo of finger sensing and (i) curve of resistance with time.

3.7. ECG Signal Acquisition Testing for NC-PSBMA/PVA Hydrogels

During the ECG collection experiment, NC-PSBMA /PVA hydrogel electrodes were
placed on the subject’s right arm, left arm, right leg, and left leg, and a four-lead ECG was
recorded using the PC-80D ECG meter. According to the electrocardiogram, the P-wave
represented atrial depolarization, while the QRS complex reflected ventricular depolar-
ization. At rest, the waveforms exhibited regular and orderly morphology and spacing
(Figure 8a), meeting the characteristics of a normal sinus rhythm, thereby confirming the
signal acquisition stability of the hydrogel electrode in static conditions. During exercise,
the heart rate increased, leading to a noticeable rise in the frequency of the P-wave and
QRS complexes, which reflected the influence of exercise-induced stress on cardiac electro-
physiological activity [35]. As shown in Figure 8b, the ECG waveform remained clearly
discernible even during physical activity. This was primarily attributed to the superior skin
adhesion and elasticity of the NC-PSBMA /PVA hydrogel electrode. This was attributed
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to the NC-PSBMA /PVA hydrogel electrodes possessing excellent skin-fitting properties.
The hydrogel electrode minimized motion artifacts at the electrode—skin interface through
synchronous deformation with cutaneous tissue. This conformal contact suppressed in-
terference from relative movement, enhancing ECG signal fidelity during ambulatory
monitoring. No residue adhered to the electrodes after they were peeled from the skin
surface, indicating that the interfacial forces in contact with the skin were reversible, thus
avoiding adhesive residue while accurately and stably monitoring the ECG. Continuous
wear tests showed that the electrodes did not trigger adverse skin reactions, ensuring
reliable ECG monitoring, accuracy, and safety.
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Figure 8. ECG acquisition signal during (a) rest and (b) motion. (c) NC-PSBMA /PVA hydrogel as an
electrode for ECG monitoring. (d) Schematic diagram of the fit state of the hydrogel electrode to the
skin surface. (e) Skin condition after 3 h of continuous wear testing.

4. Conclusions

This study successfully developed a high-performance ionic conductive hydrogel
by complexing Camellia oleifera shell-derived and ionized nanocellulose (NC- PSBMA)
with PVA. The iconic morphology of NC (diameter: ~24.84 nm, length: greater than 2
um) enabled effective chlorination and graft polymerization to synthesize NC-PSBMA, as
confirmed by FI-IR, NMR, and XRD analyses. Due to physical entanglement and hydrogen
bonding, the NC-PSBMA /PVA hydrogel exhibited increased mechanical strength, with a
tensile strength of 3.2 MPa (seven times higher than pure PVA) and an elongation of 300%.
Optimized ion pathways enhanced ionic conductivity (2.652 S m~!, 19.64 times higher than
pure PVA). As a flexible sensor, the hydrogel demonstrated a high sensitivity (GF: 1.4-1.67),
rapid response (0.05 s), and cyclic stability (50 cycles) in strain sensing.

The excellent performance of this hydrogel all stems from the triple synergistic effect
of the NC-g-SBMA and PVA composite hydrogel: (1) Amphiphilic ionic bonding enhances
the cross-linking density of the polymer network through multiple hydrogen bonding
and electrostatic interactions, which significantly improves the mechanical properties;
(2) the formation of -5O3~ /-N*(CH3), ion pairs to stable ion migration channels, which
ensures the high sensitivity of the sensing performance; (3) surface charge modulation
effectively reduces the contact impedance at the skin—sensor interface, which significantly
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improves the fit between the sensor and the skin and the signal transmission stability. As
an artifact-free interference electrode, the hydrogel is capable of accurately monitoring
electrocardiograms at rest and during exercise. This work not only transforms agricultural
waste into advanced functional materials but also presents a sustainable design strategy for
next-generation wearable bioelectronics and biomedical interfaces. In the future, we will
further explore the in vivo application of hydrogels and promote the further development
of hydrogels in wearable bioelectronic devices.
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Abstract: The upcoming energy transition requires not only renewable energy sources but also
novel electricity storage systems such as batteries. Despite Li-ion batteries being the main storage
systems, other batteries have been proposed to fulfil the requirements on safety, costs, and resource
availability. Moving away from lithium, materials such as sodium, magnesium, zinc, and calcium are
being considered. Water-based electrolytes are known for their improved safety, environmentally
friendliness, and affordability. The key, however, is how to utilize the negative metal electrode,
as using water-based electrolytes with these metals becomes an issue with respect to oxidation
and/or dendrite formation. This work studied magnesium, where we aimed to determine if it can
be electrochemically deposited in aqueous solutions with alginate-based additives to protect the
magnesium. In order to do so, atomic force microscopy was used to research the morphological
structure of magnesium deposition at the local scale by using a probe—the tip of a cantilever—as
the active electrode, during charging and discharging. The second goal of using the AFM probe
technology for magnesium deposition and stripping was an extension of our previous study in which
we investigated, for lithium, whether it is possible to measure ion current and perform nonfaradaic
impedance measurements at the local scale. The work presented here shows that this is possible in a
relatively simple way because, with magnesium, no dendrite formation occurs, which hinders the
stripping process.

Keywords: magnesium deposition; magnesium alginate; atomic force microscopy; aqueous electrolyte

1. Introduction

Due to the transition to green energy sources, the storage of electrical energy is
becoming increasingly important. As a result, the development of lithium-ion batteries
has accelerated in the last decade, which have found applications in various devices from
mobile phones and laptops to electric bicycles and vehicles. State-of-the-art commercial
Li-ion batteries are approaching their theoretical capacities, and, in order to bring these
batteries to their practical maximum, solutions are being sought to implement the negative
electrode of pure lithium, allowing an ultra-high specific anode capacity (3862 mA-g~!) [1].
Their development is especially complicated by the dendrite-forming property of lithium
when it is electrochemically deposited, which, after years of research, still poses a major
safety challenge [2]. Although this development will further increase energy density, the
increasing demand for energy storage solutions is a direct result of the energy transition
and will lead to a shortage of the limited raw materials needed to assemble lithium-based
batteries in the near future. In addition, a number of disadvantages of lithium-based
batteries, such as high cost and safety, give significant impetus to the development of
new types of batteries. As a result, scientists are looking for alternatives to lithium as
an energy carrier, with special attention to the possibilities of metals such as sodium,
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aluminum, and magnesium [3]. The latter two in particular are interesting candidates for
use as pure metal electrodes because experiments have shown that neither of them has a
strong tendency to develop dendrites during the deposition process [4,5]. Of these two
lithium alternatives, magnesium has the lowest atomic mass (Mg 24.305, Al 26,982) and
the lowest reduction potential after lithium (Li—3 V, Mg—2.37 V, Al—1.68 V). In addition,
the volumetric capacity of magnesium is high compared to that of lithium (Mg 3833
mAhem 3, Li 2046 mAhem —3; in contrast, aluminum is superior, at 8046 mAhcm3). These
properties, together with the high abundance (magnesium is the eighth most abundant
element) and the low cost, make secondary magnesium batteries attractive alternatives
to lithium-ion batteries. However, in addition to the development of high-performance
electrode materials, the challenges for Mg-based batteries mainly include finding a suitable
electrolyte and overcoming the formation of passivation layers on magnesium electrodes.
In contrast to the solid electrolyte interphase (SEI) that forms on the anode surfaces in
lithium-ion batteries, a layer forms on metallic magnesium electrodes that completely
blocks ions [6]. Preventing the formation of a passivation layer is therefore a crucial factor
in the composition of electrolytes for magnesium batteries. The development of nonaqueous
electrolytes is hindered by their poor cathode kinetics and complex chemistry [7]. The
presence of a very small amount of H,O in these electrolytes can decompose the electrolyte;
on the other hand, recent research showed that the presence of water can improve the
kinetics at the cathode [8]. These conflicting findings make it interesting to look at aqueous
electrolytes and to consider the presence of water in the electrochemical system of a
magnesium battery. The alternative we studied is an aqueous electrolyte based on alginate,
a natural hydrophilic polymer extracted from seaweed. We used this to electrochemically
deposit Mg on different substrates. Atomic force microscopy (AFM) was then employed
to research the reversible deposition of magnesium and investigate the morphological
structure of the deposited magnesium at the local scale. As we worked with lithium in a
previous study [9], we used the probe, the tip of the cantilever, as an active electrode. In the
study presented here, the tip of the probe functioned as a point source, providing insight
into the distribution of the deposited magnesium over an (infinitely) large surface area. We
then used the results obtained under these highly controlled conditions at the macro scale
and performed stripping and deposition experiments on different substrates.

1.1. Alginate Structure

Alginic acid is a polysaccharide that is abundantly available, environmentally friendly,
cost-effective, and nontoxic. It is found in the cell walls of brown algae and is com-
posed of two anionic monomers: (1,4) linked «x-L guluronic acid (G) and (1,4) linked
f—D-mannuronic acid (M) (Figure 1). The carboxyl group in the G monomer has the
same orientation as the hydroxyl group, whereas in the M monomer the carboxyl group is
oriented perpendicular to the hydroxyl group. Alginic acid is well known for its ability to
bind multivalent cations, very efficiently forming alginate hydrogels in aqueous environ-
ments [10]. Upon deprotonation, the negatively charged carboxylate (COO") can chelate
with cations. Multivalent cations can ultimately crosslink the alginate polymer chains,
increasing the viscosity of the solution and, in most cases, resulting in the formation of a
hydrogel. Gel formation was shown to be greatly influenced by the interactions of the G
blocks [11]. The linkage of two G monomers creates a cavity, making it an ideal place (cage)
for a multivalent cation to reside. The crosslinking of the G blocks by multivalent cations
creates a tightly held junction, popularly referred to as an ‘egg-box model’ [11].

The binding of the cations to alginate is influenced by the cation’s properties: its charge,
affinity to water, ionic radius, and chemical affinity with the alginate. Bivalent alkaline earth
cations (Mg?*, Ca?*, and Sr?*) typically form ionic bonds. In contrast, bivalent transition
metal ions (Mn?*, Co?*, Cu?*, Fe?*, and Zn?*) and trivalent metal cations (Fe>*, Cr3*, Al3+,
Ga3*, Sc3*, and La3+) usually form complex uronates via strong coordination—covalent
bonds [12]. Alginate’s affinity for these bivalent cations was shown to increase as follows:
Pb > Cu > Cd > Ba > Sr > Ca > Co, Ni, Zn, Mn > Mg [11]. Mg-alginate has long been
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considered as a nongelling alginate; however, studies found that Mg induces gelation in
high-G-content polymers with longer gelation times [13]. Mg-alginates gels are, however,
not stable in water and dissolve quickly. The present work investigated the transfer of
magnesium between the AFM probes and magnesium metal electrodes in an aqueous
Mg-alginate electrolyte.

coo G

G-block
GM-block

M-block
Figure 1. Structure of alginate polymers with monomer mannuronic (M) and guluronic (G) units.

1.2. Magnesium Surface Reactions

In general, magnesium dissolves in aqueous environments via the following anodic

reaction,
Mg — Mg%;;) 42 (1)
which is followed by
ZHon) +2¢ — H, (5) T Z(OH)(_’W) )

Due to the rise in the pH on magnesium’s surface, the following reaction forms
magnesium hydroxide, which can precipitate on magnesium'’s surface [14]:

Mgfu;) +2(0OH) ) = Mg(OH), (5) (3)

The result is perceived as a dark layer covering the surface of the magnesium [14,15].

2. Experimental Details
2.1. Mg-Alginate Electrolyte Synthesis

Magnesium alginate was synthesized using alginic acid (Alg-acid; VWR International,
Amsterdam, The Netherlands) and magnesium hydroxide (Mg(OH),; (Merck Sigma, Am-
sterdam, The Nethelands). Alg acid powder was first weighed, and 20 mL of methanol
was added to one equivalent quantity of the Alg acid. The addition of methanol served to
dissolve the Alg acid. To deprotonate the Alg acid, ammonia was added, producing a thick
slurry. In a separate beaker, Mg(OH), was weighed, and 5 mL of methanol was added to
ean quivalent quantity of Mg(OH),. The mixture was then put in a sonication bath to accel-
erate the dissolution. The powder was then added to the Alg acid slurry and stirred for one
day at a constant temperature of 40 °C in order to minimize alginate decomposition. After
decanting, the residue was air-dried for 4 days and then vacuum-dried for another 2 days.
The vacuum-drying process yielded a solid Mg-alginate. The solid Mg-alginate was ball-
milled to a powder in a planetary ball mill (Fritsch, Pulverisette 7, Ede, The Netherlands).
The Mg-alginate was crushed in the ball mill for 15 h at 240 RPM. The resulting Mg-alginate
powder (Mg-Alg-P) was used to prepare the electrolyte. In order to do so, 2 w/o Mg-Alg-P
was dissolved in water, together with 5 w/o0 NaCl and 5 w/o MgCl,-6H,0O, where the CI"
ions acted as the conducting electrolyte ions for charge compensation.
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2.2. Sample Preparation for Deposition and Stripping Experiments

Deposition experiments were performed on flat substrates to avoid the preferred
growth of magnesium on the seed-like features on the surface of the sample. As a non-
magnesium substrate, we used single-sided highly polished aluminum (thickness 0.8 mm,
Ra < 0.05 um). An accurate and flat sample of pure magnesium was obtained by means of
sputter deposition. A silicon wafer (Sigma-Aldrich, St. Louis, MO, USA; <100>, 50.8 mm
diameter, 0.5 mm thickness, essentially without dopants) was cleaned with acetone and
isopropanol and placed into a sputter deposition system (AJA Int. ATC 1800, Hingham,
MA, USA) with a pressure of <108 mBar and a high-purity Mg target (Kurt J. Lesker, East
Sussex, UK), 99.95% pure, 2” diameter x 0.25” thick). After plasma cleaning (5 min in
argon at 20 mBar and an RF power of 24 W),a layer of magnesium of 500 nm was applied
(26 min in argon at 5 mBar and an RF power of 100 W). The silicon wafer sputtered with
magnesium was then transferred to a glove box in an airtight container and stored there
until needed for the experiments.

2.3. Electro-Chemical Experiments Using AFM

In our previous work [9], we described how we used AFM to perform local elec-
trochemical measurements on the electrodes of lithium-ion batteries at the submicron to
nano scales. We developed several methods to provide the tip of the AFM probe with
a small amount of lithium so that nonfaradaic measurements can be performed. In the
work presented here, we used one of these techniques, the thin-film method, to investigate
reversible magnesium deposition between the probe tip and substrate with the use of the
prepared alginate-based electrolyte.

We used a similar AFM system (NT-NDT NTegra P9, Moskow, Russia) as in our pre-
vious study, with the main difference being that this setup was not housed in a protected
glovebox environment due to conducting experiments with aqueous solutions. The used
AFM had an accessible design for sample handling and was coupled with a galvanos-
tat/potentiostat (Metrohm Autolab PG-STAT302F, Utrecht, The Netherlands) to perform
the electrochemical experiments between the tip and substrate. All deposition experiments
with the AFM probe as an electrode described here were performed with a diamond-
coated conductive probe (Nanosensors GmbH CDT-NCHR, Neuchatel, Switzerland) with
a nominal resonance frequency of around 400 kHz and a nominal force constant of around
80 N-m~1.

For detecting the presence of magnesium on the probe tip, we used the method
described in our previous work [9]. Similarly, in the work presented here, the addition
or removal of magnesium to or from the tip was monitored by measuring the resonance
frequency of the cantilever after the experiment. For this purpose, the probe was lifted from
the Mg-alginate film, and the AFM instrument was set in tapping mode. The resonance
frequency could be determined automatically by a frequency sweep executed by the
oscillating system. Since our goal was a qualitative analysis of the deposition of magnesium,
we did not determine the amount of Mg (as we performed in our previous work) but
used the resonance shift as an indication to determine whether deposition or tripping
had occurred.

The magnesium transfer experiments were performed as shown schematically in
Figure 2. For deposition to the probe tip, this probe tip was connected as the working
electrode and the magnesium substrate as the counter electrode (Figure 2a) and vice versa
for stripping magnesium from the probe tip to the substrate (Figure 2b). Mg-alginate was
applied to the substrate by moving a piece of tissue material soaked with Mg-alginate over
the surface, leaving a thin film on the substrate. The remaining film layer had a thickness
of between 5 and 8 um and completely covered the substrate surface. With the AFM setup
operating in contact mode, the probe was moved slowly to the surface of the Mg-alginate
film while accurately monitoring the moment of bending of the probe with the detector of
the laser reflection signal. At the moment a small deviation of the probe was detected, the
approach was immediately stopped, and the distance between sample and probe (z axis)
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was manually adjusted to improve the contact between the probe tip and electrolyte. When
contact between the probe tip and electrolyte stabilized, a bias voltage was applied between
tip and substrate to start the deposition process. The deposition was stopped by removing
the bias voltage or lifting the tip of the probe from the electrolyte surface.

AFM probe A—o WE A—o CE
Mg-Alginate
Sputtered Mg-layer o WE
Silicon wafer subtrate

(@) (b)

- @
Sputtered Mg-layer o CE
Silicon wafer subtrate

Figure 2. Active probe AFM experiments: (a) stripping the substrate and deposit on probe tip and
(b) stripping the probe tip to deposit on substrate.

For the reversable deposition experiment, we started with a fresh AFM probe and a
flat and unused magnesium-sputtered wafer substrate carefully covered with Mg-alginate.
After a short deposition time, the presence of a small amount of magnesium on the probe
tip was confirmed by the shift in the resonance frequency of the cantilever. The substrate
was then rinsed with demi water to remove the Mg-alginate solution, and the surface was
investigated using AFM in imaging mode. A new substrate was mounted and carefully
covered with Mg-alginate for the stripping experiment. Stripping of the tip was achieved
by simply reversing the polarity between the tip and substrate (Figure 2b). Again, a shift in
the resonance frequency of the cantilever was used to determine whether magnesium had
been removed from the tip. After detecting a significant shift in the resonance frequency, the
substrate was carefully rinsed clean with deionized water and then examined via scanning
electron microscopy (SEM).

The deposition results on the substrates were examined using a different probe than
used for electrochemical experiments: a more accurate nonconductive probe (Nano sensors
PPP-NCHR, Neuchatel, Switzerland, resonance frequency 330 kHz, force constant 42 N/m,
tip radius < 10 nm). Scanning electron microscopy (SEM; JEOL JSM-IT100, Zaventem,
Belgium) and energy-dispersive spectroscopy (EDS) were used for investigating the results
of deposition on the probe tip.

2.4. Bulk Stripping and Deposition Measurements

Figure 3 provides a schematic representation of the bulk experiments performed
in a dismountable laboratory cell (Figure 3c) with high-purity magnesium foil (Sigma
Aldrich; purity 99.99%, thickness 0.015 mm) as the counter and reference electrode and the
deposition substrate as the working electrode. The electrodes were separated by a porous
glass fiber membrane (thickness 0.25 mm) in the first experiments. Because the glass fiber
appeared to have an influence on the deposition (see results below), the separator material
was removed in follow-up experiments, and the spacing was obtained by applying a Teflon
ring (thickness 0.25 mm, inner diameter 6 mm) between the layers, as shown in Figure 3a.

To investigate the shape and distribution of the deposition more closely, a symmetrical
cell (Mg plate on one side, sputtered Mg substrate on the other side) was provided with
an extra mask, as shown in Figure 3b. On the working electrode side, an insulating mask
(Kapton foil, thickness 50 pm) was provided with a pinhole (d = 350 pm) in the middle
and stacked together with a separation ring (Kapton spacer, thickness 300 pm) and the
deposition substrate (counter electrode).
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Figure 3. Bulk deposition experiments using Mg-alginate as an electrolyte. (a) Mg-alginate is situated
between a magnesium plate as working electrode and a flat substrate as the counter electrode where
deposition takes place. (b) Symmetrical cell with a mask on the stripping side. (c) Airtight laboratory
cell consisting of airtight-mounted stainless-steel poles separated by a PTFE gasket where the sample
is clamped between poles with a stainless-steel spring.

For stripping/ deposition experiments, the laboratory cell was connected to a Maccor ™

battery tester (Maccor 4000), which was used under constant-current conditions (gal-
vanostatic). Deposition on the substrate side was carried out with a current density of
100 pA.cm~2 for 15 min, with a fixed potential limit of 0.2 V vs. Mg for all samples. After
deposition, the laboratory cells were carefully dismounted and samples were rinsed with
demi- water to remove residual alginate on the surface, which was followed by drying
under a vacuum for 30 min. After this cleaning procedure, the result of deposition on
the sample surface was investigated via SEM. For the non-Mg substrates, the presence of
magnesium was confirmed with EDS.

3. Results and Discussion
3.1. Characterization of Mg-Alginate Solutions

The various Mg alginates and Mg-alginate aqueous solutions were characterized by X-
ray diffraction (XRD: X'Pert Pro PANalytical, Malvern, UK) and Fourier transform infrared
(FTIR: Thermo Scientific Nicolet iS50 FTIR, Bleiswijk, The Netherlands) spectroscopy,
which showed that the solid samples did not contain any residual Mg(OH), or alginic acid
(Figure 4c,d).

3.2. Electrochemical Characterization

The ionic conductivity of the alginate samples was measured at different temperatures,
as shown in Figure 4a. The conductivity for all concentrations of electrolyte generally
increased with temperature. The Mg-alginate concentration influenced the conductivity
strongly, with lower concentrations (2 wt.% and 25 wt.%) exhibiting higher conductivities,
which can be understood by the strong dependency of Mg-ion mobility on concentration.
Hence, the electrolyte conductivity seemed to rely more on the ionic mobility than the
concentration of the Mg ions, e.g., addition of more charge carriers (Mg-alginate) did not
improve the conductivity of the electrolyte.
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Figure 4. (a) Conductivity of electrolytes at different concentrations; (b) bare magnesium surface
compared with surface covered by black layer after contact with alginate solution; (c) X-ray diffrac-
tion analysis of alginate acid (red) and magnesium alginate (blue); (d) Fourier transform infrared
spectroscopy analysis of alginate acid (red) and magnesium alginate (blue).

The Mg-alginate concentrations with the most promising conductivity (2 wt.%, 25 wt.%,
and 50 wt.%) were then chosen to perform cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements (Metrohm Autolab PGSTAT12). For character-
ization, EIS analyses were used to measure the internal resistance of the electrolyte and the
interfacial resistance between the electrolyte and the magnesium electrodes. While running
EIS and CV, a dark layer was observed on the pristine magnesium electrodes (Figure 4b).
This layer became more apparent with each experiment, so the effect of the layer on the
system was investigated. The EIS profiles using 2 w/o (Figure 5a), 25 w/o (Figure 5b), and
50 w/o (Figure 5c) show a significant change in the overall impedance. This seemed to
reduce the charge transfer resistance, causing a subsequent reduction in the impedance
but introduced a new process with its own time constant, which was clearly seen from the
additional semicircle formed in the high-frequency range (Figure 5a—c).

In Figure 5c—e, the CV curves for 2w/o, 25w/o0, and 50 w /o are presented, respectively.
Before formation of the black layer, the CV showed a low cycling efficiency due to the
high impedance. After the formation of the black layer, the impedance reduced, causing
the cycling efficiency to improve. However, it looked like it was limited by the number
of charge carriers. The same behavior can be seen in Figure 5d, where cycling efficiency
improves after the formation of the black layer. The CV curve for the 25 w/o electrolyte,
however, did not seem to be affected by electronic conduction since the electrolyte contained
more charge carriers. Figure 5f (black curve, before formation of black layer) presents a
very low cycling efficiency due to the high impedance (see Figure 5c). The formation of
the black layer did not seem to significantly improve the efficiency due to the increased
interfacial and charge transfer resistances (see Figure 5c).
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Figure 5. (a) EIS results for the 2 wt.% Mg-alginate electrolyte before (blue) and after (red) forming of
the black layer; (b) EIS results for the 25 wt.% Mg-alginate electrolyte before (blue) and after (red)
forming of the black layer; (c) EIS results for the 50 wt.% Mg-alginate electrolyte before (blue) and
after (red) forming of the black layer; (d) CV curve for 2 wt.% Mg-alginate electrolyte before (blue)
and after (red) forming of the black layer; (e) CV curve for 25 wt.% Mg-alginate electrolyte before
(blue) and after (red) forming of the black layer and; (f) CV curve for 50 wt.% Mg-alginate electrolyte
before (blue) and after (red) forming of the black layer.

3.3. Electrochemical Deposition of Magnesium Using AFM Probe as an Electrode

Magnesium deposition on the probe tip was performed as shown in Figure 2a. It
should be noted that the performance of this process strongly depends on both the ion
current and the contact area with the electrolyte. The latter is practically indeterminable
in advance because the interaction between the probe tip and the electrolyte surface is
influenced by a number of interdependent or variable parameters, such as the capillary
forces between tip and liquid, the viscosity of the electrolyte, the deflection of the cantilever,
and the setpoint of the control loop of the AFM. Therefore, the correct settings were found
via trial and error until the right conditions occurred and magnesium was deposited in
the desired manner on the probe tip. Figure 6a,b indicate two extremes of deposition on
the probe tip. Figure 6a shows the situation when the probe landed on the electrolyte
with a very sensitive adjustment so that the tip just touched the electrolyte and was not
adjusted further. Only a small part of the liquid was in contact with the tip, resulting in a
deposition of magnesium as a cone-shaped structure. This formation can be understood by
the wetting of the tip, the deposition rate of magnesium, and the exhausting of Mg?* ions
in the solution in the formed cone at the tip, as depicted in the schematic in Figure 6a. It
further proves that the deposition must be metallic magnesium; otherwise, electrons would
not find their way to the rim of the cone. Figure 6b shows the situation when the probe had
sunk just too deep into the electrolyte, with part of the cantilever in contact with the liquid.
The deposition in the SEM photo shows complete coverage of the cantilever and the tip.
Figure 6¢ shows the desired situation, where the tip just breaks through the liquid surface
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Figure 6. Fine tuning of the AFM settings for optimal deposition of Mg on the very end of the probe
tip. (a) Very small electrolyte contact area results in cone-formed Mg deposition. Inset: Cone in detail
(up) and a schematical impression on how the Mg cone is growing due to exhausting of Mg?* ions;
(b) electrolyte contact area covers part of the cantilever, which results in overall coverage of Mg on the
cantilever; (c) correct settings resulting in a deposition on the tip-end; (d) subsequent deposition with
the same settings as in (c); (e) shift in the resonance frequency of the cantilever caused by deposition
of the tip; (f) registration of the current during deposition.

The AFM settings used for the deposition in Figure 6¢ appeared to give the best results
and were also reproducible, as can be seen in one of the subsequent depositions with these
settings (Figure 6d). Figure 6e shows a graph of the resonance frequency of the cantilever
before and after deposition, and Figure 6f shows the measurement of the current between
the tip and substrate. Both indicate the successful deposition during the experiment.

AFM offers good opportunities to take a closer look at the morphological structure of
a deposit, because the tip of the probe can be regarded as a point source. Deposition on a
tip results in a freely positioned spherical shape that can be viewed all around with SEM.
To obtain an impression of the morphological structure of the deposited magnesium when
using the Mg-alginate electrolyte, a long-term magnesium deposition was performed, as
can be seen in Figure 7a. For comparison, we show a similar deposition with lithium in
Figure 7b (taken from our previous study, [9]).
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Figure 7. (a) Large amount of magnesium deposited on the tip; (b) lithium deposition on the tip [9].

The difference in deposition morphologies between lithium and magnesium can be
clearly seen in the side-view SEM pictures of the probe tip: Figure 7a shows a massive
spherical magnesium deposit with a compact dendrite-free structure, while Figure 7b
shows a lithium deposit with a porous and dendrite-shaped spherical structure. These
experimental findings are theoretically supported by the modeling and DFT calculations
in the works of Jackle and co-authors [16,17], which describe how magnesium tends to
grow with a smooth surface because it exhibits lower diffusion barriers than lithium. The
dendrite formation that occurs with the electrodeposition of lithium is also influenced by
the electrode/electrolyte interface upon long-term cycling. However, since the origin of
dendrite formation is based on the characteristic differences between Li and Mg with regard
to the elemental properties relevant for growth, it can be concluded that the properties of
the electrolyte in the case of magnesium do not significantly influence dendrite growth.

3.4. Reversable Magnesium Deposition between Probe Tip and Substrate

In our previous study [9], we observed that it is not possible to electrochemically
remove (strip) lithium from a shape in a dendrite structure (as shown in Figure 7b). In-
spection with SEM showed that the magnesium deposited on the tip had a dense structure
without any dendrite formation, which allowed for reversible magnesium deposition. First,
magnesium was taken from the substrate and deposited on the probe tip, as schematically
shown in Figure 2a. After this experiment, the surface of the substate was scanned with
AFM using the accurate probe that was selected for surface investigation. The image in
Figure 8a shows the spot where the magnesium was taken during the experiment. Obvi-
ously, as can be seen in this picture, magnesium was taken from a very small area, the size
of which was comparable to the size of the probe tip. The probe with magnesium deposited
on the tip was used for further experiments. Stripping of magnesium from the probe tip
was performed as schematically shown in Figure 2b. Figure 8b shows an image of the
magnesium feature that was electrochemically removed from the probe tip and deposited
on the substrate. Again, the size and shape of the deposited material were the same as
those of the probe tip, meaning that the ion current followed a very straight path through
the electrolyte. Figure 8c gives the shift in the resonance frequency of the probe cantilever
measured in tapping mode after each experiment. Although the distortion of the peak
made it difficult to determine the precise shift, the clearly discernible change in resonance
frequency gave a good indication of the addition and removal of mass at the tip. This
experiment clearly shows that the reversible deposition of magnesium with an aqueous
Mg-alginate-based electrolyte is possible.
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3.5. Electro-Chemical Magnesium Deposition at Bulk Level

The results of the AFM experiments on a submicron scale gave us a reason to per-
form magnesium deposition at the macro scale, as described in Figure 2. Figure 9 shows
SEM pictures of the deposition of Mg on substrates of aluminum (Figure 9a) and silicon
(Figure 9b). The experiment with aluminum (Figure 9a) was performed using a glass fiber
separator between the substrate and stripping target. Due to the relatively high energy of
the SEM electron beam used (20 keV), the seed on which the magnesium was deposited
was visible inside the particle. To avoid the preferred deposition on a seed-like feature,
further experiments were performed using the cell configuration in Figure 2a, where the
separator material was replaced with a Teflon spacer. Figure 2b shows the apparently
random deposition on a silicon substrate, where magnesium appears to have a slight
preference for clumping or accumulating on previously deposited material.

%
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Figure 9. Deposition of Mg on different substrates with use of aqueous Mg-alginate electrolyte:
(a) SEM picture of Mg on polished aluminum substrate. Inside the spherical particle, a small piece
of glass fiber from the separator is visible, which acted as a seed for deposition. The inset image
shows the EDX scanning result for Mg; (b) SEM picture of Mg on silicon wafer. Deposition without a
separator shows random-oriented deposition on the substrate; (c) Mg deposited on sputtered Mg
substrate using a mask with a pinhole of 350 um.

To verify the sub-micron-scale findings in Figure 8b, where the ion current through
the electrolyte appears to follow a very straight path, the macro-scale deposition on a flat
magnesium substrate was performed using a mask (as schematically shown in Figure 2b).
The SEM image in Figure 9c shows the result of this experiment, where the magnesium
forms a cylindrical projection of the mask with the exact size of the pinhole (350 um). The
amount of magnesium that ended up next to the circular deposition was negligibly small.
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4. General Conclusions

In the study described here, we focused on the basic and critical phenomena that
are needed to develop an alginate-based aqueous secondary magnesium battery. The
synthesized alginate powder was characterized by XRD and FTIR (Figure 4c,d), after which
different concentrations of Mg-alginate were dissolved in water and analyzed via EIS and
CV. In general, we concluded that the aqueous Mg-alginate solution shows electrolyte
activity. The 2 wt% Mg-alginate in water with an ion conductivity of ~1 mS.cm ™! was used
further for testing.

A black layer formed on the interface between the aqueous Mg-alginate and the
magnesium metal anode surface. The results indicated that this layer had a different
composition than the MgOH, normally formed at the interphase of magnesium and
water because it did not seem to block Mg ions to and from the metal surface. However,
the specific composition of the black layer was not fully understood because it was an
amorphous layer. The layer may have had a composition consisting of magnesium, oxygen,
carbon, and hydrogen. Further research using specific measuring techniques is required
to characterize the precise composition of the layer. The black layer did not appear to
have any adverse effect and may have acted as a passivation layer for the magnesium
surface. Further research into this ion-permeable passivation layer and the contribution
and necessity of the alginate in its formation is recommended.

We successfully created an active AFM probe by providing the probe tip with metallic
magnesium. With this active probe, it is possible to apply controlled magnesium to a
substrate by means of electrochemical deposition. The electrochemical deposition of
magnesium using a Mg-alginate electrolyte was demonstrated. Because the AFM probe can
be considered an electrode point source with respect to the infinite 2D and plate-shaped
electrode substrate, it was possible to analyze the deposition of magnesium both on the
tip and on the substrate. These measurements provided insight into the way in which
magnesium ions were transported through the alginate electrolyte. It appeared that the
magnesium had a strong preference for taking the shortest path, as evidenced by the shapes
on both from stripping and deposition on the substrate (Figure 8a,b). The magnesium
formed solid structures, unlike lithium, where unwanted dendrite formation occurs.

The strong preference for a nondendritic morphology of magnesium provides good
opportunities to use this deposition/stripping method for measuring ion current, which
we achieved in this work with a qualitative current signal (Figure 6f). It also opens the way
for future researchers to perform nonfaradaic impedance measurements at a local scale.
Unlike with the use of lithium, as we investigated in our earlier work [9], a small amount
magnesium can be deposited on an AFM probe with a relatively simple electrodeposition
process. This makes it technically less complicated to measure the ion current while
scanning over a surface with a magnesium-containing probe tip and thus to create an
active-probe AFM image. The development of this 2D ion current scanning probe method
creates a new and powerful analysis technique in the palette of AFM -based measuring
techniques. With advanced AFM equipment, cathode materials can be investigated in this
way in shading mode, providing insight into the relationship between the ion current and
morphology of the electrode material.
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Abstract: The fashion industry significantly impacts the environment, mainly through the substantial
generation of waste textiles fostered by fast fashion business models. This study introduces an
innovative approach to textile waste management by recycling waste textiles without the use of
chemical or mechanical treatments. Herein, we developed a method adhering to the principles
of circular economy to transform these textile wastes into high-quality construction panels using
a papermaking process. This method not only provides a sustainable solution to reduce landfill
dependency but also enhances resource efficiency in the construction industry. The fabricated panels,
composed of a blend of 45% textile waste microfibres and 55% fire-retardant fibres, exhibit several
advantageous properties. They feature a low apparent density ranging between 170-180 kg/m? and
a low thermal conductivity coefficient of 0.047 W/mxK at 50 kPa. It revealed that phosphorylated
fibres not only provide flame-retardant properties, but they also significantly improve the mechanical
properties of the panels. For example, load at break increases from 12.4 to 81.1 N, stress at break
from 0.44 to 3.59 MPa, and E-modulus from 29.2 to 198.8 MPa after the addition of these 55% fibres.
Moreover, these panels successfully met the criteria set by international standards for construction
products satisfying the fire test, EN ISO 11925-2. These characteristics make the panels superior
options for sustainable construction materials, offering enhanced fire resistance and insulation
properties, which are critical to meet modern building standards. They mark a pivotal step towards
sustainable construction and waste reduction in the fashion industry.

Keywords: textile waste; management; circular economy; sustainable construction; papermaking
process; fire-resistant fibres

1. Introduction

Textile manufacturing has become one of the most important industry sectors today,
playing a vital part in the economies of many countries [1]. According to forecasts, the
textile market’s revenues are expected to exceed 1.36 trillion dollars in 2024, and reach
1.78 trillion dollars by 2029 [2—4]. This industry produces over 100 billion garments per
year, a number that continues to rise year after year, as people are influenced by fashion
and most garments are only worn a few times (seven to ten) before being discarded [5-7].
As a result, 92 million tonnes of textile waste end up in recycling facilities every year,
some of which are still in good condition and can be reused after minor cleaning and
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repairs [8,9]. However, only 1% of textile waste is recycled after use to make new garments,
while the rest ends up in incinerators or landfills [8]. This presents a serious problem
for municipal waste managers, and contributes to the high environmental footprint of
textiles. Indeed, studies have shown that this industry alone is responsible for 8-10% of
total greenhouse gas emissions and 20% of the world’s wastewater [10,11]. Recycling and
reuse of textile waste are good ways to solve this problem. This transition can decrease
reliance on natural fibres like cotton, which currently makes up approximately 22% of the
world’s annual fibre production [12]. Reducing the use of cotton, which is heavily utilized
in garment manufacturing, could help mitigate environmental impacts such as high water
usage, pesticide dependency, and extensive land requirements. It is estimated that the
production of one kilogram of cotton can require up to 20,000 L of water, which means that
the manufacture of a single T-shirt can take 2700 L of water [5].

In general terms, textile wastes are divided into two categories: pre-consumer wastes
and post-consumer wastes [13]. The first category is generated during the manufacturing
process, while the second is produced by consumers after use. The recycling of these textile
wastes can be carried out according to three procedures: biological recycling, mechanical
recycling and chemical recycling [11,14]. The appropriate procedure is selected based on
the waste fibre content: cellulose-based fibres such as cotton, hemp, viscose, and lyocell;
synthetic fibres such as polyamide and polyester; and finally, protein fibres such as silk and
wool [7].

Biological recycling involves the transformation of textile wastes into simple molecules,
namely water, carbon dioxide, methane, ethanol and ammonia, by enzymes or micro-
organisms [15]. However, this process is not widely applicable to textile wastes, as in
most cases they contain a blend of synthetic and natural fibres, and micro-organisms and
enzymes would need several years to achieve complete decomposition. The decomposition
period of synthetic polymers is lengthy, and plastic pollution is a serious environmental
challenge in this century [16]. Mechanical recycling is considered the most widespread
process, and involves the use of mechanical force to reduce textile wastes to fibres, which are
then mixed with virgin fibres to produce yarns and then fabrics. Unfortunately, mechanical
recycling tends to damage the structure of the fibres and reduce their length, limiting their
use for the manufacture of high-value products [17,18]. Finally, chemical recycling is based
on fibre depolymerization using strong acids such as phosphoric acid or sulfuric acid or
polymer chain dissolution using organic solvents [19,20]. For instance, S. Miguel et al. [20]
have used a two-step procedure to depolymerize cotton fibres contained in textile wastes.
This process relies on the use of concentrated sulfuric acid in the first step, followed by a
second hydrolysis step using a dilute solution from the same acid for total depolymerization
of the cotton cellulose to produce glucose. Glucose solutions with concentrations of about
40 g/L were obtained with a yield of 90%. Palme et al. [21] used solutions of 5-15% sodium
hydroxide at 70-90 °C to dissolve polyester cotton blended textiles in order to separate
the cotton from the PET (polyethylene terephthalate). Ionic liquids or solvents such as N-
methylmorpholine-N-oxide (NMMO), which are more environmentally friendly than what
is employed in the viscose process, can also be used to dissolve cellulose fibres and produce
cellulose solutions for the production of regenerated cellulose fibres [19,22]. However, the
chemical process also has certain disadvantages, such as the use of strong acids which can
rapidly damage process equipment, and the difficult recovery of acids and solvents [23]. In
addition, they may lead to the severe degradation of the fibres.

To fill this gap, this study presents a simple and efficient method for reusing textile
wastes to manufacture new value-added products that are in demand in today’s market.
This method is based on the use of a blend of textile waste microfibres and chemically
modified lignocellulosic fibres to manufacture fire-resistant panels that can be used in the
construction industry to improve the building safety.
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2. Materials and Methods
2.1. Materials and Synthesis
2.1.1. Materials

Textile waste microfibres were collected from domestic laundry appliances (washer
and dryer combo) by the researchers. They contained both synthetic (mainly polyester)
and cellulose-based fibres (cotton, lyocell, and viscose). In this research, flame-retardant
lignocellulose fibres were produced by phosphorylating unbeaten bleached softwood kraft
pulp fibres (referred to as KF), which were provided by Kruger Wayagamack Inc. (Trois-
Rivieres, QC, Canada). The phosphorylation process utilized 1-decanol, polyphosphoric
acid, phosphorus pentoxide (from Sigma-Aldrich, St. Louis, MI, USA), and urea (from Alfa
Aesar, Ward Hill, MA, USA).

2.1.2. Synthesis

The KF were phosphorylated using the previously synthesized phosphate ester (EPs)
(Figure 1). This modification was carried out in molten urea, with a molar ratio of urea to
phosphate ester and anhydroglucose unit from cellulose polymer set at 17:3:1. The phos-
phorylation reaction is a commonly used process in our research group and is exhaustively
described in several previous papers [24,25]. The phosphorylated fibres (PKF) used in this
study had a phosphorus content of 11.2%.
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Figure 1. Phosphorylation reaction scheme of lignocellulosic fibres using the phosphate ester/
urea system.

2.2. Textile Waste Panel Preparation

An empiric method was used for the production of prototypes (Figure 2). The panels
were prepared by adding 16 g of textile waste microfibres (45%) and 19 g of SF fibres
(55%) in 2 L of tap water, followed by dispersion in a standard laboratory disintegrator
operating at 3000 revolutions per minute for a duration of 15 min. Subsequently, the fibre
suspension was poured into a Buchner funnel containing a paper-making wire mesh with
a diameter of 150 mm. A wet fibre pad was formed by applying a 500 mm Hg vacuum to
the system. Finally, the wet structure was taken and dried in an oven at 110 °C for 2 h. A
series of 10 panels was manufactured. For panels #2 to #10, 90% of the white water was
recovered from the previous test and reused in the process. For this study, only the last
five panels were kept for further analyses and investigation. The first five panels were
excluded to allow the dissolved and colloidal substances to accumulate in the process water
by recirculation [26].

‘ | _ paper machine
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recirculation
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—
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Figure 2. Wet fibre pad formation.
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2.3. Fibre Length Distribution

An L&W Fibre Tester optical device (ABB, Brampton, ON, Canada) was used to deter-
mine the mean arithmetic fibre length and width, and the length weighted percentage of
fine fibres (less than 0.2 mm in length). A fibre sample of approximately 0.2 g was disin-
tegrated in 200 mL of water with a mixer until the fibres were completely individualized.
The device requires a total of 3000 to 5000 fibres to achieve a consistent statistic for each
test. Five measurements were conducted for each fibre sample and used to calculate the
mean and standard deviation.

2.4. Zeta Potential

The Zeta potential of the aqueous textile waste and phosphorylated kraft fibres (PKF)
suspensions was determined by simultaneously measuring their conductivity, pressure
and streaming potential with a Mutek SZP-06 analyzer (BTG Americas, Norcross, GA,
USA). Samples were drawn into the suction tube under vacuum, forming a fibre plug
within the measuring cell. Water flow passing through the fibre plug displaced mobile
charges from the shear plane, generating a streaming current and thereby establishing a
measurable potential difference across two electrodes. The conductivity of the suspensions
was adjusted to 0.1-7 mS/cm with 0.1 M KCl to generate a readable streaming potential
and ensure reproducibility.

2.5. Surface Charge

The surface charge of the textile waste microfibres was evaluated using a Mutek PCD-
03 analyzer (BTG Americas, Norcross, GA, USA) equipped with an automatic titrator [27].
Polyelectrolyte titration involves the use of standard polydiallyldimethylammonium chlo-
ride (poly-DADMAC, positively charged) and poly(vinyl sulfate) potassium salt (PVSK,
negatively charged). Initially, 0.2 g of fibres were added to 50 mL of distilled water. The sus-
pension was then stirred using a magnetic stirrer. Next, an excess of 0.001 N poly-DADMAC
was introduced (10 mL for textile waste microfibres and 100 mL for phosphorylated fibres),
and the mixture was stirred for 30 min at room temperature. The suspension underwent
gravitational filtration using a 200 mL volumetric flask, funnel, and a 202 grade filter paper.
Finally, 10 mL of the resulting filtrate were extracted from the volumetric flask and poured
into the measuring cell of the PCD-03. The excess of poly-DADMAC in the filtrate was
titrated with the negatively charged PVSK standard 0.001 N solution. The surface charge
density of the fibre samples was calculated as the difference between the total amount of
poly-DADMAC added and the excess amount found after adsorption on the fibre sample.

2.6. Nitrogen Content

The Kjeldahl method [28] is frequently employed to quantitatively assess the nitrogen
content of organic compounds. Samples are initially digested at elevated temperatures
in a strong acid and salts, such as concentrated sulfuric acid and potassium sulfate, with
a catalyst like copper sulfate, to convert organic nitrogen into ammonia. Subsequently,
the solution is cooled down and neutralized with an alkaline solution, releasing ammonia
in gaseous form. The ammonia is then captured in a weak acid solution like boric acid
through distillation. The nitrogen amount in the solution is determined by titration with a
standard solution of strong acid. This method enables the evaluation of nitrogen content in
both textile waste microfibres and SF fibre samples.

2.7. Fibre Composition

As the textile waste microfibres contained a blend of synthetic and cellulose based
fibres, an empirical method was developed to assess their chemical composition. Cupri-
ethylenediamine (Cuen) was used as a solvent for the cellulosic fibres. Initially, a sample of
0.3 g of fibre was inserted into a 150 mL glass bottle; 100 mL of 1M Cuen were then added
to the fibres and the solution was well mixed for 60 min. Finally, the undissolved fibres
associated with the synthetic fraction were separated through filtration with a silicone
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filter paper, thoroughly washed with water, dried, and weighed. The synthetic fraction
was calculated by dividing the weight of the undissolved fibres by the total weight of the
sample. The result was expressed as the average of three measurements.

2.8. Morphological Examination

Scanning electron microscopy (15 kV, variable pressure) coupled with energy disper-
sive Xray spectroscopy (SEM/EDX, Hitachi High-Tech Corporation, Tokyo, Japan, SU1510
with Oxford X-max 20 mm?) was used to track structural changes occurring at the fibre
surface during the phosphorylation reaction, and to evaluate the phosphorus content and
its distribution on the surface of treated fibres.

2.9. FT-IR Spectroscopy

Transmission mode FT-IR spectra were recorded to identify the functional groups of
the fibre composing our panel. The analysis was performed using a Thermo Scientific is10
FTIR spectrometer, (Thermo Fisher Scientific, Waltham, MA, USA) over a spectral range of
4000 to 400 cm ™!, with a resolution of 4 cm ! and 32 scans per sample.

2.10. Thermal Conductivity

The thermal conductivity of the textile waste panels was assessed with a MTPS
effusivity tester (C-Therm, Fredericton, NB, Canada), following the standard testing method
ASTM D7984-21 [29]. The samples were conditioned at 20 °C and 65% humidity for at
least 24 h prior to analysis. The tests were conducted in the same environment. Pressure of
50 kPa, the maximum value recommended by the ASTM D7984-21 testing method, was
applied to the samples using a pressure foot to ensure good contact between the sample
and the temperature sensor. The result was expressed as the average of six replicates.

2.11. Open Porosity and Bulk Density

Open porosity is defined as the fraction of volume that is occupied by the fluid in
the interconnected porous network. The bulk density is the in-vacuum density of the
porous aggregate. Both properties are measured using a bulk volume of 196 cm® with
a Porosity/Density meter (Mecanum Inc., Sherbrooke, QC, Canada) according to the
procedure outlined in [30]. The average of three measurements on each panel was reported
for subsequent interpretation.

2.12. Tortuosity

Tortuosity is here defined as the square of the ratio of effective acoustic path length
over direct path length through the porous medium. It was assessed using an ultrasonic
Transmission Tortuosity Meter (Mecanum Inc.), according to a previously developed
procedure [31]. The testing frequency range spanned from 100 kHz to 1000 kHz, with
a sampling interval of 50 kHz. The average of three measurements on each panel was
reported for subsequent interpretation.

2.13. Airflow Resistivity and Permeability

Airflow resistivity (R) was determined using the Airflow Resistance Meter (Mecanum
Inc.) according to the ISO 9053-91 standard [32]. A panel sample with a 100 mm diameter
was inserted into the instrument channel, and the edges were sealed with petroleum
jelly. The average of three measurements on each panel was reported for subsequent
interpretation. Note that the corresponding airflow permeability (P) of the material is
obtained from the relation P = /R, where p is the dynamic viscosity of air.

2.14. Viscous and Thermal Characteristic Lengths

The viscous and thermal characteristic lengths are the average macroscopic dimensions
of the cells related to the viscous and thermal losses, respectively, of acoustic waves
propagating in the material. The former may be seen as an average radius of the smaller
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pore channels, and the latter as the average radius of the larger pore channels. Together
with open porosity, tortuosity, and airflow resistivity, they are used in acoustical models
to predict the sound absorption coefficient and the sound transmission loss of open-cell
porous media [33]. The identification of these two lengths was performed using the inverse
procedure described in [34]. The average of five samples of 44.44 mm in diameter was
reported for subsequent interpretation.

2.15. Resistance to Ignition

The flammability of the textile waste panels was assessed using a vertical flammability
test setup following EN ISO 11952-2 [35]. A propane gas flame with a height of 20 mm was
applied on the specimen surface at a 45-degree angle for 15 s. Following the removal of the
flame, the panels were inspected to determine the length of flame spread from the point of
flame application. Based on EN 13501-1 [36], if the flame spread is less than 150 mm, the
sample is categorized as class E material.

2.16. Tensile Strength Properties

Paper handsheets made from 100% phosphorylated fibres, 100% textile waste, and
55/45% mix of phosphorylated fibres and textile waste were prepared according to the
TAPPI T 205 method “Forming handsheets for physical tests of pulp”. Two major changes
were made to adapt the method to our specific requirements: (1) The basis weight of
paper was set at 500 g/m?. (2) The drying was carried out at 110 °C in a laboratory dryer
for paper.

The samples of paper were cut and tested to tensile strength according to the TAPPI T
220 method “Physical testing of pulp handsheets”. The samples were preconditioned for
24 h at a temperature of 23 °C and a relative humidity of 50% before analysis. 10 tests for
each sample were performed and the result is expressed as their average. The tensile index
was measured with an Instron 4201 (Instron, Norwood, MA, USA) (TAPPI/ANSI T 494
om-22) [37].

3. Results and Discussion
3.1. Characterisation of Fibres

The fibre length, width and fines content are shown in Table 1. The PKF are on average
at least twice as long as the textile waste microfibres. The PKF is produced from softwood
kraft pulp fibres, so a length between 1 and 3 mm was expected [38]. The average diameter
of PKF fibre is also significantly larger, almost 30% higher than the microfibres from textile
waste. As expected, the fines content of PKF is very low. The fibre is also associated with a
narrow size distribution and long and thick fibres. On the other hand, the microfibres from
textile waste are characterised by a high fines content and short fibres. From a papermaking
perspective, mixing the long and thick fibres of PKF with the short and thin textile waste
microfibres creates an opportunity to develop uniform and dense panel structures, with
the short and thin textile waste fibres filling the voids between the longer PKF. However,
as papermaking is a wet-web formation process, a high amount of fines might increase
the risk of fines accumulation in the process water. In this case, the high fines content
in the textile waste microfibres did not present a significant problem as most of the fines
were physically retained into the panel structure; a closed loop process was made possible,
where more than 80% of the process water was reused.

Table 1 also shows the electrostatic properties of the fibres in water. Both types of
fibres were electronegatively charged. The PKF fibres exhibited a surface charge density
at least 10 times higher than the textile waste microfibres. This can be attributed to the
high density of grafted phosphate moieties on the surface of PKF that dissociate and
ionize very easily in water. Despite the large difference in charge density between the
PKF and the textile waste fibres, the zeta potential of the PKF fibres was only slightly
more negative than that of the textile waste microfibres. The charge on the surface of
a particle is concentrated in two physical zones [39]: a compact or fixed layer and the
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diffuse layer. The Zeta potential is the measurement of the potential at the slippage plan
that separates these two layers [40]. A high Zeta potential value means the charges are
concentrated in the diffuse layer while a low value means they tend to accumulate in
the fixed layer. In the case of the PKEF fibres, the high density of charges on the surface
and relatively low Zeta potential indicate that the charges tend to accumulate in the fixed
layer. On the other hand, the fact that the textile waste microfibres are characterised by
low values of both surface charge density and Zeta potential points to surface charges
mainly concentrating in the diffuse layer. The negative Zeta potential values measured for
both types of fibres suggest a certain degree of electrostatic repulsion between the fibres
suspended in water, with a greater stability and a lower tendency to aggregate in the case
of PKF. In papermaking, dissolved and colloidal substances tend to accumulate as anionic
contaminants in the process water. To monitor and semi-quantitatively assess this “anionic
trash”, papermakers measure the Zeta potential and the cationic charge demand of the
white water. A high cationic charge demand coupled with a strong negative Zeta potential
signals a significant buildup of anionic trash, indicating an important contamination of
the white water. In addition, the low values of Zeta potential and surface charge density
of the textile waste microfibres suggest minimal dissociation and solubilization in water.
As the electrostatic properties of fibres are caused by the dissociation or solubilization of
some substances/fractions [41], this is a clear indication the microfibres from textile waste
are relatively clean and pose a low risk to water contamination despite their heterogenous
composition of synthetic and natural fibres. In textile waste microfibres, the nitrogen
(N) content is a clear indicator of a heterogeneous composition, suggesting the presence
of various fibre types, including synthetic, cellulosic, wool, hair and even certain dyes.
This diverse makeup is reflected in the relatively high nitrogen content of about 1.6%,
as measured by the Kjeldahl method. In specialty fibres (SF), nitrogen is a fundamental
component of their chemical structure, often combined with grafted phosphate groups.
This combination of phosphorus (P) and nitrogen in SF creates a synergistic effect that
significantly enhances their fire-retardant properties.

Table 1. Characteristics of fibres.

Electrostatic Properties in

Fibre Size Water Composition
Length Width Fines  Surface Zeta Kjeldahl Synthetic/ 4 J¢525°C
(mm) (um) (%) Charge Potential Nitrogen Cellulosic (%)
H ° (ueq/g) (mV) (%) (%) °
PKF 1.99 £ 0.03 319+ 0.6 0.2 350 £ 15 —55 to —30 53 0/100 45*
Textile waste fibres 0.81 £ 0.02 24.6 £0.1 5.6 30+5 —25to —10 1.6 33/67 0.8

* Char yield due to fire retardant properties of PKF fibres.

3.2. Properties of Panels Made with Textile Waste Microfibres
3.2.1. Structural Properties

The panels made from the textile waste microfibres and PKEF fibres (Figure 3) showed
good rigidity when assessed qualitatively and were evenly colored despite their hetero-
geneous composition. Table 2 shows that the prototype panels reached typical values for
building insulation panels of mass per unit area (about 1800 g/ m?) and thickness (about
10 mm). However, the standard deviation for these parameters was quite high. This can be
attributed to the manual nature of the manufacturing method used. The structures were
lightweight, with a bulk density of about 180 kg/m?, and were highly permeable, with
about 86% open voids. The pores were quite small, about 5 um in diameter. Additionally,
the path that the fibres follow within the panels was quite convoluted, with a tortuosity
of 2.
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Figure 3. Manufacturing process of panels from textile waste microfibres.

Table 2. Physical characteristics of panels.

Criteria Value
Composition, % textile waste microfibres/% PKF 45/55
Mass per unit area, g/m? 1864 + 103
Thickness, mm 9.62 +1.02
Density, kg/m3 1833 £4.9
Open porosity, % 86 1
Viscous characteristic length, um 54+03
Tortuosity 2+1
Thermal conductivity, W/mxK 0.047 4+ 0.003
Thermal characteristic length, pm 60.8 + 4.8
Airflow resistivity at 0.5 mm/s, Nxs/ m? 896,260 + 57,266

The panels made with the blend of textile waste microfibres and PKF fibres exhibited a
thermal conductivity of 0.047 W/mxK, which is almost 50% higher than the values reported
in the literature for similar structures made from wood fibres and/or synthetic fibres [42].
This can be attributed to the application of 50 kPa of pressure during the test, which was
required to ensure appropriate contact between the MTPS sensor and the surface of the
panel. This applied pressure compressed the panel structure and removed the air from
the panel voids, thus reducing the overall thermal insulation of the panel. As a result, the
value recorded for the thermal conductivity corresponds to the constitutive materials of
the panel rather than the structure of the panel itself [43].

3.2.2. Fibre Morphology—SEM /EDX

The morphology of the fibres inside the prototype panel was compared to that of
the constitutive fibres in their original condition using SEM (Figure 4). In Figure 4a,
the textile waste microfibres appear as short and thin flattened strands with a smooth
non-fibrillated surface. The PKF fibres were observed to be longer and thicker than the
textile waste microfibres from Figure 4b, in agreement with the length and diameter values
reported in Table 1. Their surface was also smooth without a significant presence of fibrils.
Figure 4c depicts the microstructure of the composite panel. The fibres here are visibly
more twisted and heterogenous in size, with a mix of long and short units. Despite the
large polydispersity in fibre sizes, the resulting panel shows a homogenous texture with a

56



Polymers 2024, 16, 3242

relatively uniform distribution of fibres and voids throughout the structure. This may be
caused by the entanglement of long and short fibres during the panel formation process.
Overall, the SEM images reveal slight differences in the morphology and structure of the
two types of fibres. These differences allow for a good mixing and interconnection of fibres
into a more homogenous panel structure.

A Tex T+F

Figure 4. SEM images of (a) textile waste microfibres, (b) PKF and (c) Panel made from a mixture of
textile waste microfibres and PKFE.

The EDX results are presented in Table 3 below.

Table 3. Elemental distribution (atomic weight) as determined by EDX.

Samples %C %O %N %P
Phosphorylated fibres (PKF) 43.5 443 7.8 4.4
Textile waste 65.8 33.4 0.5 N.D*

Mixture of textile waste
microfibres and PKF (45/55%)
* Not detected.

53.9 40 3.1 2.7

The PKF sample contains significant amounts of oxygen (44.3%), phosphorus (4.4%),
and nitrogen (7.8%). The presence of phosphorus in such quantities is expected, as the
PKF sample is obtained through grafting of phosphate moieties on cellulosic fibres. The
presence of nitrogen is also beneficial, as it works synergistically with phosphorus to induce
flame-resistant properties in the fibres. The high content of phosphorus and nitrogen in PKF
confirms that the phosphorylation treatment was effective. The textile waste sample, on the
other hand, has a high carbon content and a residual nitrogen content, which is consistent
with its composition. Textiles are typically made from carbon-rich organic polymers, such
as polyester and cotton, which was further confirmed through Cuen analysis. The low
nitrogen content in the textile waste suggests the presence of some contaminants such as
wool, hair, or certain nitrogen-based dyes like azo dyes. A low nitrogen content in the
textile waste has also been confirmed through Kjeldahl analysis. As expected, the value
distribution of elements in the panel prototype made from the mixture of textile waste and
PKEF lies between those of textile waste and the PKF samples. The carbon content (53.9%) is
lower than that of the textile waste but higher than PKF, according to the composition of the
mixture (45/55%, w/w). The presence of nitrogen and phosphorus in larger quantities than
in textile waste but smaller than in the PKF sample suggests a potential fireproof behavior
induced in the panel prototypes.
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3.2.3. FTIR Spectroscopy

Figure 5 shows the FT-IR spectra of four samples: cellulosic fibres (as standard),
polyester fibres (as standard), and textile waste before and after Cuen treatment.

Cellulosic fibers
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Textile waste after Cuen treatement
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Figure 5. FT-IR spectra of cellulosic fibres, polyester fibres, and textile waste before and after
Cuen treatment.

The FT-IR spectra reveal several characteristic peaks. There is a broad, strong peak
around 3500-3300 cm~! corresponding to hydroxyl (O-H) groups, which are prevalent
in cellulosic fibres and textile waste before Cuen treatment, but it is missing in polyester
fibres and vanishes almost completely in the sample of textile waste after Cuen treatment.
An important peak is observed in the 1300-1000 cm ! region due to the C-O stretching
vibrations. This peak is strong in intensity in case of ester bonds present in polyester
fibres and textile waste sample after Cuen treatment but rather weak in intensity in case
of cellulose fibres and textile waste sample before Cuen treatment. In synthetic polymers,
like polyester fibres and textile waste sample after Cuen treatment, strong peaks appear
around 2900 cm ! (C-H stretch) and 1700 cm~! (C = O stretch). These peaks are weak or
undefined in case of spectra of cellulose fibres and textile waste before Cuen treatment. In
conclusion, Cuen treatment of textile waste causes an almost complete disappearance of
O-H stretching peak due to cellulose dissolution and a huge increase of C = O stretching
peak due to polyester fibre isolation. The treatment with Cuen solution proves to be
effective in determining the composition of the textile waste.

3.2.4. Acoustical Properties

Both the sound absorption coefficient and the sound transmission loss of the man-
ufactured panels were assessed. Figure 6 shows the acoustic performance of a panel of
9.62 mm mean thickness in terms of sound absorption and transmission loss at normal
incidence over the 100-4300 Hz frequency range. Figure 6a shows the sound absorption
coefficient when the panel was placed directly on a hard wall. The absorption coefficient
increased from 0.2 to 0.5 when the frequency increased from 500 to 4300 Hz. The curve
shows a peak between 2000 and 3000 Hz which is most likely due to a first plate-like
resonance (circular plate clamped on its edge). In fact, when a test specimen of 44.44 mm in
diameter is installed in the tube of the same size, the axial motion on its edge is limited due
to friction. To proof this, a simulation on a 44.44-mm sample with bonded edge (dashed
line in Figure 6a), using a poroelastic model [33], provided a similar profile with a peak
located around 2000 Hz. In this case, the elastic properties were inversely identified to best
fit the results. On the other hand, this peak is not visible in the case of a simulation with
a large-size sample (continuous line in Figure 6a). Overall, the panel prototype has low
performance in terms of sound absorption (less than 50% of sound absorption). This low
performance is attributed to the low airflow permeability (0.2 x 10~!? m?—see Table 2)
due the high compaction of the material. As a result, the panel produced a shielding
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phenomenon for the sound. The same type of behavior was obtained when a 20-mm air
cavity was present between the panel and the hard wall (Figure 6b). Here, the absorption
peak is more pronounced, suggesting an even stronger resonance effect likely caused by
the air cavity. Figure 6c illustrates the sound transmission loss in decibels (dB) of the panel
prototype. The value of the sound transmission loss is close to 20 dB for the entire frequency
range tested. As expected, the resonance effect is also present in the sound transmission
loss curve and is attributed to the size of the tested specimen.
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Figure 6. Sound absorption coefficient and transmission loss of panel prototypes (a) Normal incidence
sound absorption coefficient on hard wall. (b) Normal incidence sound absorption coefficient on
20-mm air cavity backed by hard wall. (¢) Normal incidence sound transmission.
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In summary, the prototype panel excelled in sound insulation but not in sound absorp-
tion due to its low airflow permeability. This low airflow permeability is a consequence
of the high compression rate of the material that results in small pore channels, which
are restrictive to airflow. A lower compression rate would improve sound absorption at
the expense of sound insulation. The impact of the compression rate on the physical and
acoustical properties of a fibre assembly is discussed in detail elsewhere [44].

3.2.5. Ignitability

The standard specification EN 13501-1 [36] assigns construction products and floor
coverings to a specific class based on their propensity to ignite, assessed according to the
EN ISO 11925-2 ignitability test method [35]. This test method was used here to evaluate
the fire resistance of the panels made from a blend of textile waste microfibres and PKF
using the test conditions for class E products, i.e., with a flame exposure of 15 s. Two
parameters were assessed: the extent of flame spread during the test and the ability of the
panel to maintain its structural integrity.

The tendency of the panels to ignite depends on several factors, but the most important
is the chemical composition of the material. In the case of these panels, the textile waste
microfibres contain highly combustible materials like cellulose and polyester, while PKF
is a fire-resistant phosphorylated fibre. The Cuen analysis revealed that 66% of the textile
waste microfibres were cellulose-based; the remaining 33% were most likely polyester.
Studies have shown that polyester is less flammable than cotton (cellulose) [45], but cot-
ton/polyester blends can generate more heat and burn faster than fabrics composed solely
of cotton [46]. Preliminary trials showed that specimen panels made solely from textile
waste microfibres burned and smoked continuously after the 15 s of flame exposure. On
the other hand, when 55% PKF fibres were blended with the textile waste microfibres to
manufacture the prototype panel, satisfactory results were obtained. When exposed to
direct flame, the flame did not spread; it self-extinguished instantly after the withdrawal of
the applied flame. Moreover, the panel maintained its structural integrity (Figure 7), the
smoke was suppressed in less than a minute and no droplets or incandescent particles fell
from the sample. The flame spread was 115 &£ 5 mm, significantly less than the 150 mm
threshold, indicating that such panels could meet the fire-resistance requirements of class E
materials according to EN 13501-1 [36].

Figure 7. Photographs of prototype panel during the ignitability test (a) before and (b) after
flame exposure.
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3.2.6. Tensile Strength Properties

The tensile strength results are shown in Figure 8 and Table 4. As can be easily
observed, the tensile strength of paper samples made from 100% phosphorylated fibres is
at least one order of magnitude higher than that obtained from 100% textile waste. This can
be attributed to the capacity of phosphorylated fibres to create strong bonds in the paper
structure due to hydrogen bridges, electrostatic interactions, and even covalent bonds
through the crosslinking potential of phosphate moiety. On the other hand, the microfibres
from textile waste have an ultralow bonding potential.
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Figure 8. Paper samples and the corresponding stress—strain curves for 100% phosphorylated fibres
(left), 100% textile waste (middle), and 55/45% mix of phosphorylated fibres and textile waste (right).

Table 4. Tensile strength properties of papers made from phosphorylated fibres and textile waste.

00 02 04 06 08 1.0 12 1.4 1.6 1.8 20 22 24 2.6 2.8

Basis Weight, Thickness, Load at Energy at Ten.s ile Tensile E-Modulus,
Sample 2 Strain at Stress at
g/m mm Break, N Break, J Brealk, % Break MPa MPa
PhosPh?fgé?? fibres 500 + 10 1154002  2923+146  095+004  467+02  2638+131 9223 +46.1
Textile waste (100%) 500 £ 10 2.81 £0.11 124 £ 09 0.03 £ 0.002 3.27 £0.21 0.44 +0.03 292 +£23
Mix of phosphorylated
fibres and 500 £ 10 2.26 +=0.06 81.1 £4.8 0.19 £ 0.01 3.18 £0.18 3.59 £0.28 198.8 £15.9

textile waste (55/45%)

The low values recorded for tensile strength suggested a fibre—fibre interaction in
the 100% textile waste sample exclusively based on a mechanical interlocking mechanism.
Obviously, the paper samples made from a mixture of phosphorylated fibres and textile
waste microfibres show tensile strength that places them between the two extremes. In
conclusion, the phosphorylated fibres not only confer fire resistance to the panels, but they
also bring mechanical resistance to these composite structures.

4. Conclusions

The study successfully demonstrates the transformation of microfibres derived from
textile waste into multifunctional panels suitable for the construction industry. The pro-
posed method is straightforward and uses technological processes commonly found in the
papermaking industry, and provides a very promising alternative to approaches based on
complex mechanical or chemical sorting of waste materials. The incorporation of flame-
resistant PKF fibres into the panel composition not only imparts fire-resistant properties
but also gives stiffness for structural integrity without compromising the lightweight char-
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acteristics. These fibres also improve the mechanical properties of the panels, such as load
at break, strain at break, stress at break and E-modulus, due to strong hydrogen bonds and
electrostatic interactions.

This simple, efficient and low-cost approach makes the method particularly appealing
for rapid and large-scale implementation, contributing to environmental protection and
more sustainable management of textile resources. Furthermore, the study underscores its
significance within a circular-based economy by providing a viable solution for upcycling
textile waste into value added products. The study also demonstrates the true power of
cooperation. The innovation described here was made possible by bringing together scien-
tists and engineers from various disciplines including materials, textile and papermaking.
Finally, this study bolsters the commitment to more ecological and sustainable practices,
which are crucial for addressing current and future environmental challenges.
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Abstract: Due to industrial growth and its impact on the environment, the increasing amount
of industrial waste requires a comprehensive approach aligned with the principles of sustainable
development. The main goals are not only to preserve natural resources but also to encourage
innovation in the reuse of waste materials. In an attempt to reduce the problems regarding waste
disposal and wastewater treatment in the textile industry, fibrous textile waste was used as a starting
material to obtain carbon adsorbents for the removal of pollutants from wastewater. Waste cotton
and mixed yarns, mainly consisting of polysaccharide cellulose, were hydrothermally carbonized
and activated with KOH to convert them into efficient carbon adsorbents for heavy metal removal
from water. Characterization of carbonized material showed that after activation, an increase in
specific surface area (up to 872 m?/g) and content of surface oxygen groups (6.04 mmol/g) leads
to a higher affinity towards heavy metal ions, especially lead ions, and high adsorption capacity of
19.98 mg/g obtained for activated cotton yarns. The results of this research represent a contribution
to the reduction of waste materials by modifying them into adsorbents, while the regeneration
of adsorbents is an example of the practical application of polysaccharide-based materials in the
purification of wastewater containing various heavy metal ions.

Keywords: waste; polysaccharide-based material; cotton; hydrothermal carbonization; heavy metal;
adsorption; wastewater

1. Introduction

During different stages of industrial production (textile, paper, decorative fabrics), var-
ious cellulose-based waste materials, in the form of fibers, yarns, and woven, are generated
and disposed of, endangering human health or harming the environment. Furthermore, the
textile industry generates large amounts of wastewater, polluted with various hazardous
and harmful substances [1,2]. The long-term goals of the European Union’s waste policy are
not only to reduce the amount of waste generated but to promote the use of waste as a po-
tential resource, as well as to achieve a higher level of recycling and safe disposal [3]. Waste
policy aims to protect the environment and human health while facilitating the transition to
a circular economy. Cellulosic materials represent the most widespread natural, renewable,
biodegradable, and low-cost raw material. The main component of these materials is the
polysaccharide cellulose, a linear homopolymer consisting of 3-D-anhydroglucopyranose
repeating units linked by (-1,4-glycosidic bonds [4]. It can be obtained from various
sources: higher plants, trees, algae, bacteria, and even some marine animals. Cotton fibers
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are mainly made of cellulose. Polysaccharide-based materials are widespread and widely
used (biomedicine, electronics and printing, food, for the production of packaging, biofuels,
sorbents, etc.) [5,6] and, therefore, accumulate in large quantities in the form of residues,
unused and waste materials. Considering the forecasts that the global production and
consumption of fibers will increase until 2030, an increase in the amount of waste cotton
and polyester fibers and their blends must be expected [7]. Textile waste is recognized
as a significant polluter of the environment due to the large quantities generated during
production and after use. Today’s textile and fashion industry implies mass and cheap
production using inferior materials, chemicals, and dyes. That is why, in addition to natural
materials such as cotton, linen, and hemp, artificial, synthetic materials are also used, which
are mixed with natural ones to improve certain properties such as strength, color fastness,
and behavior during washing and drying. Polyester fibers are the most popular synthetic
textile material due to their physical properties, low cost, and recyclability, but they are not
biodegradable, so they stay longer in the environment. Considering that the majority of
waste cotton and polyester is mostly burned and disposed of in landfills, it is very important
to implement their more massive recycling and reuse in order to reduce negative impacts on
water, soil, air, survival of the living world, and human health [8-11]. Materials produced
from biomass or industrial waste can be used as fuels [12,13], catalysts [14], flame retar-
dancy [15], composites, raw material for the production of 5'-hydroxymethylfurfural [16],
electrocatalytic carbon material [13], etc. Also, its use in the biomedical field and environ-
mental treatment is significant [14,17-20]. One possibility is to use these waste materials as
adsorbents for purifying water contaminated with different pollutants [8,21]. In the case of
raw waste cellulosic materials, the adsorption processes take place mostly slowly, and they
have low selectivity and relatively low adsorption capacities. Therefore, for the application
of these materials, it is necessary to perform chemical or thermal modifications to obtain
efficient, easily applicable materials with increased affinity for pollutant binding thanks to
their specific chemical structure, i.e., the presence of different functional groups. Cotton
stalk, cotton fibers, denim, household and industrial textile waste, and cotton cloth can be
used as raw materials for the production of cotton-based adsorbents. Niu et al. prepared
functional cotton fiber with tetraethylenepentamine and chitosan and investigated their
adsorption capacity towards Cu(ll), Pb(II), and Cr(IlI) ions. The maximum adsorption ca-
pacity obtained by the Langmuir model was highest for Cu(Il) ions. Chemical modification
of waste textile fibers was performed by the carboxymethylation process [22]. Obtained
materials were used for the adsorption of Cd(Il) ions and showed great potential for the
removal of heavy metals in comparison to commercial resin. The graft copolymerization
of household and industrial textile waste by polyacrylic acid was used to prepare adsor-
bents for the removal of Pb(II) and Cr(VI) ions from water [23]. The maximum adsorption
capacity for Pb(Il) ions was ten times higher. Modified cotton-based materials showed
an increase in affinity towards pollutants than the initial, unmodified ones. Chemical
modification has advantages due to a large number of potential reagents and the possibility
of obtaining selective adsorbents, but a major disadvantage is the creation of new waste
after the adsorption process and secondary pollution. Also, the procurement and storage
of chemicals are not economically profitable. The high carbon content in the composition of
waste biomass makes them a good starting material for obtaining carbon adsorbents with a
large specific surface area and porous structure [24]. The thermal modification of cotton
is most often performed using carbonization with pyrolysis and hydrothermal treatment.
Pyrolysis of cotton stalks was performed in the temperature range of 250 to 650 °C to
obtain biochar, and it was found that materials obtained at temperatures higher than 450
°C had better adsorption characteristics [25]. Cotton waste was transformed into a carbon
microtube by direct pyrolysis at 900, 1100, 1300, and 1500 °C and used for sorption of tannic
acid [14]. Recently, research has been directed at hydrothermal modification of cotton
from different sources and process conditions for obtaining carbon materials. Through the
process of hydrothermal carbonization, the high carbon content of cellulosic materials can
be converted into hydrothermal carbon materials without releasing CH, and CO, into the
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atmosphere. Hydrothermal carbonization, which takes place at lower temperatures, is a
more energy-efficient process than pyrolysis at high temperatures of 600-1000 °C. Besides
temperature, which is the main factor in the carbonization process, pH values can have a
significant role in the structure and hydrothermal behavior of cellulose molecules. This
consumption was investigated by Cui et al. by treatment of cotton fibers in subcritical
water [26]. The authors found that pH has an influence on the morphology of the resulting
spherical particles, carbon content, and calorific value. In order to improve the properties
of the final activated carbon, the cotton was impregnated with urea [27] and then subjected
to the processes of pyrolysis at 800 °C and hydrothermal carbonization. After activation
with KOH, it was determined that there was an increase in pores and specific surface area,
as well as that this material has a high affinity for iodine adsorption up to 2254.8 mg/g.

The concentrations of heavy metals in ground and surface waters are constantly
increasing. The presence of most metals, some potentially harmful, in the environment is
a consequence of human activity. There are different mechanisms of metals entering the
water, washing streets, fields, unorganized landfills, coal and ore mining, and discharge
of wastewater from various industrial plants [28,29]. If the measured concentrations of
heavy metals are above the maximum allowed and desired limit, the toxic effects are
manifested in a way that is harmful to people. The removal of metal ions from water,
therefore, becomes inevitable to maintain the balance in the ecosystem. A very effective
adsorbent for many pollutants is activated carbon, and much scientific research is directed
toward obtaining carbon materials from various natural and waste sources [30-36]. To
the best of our knowledge, the application of hydrothermally treated cotton, and specially
cotton/polyester, for heavy metal removal in wastewater treatment has not been examined
yet. Thus, in this study, hydrothermal carbonization and subsequent activation of waste
cotton and cotton/polyester mix and characterization of obtained carbon materials as
potential adsorbents of selected heavy metal ions were performed. Special attention is paid
to the examination of the influence of further chemical activation on the porosity, specific
surface area, the type and amount of surface oxygen groups, as well as the adsorption
characteristics towards heavy metal ions of obtained materials.

2. Materials and Methods
2.1. Materials Preparation

Polysaccharide-based waste (cotton, C and mixed cotton/polyester ((50% cotton-50%
polyester) yarn, C/P) generated at the factory SIMPO Dekor (Vranje, Serbia) was used
as a precursor to obtain carbon materials. Hydrothermal carbonization of the yarn was
carried out in a stainless steel autoclave with a Teflon insert at a temperature of 180 °C,
under self-generated pressure, for 24 h. The reaction mixture consisted of 6 g of yarn,
40 cm? of distilled water, and 0.015 g of citric acid as a catalyst. After hydrothermal
carbonization, the solid product was filtered and washed with ethanol and distilled water.
Two hydrothermally carbonized materials, Cyrc and C/Pytc, were obtained from cotton
and mixed cotton/polyester yarn, respectively. Subsequent activation was performed with
potassium hydroxide as an activating agent. Carbonized materials were mixed with KOH
in the mass ratio 1:2 and heated in an electric furnace under a nitrogen atmosphere, up to
900 °C with a heating rate of 5 °C/min. The obtained samples were washed with distilled
water until neutral reaction, dried at 100 °C overnight, and labeled C,pyrc and C/P,pc.

2.2. Material Characterization

The morphological characteristics of the obtained materials were determined by scan-
ning electron microscopy (Mira Tescan 3X, Tescan Orsay Holding, Brno, Czech Republic).
X-ray diffraction (XRD) patterns of all examined materials were recorded by Ultima
IV Rigaku diffractometer, equipped with CuK«1,2 radiations. XRD spectra were recorded
in the 20 range of 10-60° (hydrothermally treated samples) and 15-60° (activated samples)

in a continuous scan mode with a scanning step size of 0.02° and at a scan rate of 2° min~!.
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Nitrogen adsorption and desorption isotherms were measured at the temperature
of liquid nitrogen on a Micromeritics ASAP 2020 instrument (Micromeritics N.V./S.A.,
Brussels, Belgium) for all hydrothermally carbonized and activated samples. Using in-
strument ASAP 2020 software, the results of specific surface area Sggr, external (Sext),
and microporous (Smicro) surface area, as well as total pore volume (Vio,1) and volume
of micropores (Vpicro), Were obtained. Attenuated total reflectance Fourier transforms
infrared spectroscopy (ATR-FTIR) was used to qualitatively analyze carbon materials’
surface oxygen groups. FTIR spectra were recorded in the 500-4000 cm ™! range, using
ATR-FTIR Bomem MB-Series, Hartmann Braun (Quebeck, QC, Canada). For comparison,
FTIR spectra of starting materials, cotton and cotton/polyester yarn, were also recorded.
The amount of surface oxygen groups on examined carbon materials was determined by
the acid-base titration method and this experiment was performed in triplicate for each
material sample. For determination of the acidic and basic sites, small quantities (0.1 g) of
each carbon material were mixed with 10 cm® of 0.1 M NaOH and 0.1 M HCJ, respectively,
in 25 cm® beakers. The beakers were sealed and shaken under a nitrogen atmosphere for
24 h. Afterward, filtered solutions were titrated with 0.05 M H,SO,4 and 0.1 M NaOH to
determine the amount of acidic and basic oxygen groups, respectively.

2.3. Adsorption Experiments

Adsorption of lead and cadmium ions on Cyrc, Capre, C/Phrce, and C/P,re was
performed in a batch system by immersing 0.025 g of carbon adsorbent sample in 25 cm? of
adsorbate solution, initial concentration of 20 mg/dm?. The concentrations of Pb(Il) and
Cd(II) in the samples were determined using atomic absorption spectroscopy (AAS) at
certain time intervals (5, 10, 15, 30, 60, 120 and 180 min). Experimental data were analyzed
using pseudo-first (Equation (1)) [37] and pseudo-second-order (Equation (2)) [38] models
for the optimization of the process and a better insight into the adsorption mechanism:

q = ge X (1 — e‘klt), 1)

1 1
gt = ge — (q + k2t> , ()

where g, and g; (mg/g) are the adsorption capacity at equilibrium and at time ¢ (min),
ki (1/min) and k; (g/mg min) are the pseudo-first-order and pseudo-second-order rate
constants.

Adsorption data obtained at different initial concentrations of lead ions (5, 15, 25, 35,
50, 75, and 100 mg/ dm?) and cadmium ions (5, 7.5, 10, and 15 mg/ dm?) were used to
construct adsorption isotherms for all thermally modified samples. Langmuir [39] and
Freundlich [40] isotherm models (Equations (3) and (4), respectively) were used to evaluate
the affinity or capacity of the Cyrc, Canre, C/Phrc, and C/P,pc:

_ QoKLCe
e = 11K Ce @)
1
e = Kp x &/ 4)

where C, is the concentration of metal at equilibrium (mg/ dm?), Qq is the maximum
adsorption capacity (mg/g), K is a Langmuir adsorption equilibrium constant (dm3/mg)
that is related to the apparent energy of sorption, Ky (mg g~ H(mg dm~3)~1/") is Freundlich
constant, and 1/# is the heterogeneity factor.

The possibility of reusing hydrothermally carbonized and subsequently activated
waste yarn C,yrc for the removal of Pb ions was investigated in a flow system. The ma-
terial (0.03 g) was placed between two polyethylene frits in a cartridge. Under vacuum,
a solution of Pb(II) ions (10 cm? solution, initial concentration 5 mg/ dm?) was passed
through the cartridge at a flow rate of 1 cm?/min. After the adsorption cycle, the des-
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orption of metal ions was performed by passing 5 cm? of 2% HNOj3 solution through the
cartridge. The concentration of ions in the eluents (obtained after adsorption or desorption)
was determined by atomic absorption spectroscopy. The adsorption/desorption proce-
dure in the flow system was carried out in three cycles. The efficiency and capacity of
adsorption and desorption processes (E,gs, ga, Eges, and g, respectively) were calculated by
Equations (5)-(8):

Fags = 2 100, 5)
Co
o = (Com;c‘) % 100, )
Euos = 1 5 100, )
da
_ v
9a=- (8)

where ¢y (mg/dm?), ¢, (mg/dm?), and ¢; (ug/dm?) are the initial equilibrium and con-
centration of metal ions in the desorption solution, respectively, V (dm?) is the solution
volume and m (g) is the adsorbent mass.

3. Results and Discussion
3.1. Material Characterization

Scanning electron microscopy (SEM) was used to study the surface structure, to-
pography, and morphology of hydrothermally modified and activated cotton and mixed
cotton/polyester yarns (Figure 1).

Figure 1. SEM photographs of samples: (a) Cyrc, (b) Canre, (€) C/Pyrc, and (d) C/Payrc.

Hydrothermally carbonized samples Cytc and C/Pyrc (Figure 1a,c) retain the struc-
ture of the starting material: hydrothermally carbonized cotton and polyester components
are characterized by spirally twisted fibers and smooth filament, respectively. In the case
of sample Cytc, condensed smooth spherical particles, which are characteristic of hy-
drothermally carbonized materials, are observed on the surface. After the activation of the
hydrothermally carbonized samples, with potassium hydroxide as an activating agent, the
destruction of the fiber structure, both cotton and polyester components, in the samples is
noticeable (Figure 1b,d).
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Intensity, a.u.

Intensity, a.u.

To examine the structure of hydrothermally treated and activated yarn XRD analysis
was performed (Figure 2). XRD spectrum of Cyrc exhibits the typical diffraction peaks of
the crystalline structure of cellulose I at 20 = 14.7°, 16.4° and 22.6° [41], while XRD spectrum
of C/Pyrc along with the peaks from cellulose, exhibits diffraction peaks characteristic for
polyester at 20 = 17.2°, 25.7° and 22.8° (superimposed with cellulose peak at 22.6°) [42].

Figure 2. XRD spectra of hydrothermally treated and activated cotton and cotton/polyester yarn.

As starting materials (cotton and cotton/polyester yarn) consist of pure cellulose and
polyester, the XRD patterns of the hydrothermally treated samples, Cytc and C/Pyrc,
confirm that these samples are not fully carbonized and that hydrothermal treatment leads
to the partial decomposition of cellulose and its conversion to aromatic carbon network [43].

XRD spectra of chemically activated samples, Capytc and C/P,p1c, exhibit two typical
broad peaks around 23.5° and 43.4° that indicate the disordered carbon structure and
confirm that samples Coyrc and C/P,p1c are fully carbonized by applied activation.

The observed changes in the morphology and structure of the activated samples can
influence the specific surface area and affect the ability of the material to adsorb selected
pollutants. Starting cotton and cotton/polyester yarns have no developed porosity, with
the specific surface area immeasurably small and close to their geometric surface. Specific
surface area and porosity of examined materials were determined from the adsorption-
desorption isotherm of Ny, shown in Figure 3.

The nitrogen adsorption-desorption curves for samples Caqrc, C/Pantc, and C/Pyrc
exhibit a hysteresis loop corresponding to type IV (C,ptc) and type V (C/Payrce, C/Prtc)
isotherms in the relative pressure range of 0.4-0.95, 0.5-0.95, and 0.8-0.95, respectively. This
behavior is characteristic of mesoporous materials, which is in agreement with the average
pore diameter (Dmean) and the data presented in Table 1. The obtained results (Table 1)
show that modification by hydrothermal carbonization does not lead to the development
of the specific surface area of the material (Sggt). A very low Sgpr value for sample
Chrc makes it impossible to determine the pore volume and the mean pore diameter
(Dmean)- The lack of porosity for sample Cytc may be the consequence of the surface
coverage by smooth condensed particles (Figure 1a). Sample C/Pyrc is a mesoporous
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material with an average pore diameter of 28.75 nm and a preserved fibrous structure of
the starting precursor (Figure 1c). By applying the activation process, carbonized samples’
specific surface area and porosity increase while the average pore diameter decreases. After
activation with KOH, there is a significant increase in the specific surface area for sample
Cantc (872.2 m?/g). During activation, potassium is incorporated into the structure of the
carbon material, forming various compounds that are washed after the process, leaving
behind a free porous surface [44]. Based on mean pore diameter, samples C/Pyrc and
C/Paprc can be classified as mesoporous, while sample C,yrc shows a higher proportion
of microporous surface area in the total specific surface area.
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Figure 3. Adsorption—desorption isotherm of Nj on different adsorbents.

Table 1. Surface properties of hydrothermally carbonized and activated cotton and mixed cot-
ton/polyester yarns.

SBET, Sexts Smicror Viotals Vmicros

Amount of Surface Oxygen Groups, mmol/g

Sample 2 2 2 3 3 Dm, nm
m°/g m°/g m’/g cm’/g cm’/g Basic Acidic Total
Cure 0.003 - - - - - 0.983 + 0.020 3.782 + 0.017 4.765 + 0.037
C/Pyrc 0.64 0.122 0.516 0.01 4x10°4 28.75 0.345 4+ 0.015 4.866 + 0.012 5.211 + 0.027
CaHTC 872.2 386.1 486 0.532 0.269 4.82 2.134 + 0.008 3.940 + 0.025 6.074 £+ 0.033
C/Pautc 21.75 19.03 2.72 0.035 0.002 8.93 2.333 + 0.010 4.811 + 0.015 7.144 + 0.025

In addition to the specific surface and mean diameters of pores, the sorptive behav-
ior of the material depends on the presence and type of surface oxygen groups. The
quantitative composition of oxygenic acid and base groups present on the surface of car-
bonaceous materials was determined by the acid-base titration method (Table 1). Total
acidic groups (carboxyl, lactone, phenol) are more abundant than basic ones for all samples
of carbonaceous materials and are in the range of 3.763-4.866 mmol/g.

Determination of functional groups and examination of changes occurring during
the modification process was performed by recording FTIR spectra of precursors and
modified samples. As seen in Figure 4, a broad band in the region of 3450-3150 cm !
for precursors and 3650-3450 cm ! for thermally treated samples may originate from the
stretching vibrations of the O-H bond at carboxyl (COOH) or hydroxyl (OH) groups [45].
After activation, the increased temperature (900 °C) may lead to dehydration and loss
of hydroxyl and carboxyl groups [46], which is visible from the decrease in the intensity
of corresponding bands on FTIR spectra of activated samples. The peak at 2920 cm ™! is
attributed to asymmetric, and at 2850 cm ! to symmetric stretching vibrations of the C-H
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bond (carboxylic, methyl, or methylene groups) [47]. Also, a peak at 1640 cm~! can be
attributed to the bending vibrations of the O-H bond from carboxyl functional groups.
The stretching vibration of the aliphatic C=C bond can also contribute to this peak. The
deformational vibrations of the C-O bond in the carboxyl group can be observed as a peak
at 1384 cm ! [48].

1640 cm 1384 cm’” 1640 cm! 1384 cm”

2920 cm’! 2920 cm™
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Figure 4. FTIR spectra of untreated cotton and mixed cotton/polyester yarns, and hydrothermally
carbonized and activated samples.

On the FTIR spectra of the hydrothermally carbonized samples, Cyyrc and C/Pytc, a
significantly higher number of bands in the range 1800-1400 cm ™! is observed compared to
the hydrothermally carbonized activated samples Cayrc, C/Paprc. As the hydrothermal
carbonization is performed under milder conditions and the precursors are not completely
converted into carbon material, the FTIR spectra of these samples may also show some
characteristic bands of the precursors but with the lower intensity compared with the
FTIR spectra of cotton and mixed cotton/polyester yarns. Thus, the bands in the region
1180-1000 cm ™1, observed in the samples Cypc and C/Pyrc, may originate from the
stretching of the C-O bond (carboxyl groups, esters, ethers). The peaks at 1710 cm~! and
1240 cm~! indicate the presence of ester groups, and the peaks at 870 cm ! and 720 cm ™!
correspond to the bending vibrations of the C-H bond of the benzene ring in the polyester
chain. After the activation of the C/Pytc sample, the bands characteristic for the polyester
component disappear (Figure 4).

3.2. Adsorption Experiments

Dependence of adsorption on time, as well as agreement of experimental data with
pseudo-first- and pseudo-second-order models for the adsorption of (a) lead and (b) cad-
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mium ions on thermally modified and activated cotton and cotton/polyester yarns (Cyrc
and Cypre, C/Phtc and C/P,prc) is shown in Figure 5. All examined samples showed
higher capacities and rates of adsorption for the adsorption of lead ions, reaching the
equilibrium after 30 min (Figure 5a). The highest adsorption capacity was observed for
sample C,p7c, which also showed the fastest adsorption, reaching the removal efficiency
of 99.9% after 15 min. Although the adsorption of cadmium ions onto examined samples
can also be described as a fast process, examined samples showed much lower adsorption
capacities for the removal of Cd(Il) ions. These observations follow the kinetic parameters
shown in Table 2. Based on correlation coefficients (R?) and comparison between experi-
mentally obtained (g ,exp) and calculated (g ;u04) values of maximal adsorption capacities,
adsorption of lead and cadmium ions onto examined samples can be described by the
pseudo-second-order kinetic model, which indicates that heavy metal ions adsorption on
carbonaceous materials takes place by a complex mechanism, and that chemisorption can
play the most significant role in determining the overall reaction rate. The experimentally
obtained values of the equilibrium adsorption capacities ranged from 2.06 to 19.98 mg/g
for the adsorption of Pb(II) and from 1.52 to 4.05 mg/g for the adsorption of Cd(II) ions,
following the sequence Cyyrc > C/Pante > Cure > C/Pyrc. Higher values of equilib-
rium adsorption capacities for Pb(Il) ions may be a consequence of larger ionic radii and
electronegativity compared to Cd(Il) ions.
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Figure 5. The influence of contact time on adsorption of (a) Pb and (b) Cd onto hydrothermally
carbonized and activated cotton and mixed cotton/polyester.
Table 2. Kinetic parameters for adsorption of Pb(II) and Cd(II) ions onto hydrothermally carbonized
and activated cotton and mixed cotton/polyester yarns.
Pseudo-First-Order Model Pseudo-Second-Order Model
Metal I S 1 k
etal ton ampile RZ kl. Je,mod RZ (g/(lz‘ng qemod Ge,exp
(1/min) (mg/g) min)) (mg/g) (mg/g)
Cure 0.71124 0.216 2.28 0.94000 0.159 2.42 2.46
Ph(II) C/Pyrc 0.28953 0.325 1.83 0.70164 0.325 1.93 2.06
CauTC 0.85576 0.842 19.91 0.91098 0.607 19.96 19.98
C/Paurc 0.54732 0.372 8.95 0.86901 0.100 9.26 9.59
Curc 0.47925 0.255 1.52 0.85098 0.295 1.61 1.65
cd C/Pyrc 0.23811 0.212 1.22 0.56231 0.243 1.31 1.52
Caute 0.31121 0.337 3.75 0.78406 0.175 3.93 4.05
C/Paurc 0.10068 0.446 2.48 0.50107 0.417 2.57 2.78

73



Polymers 2024, 16, 2610

The highest values of equilibrium adsorption capacities obtained for the C ¢ sample
can be a result of the highest specific surface area (Table 1). However, a comparison between
the values of specific surface area (Table 1) and the adsorption capacities of examined
samples (Table 2) indicates that the specific surface area is not the key factor determining
the adsorption capacities. The higher adsorption capacities of activated samples can also
be influenced by the higher total amount of surface oxygen groups, which can serve as the
main adsorption sites for metal ions. The achieved results are in agreement with literature
data and scientific research [49-53].

To obtain additional information about the system, carbon material—lead and cad-
mium ions in an equilibrium state at a constant temperature, adsorption isotherms were
used. The obtained equilibrium experimental results were fitted by Langmuir and Fre-
undlich adsorption isotherms and shown in Figure 6, while the isotherm parameters are
presented in Table 3. For all examined samples, adsorption capacities increase with the
initial concentration of heavy metal ions. In the examined concentration range, the charac-
teristic plot on the isotherm curve that indicates surface saturation was observed only for
the adsorption of lead ions on Cyrc and C/Pyrc (Figure 6a). The increase in adsorption
capacity is particularly pronounced for the C,p1c sample during the removal of Pb(II) ions
(Figure 6a). The maximum adsorption capacity (qiu.x) obtained by the Langmuir model
is very high, which can be attributed to the lack of equilibrium surface saturation in the
examined concentration range and large specific surface area (Table 1). The process of
adsorption on all thermally modified and activated yarns for Pb(I) ions, according to the
obtained values of the correlation coefficient R?, is better described by the Langmuir model,
which is most often the case during the removal of heavy metals from carbon materials
whose precursors are cellulose materials [54,55]. A high value of the Freundlich constant
indicates a high adsorption capacity, that is, a high affinity of the C,ytc sample towards
Pb(II) compared to other samples. Considering that the chemisorption process applies to
Langmuir’s model, and the obtained values of 1/# < 1 indicate a heterogeneous adsor-
bent surface, it can be assumed that the adsorption mechanism is probably a combination
of physical and chemical adsorption. In thermally modified cotton/polyester samples
(C/Putc, C/Paptc), during the removal of Pb(Il) ions, much lower values of adsorption
capacity were obtained compared to thermally modified and activated cotton.
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Figure 6. The influence of initial adsorbate concentration on adsorption of (a) Pb and (b) Cd onto
hydrothermally carbonized and activated cotton and mixed cotton/polyester yarns.
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Table 3. Langmuir and Freundlich parameters for adsorption of Pb(II) and Cd(II) ions onto hydrother-
mally carbonized and activated cotton and mixed cotton/polyester yarns.

Langmuir Isotherm Freundlich Isotherm
Metal Sample K
/ b (dm?/ R? f 1 R?
Ion Gmax (mg g) (dm mg) ((mg/g)/(mg/dms)lln) n
Curc 260.8 0.006 0.99999 1.683 0.372 0.98237
Pb(Il) C/Pyrc 81.6 0.004 0.94043 0.361 0.694 0.92571
Canrc 3345.0 0.012 0.99999 40.596 0.448 0.95892
C/PantC 49.7 0.046 0.98189 3.634 0.501 0.97498
CHTtC 1357.0 4.62 x 1072 0.93807 0.063 1.906 0.96911
cd(m) C/Purc 22 1.01 x 1076 0.92372 0.086 1.275 0.71281
Caute 843.4 0.00414 0.97853 3.480 0.573 0.98945
C/P.urc 2.4 481 x 10713 0.94990 0.026 1.807 0.76007
The adsorption process on Cyrc and Capyre for Cd(Il) ions (Figure 6b) can be equally
well described by both Langmuir and Freundlich isotherm models. The value of the hetero-
geneity factor less than 1 for the C,y7c sample implies a relatively homogeneous surface,
while adsorption occurs through the chemical process on the surface functional groups
as active sites [56]. On the other hand, equilibrium adsorption data obtained for Cd(II)
adsorption onto C/Pyrc and C/P,p1c fits better with the Langmuir isotherm model, while
the dimensionless heterogeneity factor 1/ has values approximately and greater than 1, in-
dicating that with the increase in the concentration of Cd(Il) ions, the free energy for further
adsorption decreases [57]. Applied chemical activation improved the adsorption capacity
of hydrothermally carbonized cotton, while in the case of cotton/polyester, activation did
not bring the expected increase in adsorption capacity for the adsorption of Cd(II) ions.
Very few researchers have investigated the use of thermally modified cotton and
cotton/polyester blends for metal ion adsorption. A comparison of results obtained in this
study with the one found in the literature is given in Table 4.
Table 4. Comparison of maximal adsorption capacities of carbon adsorbents based on cotton and
cotton/polyester for removal of heavy metal.
Initial Adsorption
Material Modification . 3 Heavy Metal Capacity Reference
Concentration, mg/dm
qmaxs mg/g
Cotton fabric Pyrolvsis + 80-500 361.54
yrolysis
Cotton/polyester Activation H3PO4 80-500 Pb(II) 385.77 [20]
fabric 75:25 '
Microwave-
Cotton fibre assisted 0.05-0.4 Hg(II) 169.2 [58]
carbonization
Cotton stalk Pyrolysis 100-500 Pb(II) 146.78 [25]
Hydrothermal
Cotton stalk carbonization + 5-300 Cddr) 30.40 [17]
Activation KOH
10-80 Pb(II) 42.55
. 0.1-1.0 Cd(II 0.53
Cotton stalk Pyrolysis (In) [59]
1.0-10 Ni(II) 5.25
0.1-1.0 Co(II) 0.54
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Table 4. Cont.

Initial Concentra- Adsorption
Material Modification . 3 Heavy Metal Capacity Reference
tion, mg/dm
qmax, mg/g
10-80 Pb(II) 38.76
Pyrolysis 0.1-1.0 Cd(II) 0.53
+H50, 1.0-10 Ni(IT) 221
0.1-1.0 Co(II) 0.52
10-80 Pb(II) 37.59
Pyrolysis 0.1-1.0 Cd(II) 0.51
+NaOH 1.0-10 Ni(II) 2.05
0.1-1.0 Co(II) 0.50
10-80 Pb(II) 44.64
Pyrolysis 0.1-1.0 Cd(II) 0.65
+HyCG04 1.0-10 Ni(I) 6.20
0.1-1.0 Co(II) 0.52
Waste cotton yarns 5-100 260.8
Pb(II
Wlastetcotton / 5100 D 816
polyester yarns Hydrothermal
Waste cotton yarns carbonization 5-15 3345.0
Cd(Ir
Waste cotton/ 515 n 49.7
polyester yarns
This study
Waste cotton yarns 5-100 1357.0
Waste cotton/ Pb(II)
polyest(?r yarns Hydrothermal 5-100 22
50:50 carbonization +
Waste cotton yarns ~ Activation KOH 5-15 843.4
Waste cotton/ Cd(In)
polyester yarns 5-15 24

50:50

principles of circular economy and sustainability.

3.3. Adsorption/Desorption

According to Table 4, the adsorption capacities of hydrothermally treated and activated
cotton and mixed cotton/polyester yarns investigated in this study are comparable or better
than in cited studies. These results indicate that this way of modifying textile waste can
produce an effective adsorbent for the removal of heavy metals, which corresponds to the

The possibility of reusing thermally modified yarns was tested by the adsorption
of lead ions on the C,grc sample, which showed the highest adsorption capacity. The
adsorption/desorption procedure in the flow system was carried out in three cycles, where
HNOj; was used as the desorption reagent (Figure 7a). The results of adsorption efficiency

(%) and desorption efficiency (%) for all three cycles are shown in Figure 7b.
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Figure 7. Scheme of lead ions desorption (a) and adsorption and desorption efficiency (%) of the
Caprc sample (b).

As can be seen from Figure 7b, the adsorption efficiency of Pb(II) ions in the first cycle
on the C,pc sample is close to 100%, with a very high desorption efficiency of 99.23%.
In the second and third cycles, lower adsorption efficiency values were obtained (77.16%
and 77.53%), but desorption efficiencies were still relatively high (90.33% and 92.43%).
The high efficiency of diluted nitric acid to desorb Pb(II) ions indicates the weak bound
between adsorbate and adsorbent surface, leading to an assumption that Pb(II) ions are
adsorbed through the mechanism of ion exchange or physisorption. Similar results on
adsorption and desorption efficiency throughout several consecutive cycles were shown
in the literature for the adsorption of Pb(Il) ions onto carbonized cotton stalks [25] and
adsorption of Pb(Il), Cd(II), and Ni(II) ions onto carbonized cherry pits [35].

The results obtained from adsorption/desorption experiments have shown that hy-
drothermally carbonized and activated cotton yarn can be used as a highly efficient ad-
sorbent for lead ions removal from water in at least three consecutive cycles of adsorp-
tion/desorption, enabling its practical application for wastewater treatment.

4. Conclusions

Following the increasing demand for cheap, available, and ecological adsorbents,
waste materials with a large portion of natural cellulose polysaccharide were used in this
work as starting raw materials to obtain effective carbon adsorbents for the removal of
Pb(II) and Cd(II) ions from water. Hydrothermal carbonization was used to convert cotton
and mixed cotton/polyester yarn to carbon adsorbents. Material characterization showed
that additional chemical activation changed the morphology of materials and led to an
increase in the specific surface area and the number of surface oxygen groups, consequently
improving the affinity of obtained carbon materials for removing cations. Carbon adsorbent
showing the highest values of Freundlich constant and Langmuir maximum adsorption
capacity (3345.0 mg/g for Pb(Il) ions adsorption) were obtained by hydrothermal carboniza-
tion and subsequent activation of cotton yarn. The adsorption of Pb(II) and Cd(II) ions
onto hydrothermally carbonized and activated cotton and the mixed yarn is a relatively
fast process following the pseudo-second-order kinetic, while the equilibrium adsorption
process can be described by Langmuir isotherm model. The adsorption process most likely
takes place by a complex mechanism, including physisorption and ion exchange on the
surface oxygen groups. It was shown that hydrothermally carbonized and activated cotton
yarns can be successfully reused in a flow system as a highly efficient adsorbent for lead
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ions in three consecutive adsorption/desorption cycles, with adsorption efficiency ranging
from 100 to 77% throughout three cycles. The results of this research represent a significant
contribution to solving the problem of removing heavy metal ions from water, using waste
materials as adsorbents, and can serve as an example of the practical application of these
materials in the purification of wastewater containing various heavy metals.
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Abstract: Civil and geotechnical researchers are searching for economical alternatives
to replace traditional soil stabilizers such as cement, which have negative impacts on
the environment. Chitosan biopolymer has shown its capacity to efficiently minimize soil
erosion, reduce hydraulic conductivity, and adsorb heavy metals in soil that is contaminated.
This research used unconfined compression strength (UCS) to investigate the impact of
chitosan content, long-term strength assessment, acid concentration, and temperature on
the improvement of soil strength. Static triaxial testing was employed to evaluate the
shear strength of the treated soil. Overall, the goal was to identify the optimum values
for the mentioned variables so that the highest potential for chitosan-treated soil can be
obtained and applied in future research as well as large-scale applications in geotechnical
engineering. The UCS results show that chitosan increased soil strength over time and
at high temperatures. Depending on the soil type, a curing temperature between 45 to
65 °C can be considered optimal. Chitosan biopolymer is not soluble in water, and an
acid solution is needed to dissolve the biopolymer. Different ranges of acid solution were
investigated to find the appropriate amount. The strength of the treated soil increased when
the acid concentration reached its optimal level, which is 0.5-1%. A detailed chemical model
was developed to express how acid concentration and temperature affect the properties
of the biopolymer-treated soil. The SEM examination findings demonstrate that chitosan
efficiently covered the soil particles and filled the void spaces. The soil was strengthened
by the formation of hydrogen bonds and electrostatic interactions with the soil particles.

Keywords: biopolymer; chitosan; environmentally friendly; cost-effective

1. Introduction

The rapid growth of the world’s population has increased the socio-economic demand
for the development and expansion of civil infrastructure at an unprecedented rate. The
construction of civil foundations requires proper soil improvement methods; more than
40,000 soil improvement projects with a total cost of more than 6 billion dollars per year
are implemented worldwide [1]. The main purpose of ground improvement is to enhance
the bearing capacity, shear strength, soil stiffness, resistance improvement against surface
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erosion, and soil hydraulic conductivity and seepage [2-6]. Climate change and global
warming are two of the most concerning trends of the last several years. Regarding the
materials used in construction projects, both synthetic and conventional materials with a
calcium basis, including cement and lime, have contributed to the production of greenhouse
gases that are directly linked to global warming. The production of one unit of cement emits
one ton of carbon dioxide, accounting for five to eight percent of global carbon dioxide
emissions [7-10].

Soil stabilization methods are usually divided into three main categories: mechanical,
biological, and chemical. Conventional chemical stabilizers such as cement and lime are
still the most common materials in large-scale soil improvement projects. However, their
excessive use leads to significant environmental issues, including CO, emissions during
cement production, suppression of plant growth, groundwater pollution, and global warm-
ing. In contrast, biological approaches such as microbially induced calcite precipitation
(MICP), enzyme-induced calcite precipitation (EICP), and biopolymer application in soil
enhancement have attracted greater attention in the field of geotechnical engineering due
to their minimal negative effects on the environment [11-14].

Biopolymers are natural polymeric products that are environmentally friendly and
sustainable, with high cohesive properties, and can be widely found in the environment in
different forms [15-18]. These properties make them a suitable choice for soil improvement
applications. Biopolymers, using natural polymers such as polysaccharides, have several
advantages for engineering purposes in the enhancement of soil structure, water retention,
and the reduction in wind, water, and unwanted vegetation growth erosion [19,20]. How-
ever, the widespread use of biopolymers is not still very common in engineering fields
due to their relatively high costs. The costs of biopolymer production and application
have significantly reduced over the past years. Polysaccharides are known for their high
potential and effectiveness in improving soil properties [21-24].

Chitosan is a natural polysaccharide derived from chitin as well as the exoskeletons of
crustaceans such as crabs and shrimps [25]. Chitosan has soil-binding, water-retention, and
biodegradable properties. Several studies have been conducted to examine the potential
of chitosan in soil enhancement [26]. It was shown that adding chitosan improved the
mechanical properties of different types of soils (clay and sand) by positively increasing
the interparticle interaction of the soil particles and biopolymer. Chitosan was presented as
an ecologically acceptable substitute for conventional additives, such as cement and lime,
when Jamshidi et al. (2023) investigated its impact on marl soil qualities and found that
the polymer greatly enhanced soil shear wave velocity and maximum shear modulus by
51 and 128% after 7 days curing even after 8F-T cycles compared to those of unstabilized
samples [27]. Ilman et al. (2023) examined the impact of chitosan on earthen construction
materials. Chitosan was shown to act as a reliable stabilizer, enhancing the mechanical
properties of the soil and preventing the development of visible cracks. This is explained by
the creation of a stable framework that connects the particles of the soil, therefore increasing
its durability [28]. Additionally, it was found by Adamczuk et al. (2022) that chitosan
behaves differently in different types of soils [29]. No secondary environmental impacts
have been observed when using chitosan as an adhesive in soil improvement applications,
aligning with the goal of transitioning from traditional to new-generation materials in
geotechnical engineering [30].

The number of studies on the use of chitosan as a soil stabilizer is limited; however,
there is still a significant gap in exploring all aspects of this research field. This paper
aims to investigate the behavior of chitosan-treated soil under various curing temperatures,
long-term curing periods, and different acidity concentrations of chitosan solution. Biopoly-
mer content and soil particle size are additional parameters examined in this research.
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These parameters were evaluated using the unconfined compressive strength (UCS) test.
Consolidated drained (CD) static triaxial testing was employed to examine how optimal
conditions of these parameters influence the shear strength of kaolinite and sand. SEM
images were included to provide visual insights into chitosan-treated sand and kaolinite.
Additionally, chemical analysis was conducted to assess how temperature and the acidity
concentration of the biopolymer solution affected soil properties. Upon completing this
study, we aim to deepen understanding of chitosan-treated soil and the effectiveness of
different parameters in geotechnical engineering applications.

2. Materials
2.1. Kaolinite

The kaolinite silt used in this research was purchased from Kaolin Malaysia, a mining
products specialist. The kaolinite was taken from depths of 4.0 to 6.0 m below the ground
surface. Table 1 shows the results of the XRD analysis performed on the kaolinite silt.
The composition of kaolinite is 78% silt, 21.12% clay, and 0.88% sand, as determined by
geotechnical criteria derived from particle size distribution and hydrometer tests (Table 2).
According to the Unified Soil Classification System (USCS), it is classified as high-plasticity
kaolinite silt (MH) with a Skempton activity rating of 0.77%. This description illustrates its
versatility, necessitating a thorough examination of its properties and behavior in order to
optimize its utilization.

Table 1. MH silt XRD analysis.

Component Percentage (%)
SiO, 48.97
Al,Os 35.19
KO 2.51
Fe,O5 0.88
MgO 0.35
TiO, 0.23

Table 2. The kaolinite silt’s geotechnical characteristics.

Sand Silt Clay Activity =
Soil Type Fraction Fraction Fraction Lt (%) Py, (%) Py (%) USCS P1/Clay
(%) (%) (%) Content (%)
Kaolinite 0.88 78.00 21.12 62 46 16 MH 0.77
2.2. Sand

The sand employed in this study was obtained from a construction site located in Gold
Coast, Australia. According to the USCS classification, it is classified as poorly graded sand
(SP). The gradation analysis of the utilized kaolinite silt and sand is depicted in Figure 1.
The values of the gradation coefficient (Cc) and uniformity coefficient (Cu) are 2.77 and 0.91,
respectively. The void ratio of the sand varies between 0.61 and 0.76. The XRD analysis of
the sand’s chemical composition is detailed in Table 3, whereas the geotechnical properties
are presented in Table 4.
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Figure 1. Particle size distribution of kaolinite silt and sand.

Table 3. XRD analysis of sand.

Component Percentage (%)
Quartz 76.5
Calcite 34

Dolomite 0.1
Siderite 0.7
Siderite (Mg/Ca) 2.2
Andradite 1.0
Plagioclase (An0-15) 7.7
K-Feldspar 3.0
Kaolinite 0.9
Chlorite 1.4

Mlite 3.2

Table 4. Geotechnical properties of the sand.

Soil Type

D5 (mm) Cu C. Gs Shape UCSC €min

€max

Sand

0.49 2.77 0.91 2.63 Round SpP 0.61

0.76

2.3. Chitosan

For Chitosan manufacturing objectives, the United States, Japan, India, Canada, China,
South Korea, Russia, and Norway frequently employ the byproducts of crustacean fisheries.
The principal industrial source from which the biopolymer is extracted is fishery industry
detritus, specifically the shells of prawns, crabs, and lobsters. An estimated 100 billion
kilograms of chitin and its derivatives are produced on an annual basis. Because of its strong
hydrogen bonds and polymeric structure, chitin is insoluble in most organic acids and
water. With CAS No. 9012-76-4, the Chemsupply firm provided the chitosan that was used.
Table 5 and Figure 2 provide specifics on the chitosan biopolymer. The molecular weight
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(MW) of the chitosan was determined to be 120-140 kDa, and the degree of acetylation
(DA) was approximately 15%.

Table 5. Properties of the chitosan biopolymer.

Product Name Chitosan
Form Solid
Chemical formula {C6H11INO4n
Appearance Faint Beige to Beige
Melting point >290 °C

Insoluble in water and organic solvent, soluble in dilute

Solubility in water aqueous acidic solution (pH < 6.5)

pH 6.5-7.5

Figure 2. Chitosan biopolymer used in this study.

A standard compaction test was conducted to determine the maximum dry density
and optimum moisture content of the soil. This information was important for calculating
the appropriate amounts of soil and water needed to prepare the samples for both untreated
and treated soils. The experiment was performed based on the ASTM D698 [31] standard
and the results are shown in Figure 3.
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Figure 3. Compaction curves for sand-kaolinite mixtures.
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3. Research Method
3.1. Sample Preparation

To attain maximum efficiency, the wet mixing method was implemented, in which,
first, the biopolymer dissolves in the solvent until reaching a desirable concentration and
then the biopolymer solution is mixed with soil. To prepare the biopolymer solution, the fol-
lowing steps were taken: (a) the solution was heated to 80 °C after dissolving the specified
amount of glacial acetic acid in distilled water to obtain a 1% concentration; (b) chitosan
powder was added to the acetic acid solution as required; and (c) constant stirring contin-
ued until a homogeneous solution was obtained, ensuring that the concentration remained
moderate enough to dissolve all components.

The soil was subsequently mixed with the solution for 10 min after being dehydrated
in an oven set at 105 °C for 24 h. The mixture was then packed in a bag for a day to ensure
even moisture distribution. A small sample was taken and placed in the oven to determine
its moisture content.

A specially designed mold was fabricated in compliance with ASTM D2850 [32]
and ASTM D4609 [33] guidelines to ensure consistency in the sample preparation. A
cylindrical stainless-steel tube with two wings attached to the sides served as the mold’s
main component. A square stainless-steel plate, a plug, short and long hammers, and other
supporting components were included. The cylinder’s fixed dimensions were 50 mm in
diameter and 200 mm in height. During the sample fabrication process, lubrication was
provided to the inside walls of the tube, the plug, and the short hammer’s surfaces. The
square plate made it easier to modify the mold’s location once the mixture was put inside.
Using a hydraulic jack, compaction was carried out in a single layer until the maximum
density determined by compaction tests was exceeded by 90%. Following compaction, the
samples were extruded and cured in a controlled setting at a temperature of 25 °C and a
relative humidity of 50-60%. The cylindrical samples that were selected for triaxial and
UCS testing had dimensions of 100 mm in height and 50 mm in diameter.

3.2. Experimental Program

This study involved various experiments, including compaction, UCS, static triaxial
testing, and SEM imaging, to assess the impact of the biopolymer on the engineering prop-
erties of the soil. UCS and triaxial tests were used to evaluate the mechanical properties
of the biopolymer-treated soil, and SEM photography was used to provide a microstruc-
tural representation of the biopolymer—soil interaction. Table 6 shows the experimental
procedures for this study.

Table 6. Experimental program.

Acid Concentration

Test Type Biopolyr{})z Content Ig)sréges'l;‘:nr?nft(ﬁgg}g,g Soil Type (g/L) Temperature (°C)
0,0.25,05,1,1.5,2 14 Kaolinite, Sand 0.5 25
0,0.5 0,1,3,7,14,28, 60,90, 120 Kaolinite, Sand 0.5 25
ues 0,0.5 14 Kaolinite, Sand 0,1,2,3,4,5,10,20,50 25
0,0.5 14 Kaolinite, Sand 0.5 15, 25, 45, 60, 80
Triaxial 0,0.5 14 Kaolinite, Sand 0.5 25
SEM 0,0.5 14 Kaolinite, Sand 0.5 25

Details of the different parameters investigated in this study can be found in Table 6.
Biopolymer content, long-term curing assessment, acid concentration, and temperature
were evaluated through the UCS test. Samples were kept for up to 120 days to see how the
compressive strength of the biopolymer-treated soil changed over time. Acid concentrations
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are a crucial factor in preparing chitosan solutions; therefore, different concentrations were
prepared to evaluate this parameter. For the temperature effect, samples were cured from
15 to 80 °C.

3.3. Unconfined Compression Test

A universal testing machine was used to evaluate the compressive strength in accor-
dance with ASTM D2166 [34]. UCS experiments were utilized to determine the ideal values
for the following factors: temperature, soil type impact, acid concentration, biopolymer
content, and long-term strength assessment. The device monitored and recorded stress—
strain behavior as the axial strain rate increased from 1% /min (1 mm/min) to 7% of the
total strain. The average of the three specimens evaluated in each condition was used to
calculate the unconfined compressive strength.

3.4. Infiltration Test

To study the impact of water flow on the UCS of chitosan-treated soil, a controlled
infiltration test was designed and performed. The test included samples placed inside a
polyethylene cylinder with inner diameter of 50 mm and height of 100 mm. Each sample
was enclosed with a cap tightened at both the top and bottom. A 10 mm diameter hole
was made in the center of each cap, into which a small tube was inserted to facilitate water
entry and exit. The overall shape of the sample can be seen in Figure 4.

@
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Figure 4. (a) Infiltration samples and (b) schematic form of the mold.
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Water entered the samples through the upper cap, and a constant hydraulic head of
2 m was maintained to ensure a steady flow through the sample. Water exited through the
lower cap, and the water flow was sustained for 8 h. Following the infiltration process, the
samples were carefully extracted from the tubes and allowed to air dry for 14 days. After
the drying period, UCS tests were performed to assess the extent of biopolymer loss due to
water flow and its subsequent effect on the compressive strength of the treated samples.

3.5. Static Triaxial Test

The triaxial specimens were prepared under the same circumstances used for the UCS
test, and they were then cured in a controlled atmosphere at 25 °C and around 60% relative
humidity. Consolidated undrained (CU) triaxial testing was carried out in accordance with
ASTM D7181 specifications [35].

In order to evaluate the impact of chitosan on sand and kaolinite, a series of static
triaxial experiments were implemented. The initial confining pressure of each sample was
kept at 100 kPa. Static triaxial testing was carried out on both saturated and dry samples. In
order to facilitate the breakdown of air within the pore space into deaired water, saturation
was achieved by maintaining an effective stress of 20 kPa while applying back pressure
from the sample’s bottom. Saturation persisted until a B value greater than 95% was
obtained, indicating successful saturation. A small amount of consolidation was expected
at this step due to the sample preparation using a hydraulic jack, so a quick consolidation
under 50 kPa pressure was applied as a safety precaution. The applied strain rate was
fixed at 0.1 mm/min during the shearing step. The overall shape of the system used for the
triaxial testing is shown in Figure 5.
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Figure 5. Triaxial testing system.

3.6. Scanning Electron Microscopy (SEM) Imaging

SEM images were obtained to investigate the microscopic interactions and structural
characteristics of the biopolymer and soil. The motivation behind using SEM was to
observe the detailed surface morphology and bonding between chitosan and the soil
particles. For SEM characterization, soils treated with biopolymers as well as untreated soil
(sand, kaolinite) were used. To ensure dryness, the samples were dried for 24 h at 25 °C in
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the oven. Carbon-conductive tabs were then used to attach them to a SEM mount. After
applying a coating of carbon paint to guarantee adequate electric grounding, conductive
tape was used to cover the samples. For specimen observation, the Zeiss Sigma VP Field
Emission Scanning Electron Microscope (Oberkochen, Germany) was utilized.

4. Results
4.1. Unconfined Compression Strength (UCS) Test
4.1.1. Biopolymer Content Effect on the Compressive Strength of Chitosan-Treated Soil

Unconfined compression strength (UCS) testing plays an important role in evaluating
biopolymer influence in soil treatment by measuring the maximum compressive load that
a sample can withstand. Figure 6 shows the UCS and modulus of elasticity (EM) values
for biopolymer-treated sand and kaolinite soils with varying amounts of chitosan (0, 0.25,
0.5, 1, 1.5, and 2%) at a curing temperature of 25 °C for a period of 14 days. From the
compaction test, the optimal moisture content for this test for sand and kaolinite soil was
determined as 17 and 35%, respectively. Figure 6 shows that EM represents the elasticity
modulus, and UCS stands for the unconfined compressive strength.
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Figure 6. Effect of chitosan content on the mechanical behavior of CH-treated soils” compressive
strength and elasticity modulus.

According to Figure 6, chitosan biopolymer increased the UCS of soils regardless of the
soil type. The compressive strength of untreated sand and kaolinite was obtained as 0 and
316 kPa, respectively. Adding 0.25% chitosan increased the compressive strength to 540 kPa
for the treated sand and 469 kPa for the treated kaolinite, indicating that sand outperformed
kaolinite in the chitosan-treated soil. Up to 0.5% chitosan, sand still maintained a higher
strength. The coarse-grained nature of sand facilitated more effective mixing with chitosan
compared to kaolinite, which was primarily responsible for this improvement.

Kaolinite’s compressive strength exceeded that of sand after adding 1% chitosan,
highlighting its superior bonding and integration with the finer particles of kaolinite. The
optimal compressive strength for stabilized sand was obtained as 1480 kPa with 1.5%
chitosan, while for stabilized kaolinite, it was 2290 kPa with 2% chitosan. In conclusion, the
addition of chitosan to sand and kaolinite soils forms bonds that enhance soil strength [16].
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However, the UCS test indicates that, with increasing chitosan content, kaolinite soil
exhibits greater strength compared to sand soil. This is due to various bonding mechanisms:
(a) hydrogen bonding between chitosan and hydroxyl kaolinite surface; (b) electrostatic
interaction between charged surfaces of kaolinite and chitosan; (c) hydrophobic bonding;
and (d) covering kaolinite particles with chitosan chains to create a strong and integrated
network in the particles. It prevents soil particles from shifting and increases soil strength.
Sand particles’ lack of significant electric charge makes electrostatic and hydrogen bonding
phenomena unlikely.

Figure 6 shows that the addition of chitosan increases the soil’s modulus of elasticity,
which is similar to compressive strength. The modulus of elasticity of untreated sand and
kaolinite was obtained as 0 and 20 MPa, respectively. Sandy soil lacks cohesion between its
grains and therefore cannot withstand any significant strength. As a result, its modulus
of elasticity was obtained as zero. On the other hand, kaolinite soil has a cohesive nature
between its grains, which allows it to withstand some strength. This cohesive characteristic
gives the kaolinite soil a non-zero modulus of elasticity. However, when 1.5% chitosan is
added, the modulus of elasticity slightly decreases for the treated sand but stays constant
for the treated kaolinite. Due to its lubricating effects, adding more chitosan to the soil
results in a decrease in soil particle cohesion. Additionally, by distributing polymeric chains
of biopolymers across the soil void space and covering the sand surfaces, a robust and
well-integrated film network is created throughout the treated soil mass, improving the
resistance forces and preventing soil grain movement. The optimal modulus of elasticity
with 2% chitosan sand was 49 MPa, while for kaolinite, it was 86 MPa with 1.5% chitosan.

4.1.2. Long-Term Curing Time Effect on the Strength Behavior

The impact of chitosan treatment over time is investigated in this section. Samples
were kept up to 120 days so that the effect of long-term curing could be studied using a UCS
test. The samples were prepared at a temperature of 25 °C using a biopolymer solution
with an acidity concentration of 10 g/L and a chitosan content of 0.5%. Various curing
times were considered for the samples, including 0, 1, 3, 7, 14, 28, 60, 90, and 120 days.

Figure 7a shows the UCS and modulus of elasticity as well as the moisture content
over time for sand and kaolinite soils treated with chitosan over time. As curing time
progressed, the UCS of both treated soils increased regardless of the soil type. At the time
right after sample preparation, the UCS of the treated kaolinite was around 334 kPa, while
the treated sand showed zero strength due to the lack of cohesion between the soil grains.
After one day of dehydration, the strength of the treated sand increased dramatically to
697 kPa, which was higher than that of the treated kaolinite. The reason is that sand has a
more porous structure, making moisture loss easier compared to the treated kaolinite with
much finer particles.

After seven days, approximately 90% of the UCS was achieved for both treated
soils, indicating that the size of soil particles does not significantly impact the results
after one week. Moisture content was reduced to less than 3%, as curing time has an
inverse relationship with moisture content. Samples reached their final strength at 14 days
after preparation, which was around 760 kPa for the treated kaolinite and 1250 for the
treated sand. No significant changes in compressive strength were observed from 14 days
to 120 days, demonstrating that the bonds between the biopolymer and soil particles
maintained their integrity over four months. Additionally, the moisture content remained
below 1.5%, indicating that the samples were almost completely dried, with only small
amounts of moisture retained from the ambient humidity. The decline in humidity over
a period of 14 days was a significant contributing factor to the rise in UCS. Moisture is
crucial for dissolving chitosan in the solvent (a water and acetic acid solution). As the
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water content decreases over time, the formed gel becomes stronger and more brittle. This
process enhances the polymeric chains of chitosan, creating a stronger soil-biopolymer
mass, which results in increased compressive strength.
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Figure 7. Effect of long-term dehydration on the UCS of CH-treated soils. (a) Compressive strength
and elasticity modulus, (b) moisture content.

4.1.3. Temperature Effect on Compressive Strength of Biopolymer-Treated Soil

Due to the biodegradability of biopolymers, environmental temperatures play a crucial
role, especially at higher temperatures. To examine the effect of temperature on biopolymer-
stabilized kaolinite and sand, samples were cured at temperatures of 15, 25, 45, 60, and
80 °C and then tested using UCS tests. The samples were kept at the specified temperatures
for 14 days, with a chitosan content of 0.5% and an acidity concentration of biopolymer
solutions of 10 gr/L. Figure 8 shows the UCS for the biotreated sand and kaolinite soils
versus temperature. As shown, the compressive strength of both treated soils increased
with the elevation of temperature up to 45 °C. For the chitosan-treated kaolinite, 60 °C was
the peak UCS, after which it started to decrease at 80 °C. For the chitosan-treated sand, the
UCS decreased after 45 °C, indicating its optimal dehydration temperature. The increased
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soil compressive strength from 15 to 45 °C was due to the dehydration of biopolymer gel
and forming stronger chemical bonds.
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Figure 8. Effect of temperature on the UCS of CH-treated soils. (a) Compressive strength, (b) elasticity
modulus.

From the elasticity modulus graph, it can be observed that very high temperatures
(80 °C) led to a reduction in the stiffness of the samples. The reason is that the chitosan
hydrogel shrinks due to dehydration, forming brittle chitosan fibers and involving a
smaller surface area of soil particles in the bonding mechanisms. This effect is especially
pronounced in treated sand, which has no electrical charge on its particle surfaces, resulting
in smaller adhesion surface contact between the biopolymer film and soil grains and
consequently lower compressive strength parameters. On the other hand, biopolymers
have the ability to produce more gel at higher temperatures; therefore, increasing the
temperature causes chitosan to generate more gel, which leads to soil improvement.

Figure 9 shows the variation of moisture content for samples cured at different tem-
peratures. As seen, higher temperatures resulted in lower moisture content after 14 days
of dehydration. An inverse correlation is observed between moisture content and UCS.
Referring to the obtained results, it can be said that very low (around 15 °C) and very high
(above 60 °C) temperatures result in relatively lower compressive strengths compared to
the samples cured within this range. This is because lower temperatures retain higher
moisture content, resulting in more flexible biopolymer films, whereas higher temperatures
absorb almost all the moisture, leading to brittle biopolymer films.
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Figure 9. Effect of temperature on the UCS of CH-treated soils.

4.1.4. Acid Concentration Effect on the Behavior of the Treated Soil

Chitosan is a biopolymer that is insoluble in neutral water with a pH around 7. To
prepare a chitosan solution, the pH needs to be lowered, as chitosan is soluble in diluted
acid solutions. Acetic acid is commonly used for this purpose. The dissolution of chitosan
in a diluted acid involves the protonation of its amine groups (-NHj), making it soluble.
The chemical reaction for dissolving chitosan in a diluted acid is as follows:

Chitosan-NH, + CH3COOH — Chitosan-NH3" + CH3;COO™

Chitosan needs a sufficient degree of protonation of its amino groups (-NH2) to
dissolve completely in the acid solution. At lower concentrations, there may not be enough
acetic acid molecules available to effectively protonate the chitosan molecules. Conversely,
higher concentrations of acetic acid may overly protonate the chitosan molecules. An
excessive positive charge can alter the structure and properties of chitosan and affect its
solubility characteristics. Very high concentrations of acid can also lead to the precipitation
of chitosan due to the strong acidic environment. Therefore, investigating how acid
concentrations affect the behavior of chitosan-treated soil is of high importance. For this
purpose, various concentrations of acid were prepared, including 0, 0.1, 0.2, 0.3, 0.4, 0.5, 1, 2,
and 5%, with the biopolymer content set at 0.5% of the soil weight. Similar to the previous
sections, kaolinite and sand were the soils used in this study. The treated samples were
dehydrated for 14 days at a temperature of 25 °C.

The mechanical properties of the chitosan-treated soil can be seen in Figure 10. At
0% acid concentration, chitosan is approximately insoluble in neutral water, resulting in
chitosan precipitating in the solution with only a small amount dissolving. Consequently,
the sand samples were not able to maintain their structure, yielding zero strength. For the
chitosan-treated kaolinite, only a slight improvement in the UCS was observed. Adding
a small amount of acid to water (0.1%) significantly increased the compressive strength
from 432 kPa to 546 kPa for the treated kaolinite and from zero to around 100 kPa for the
treated sand. This increasing trend remained very promising up to a 0.5% acidity solution,
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indicating that a large percentage of chitosan dissolved into the solution. According to the
literature, 0.5% to 1% acidity solution is commonly used for most chitosan applications,
suggesting that this range provides enough acid molecules to effectively dissolve chitosan.
However, at a 5% acid concentration, no significant change in the UCS was observed.
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Figure 10. Effect of acid concentration on the UCS of CH-treated soils. (a) Compressive strength,
(b) elasticity modulus, (c) variation of UCS vs. acidity concentration between 0-1%.

In real-world applications, whether temporary or long-term, acid rain is a potential
concern regarding the leaching of biopolymer from chitosan-treated soil. According to
available data, the typical acid concentration in acid rain ranges from 0.00002 to 0.00006 g /L.
These concentrations are significantly lower than the levels required to solubilize chitosan,
which necessitates much higher acid concentrations (1000 to 50,000 mg/L or 0.1% to
5%). Figure 11 shows a comparison between the solutions with and without enough acid
concentration.

Figure 11. Chitosan in water vs. low concentration acid (0.5%): dissolution comparison.
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4.2. Infiltration Test

Figure 12 shows the results obtained from the UCS tests before and after the infiltration
process. The results prove that chitosan exhibits a remarkable resistance to a consistent
water flow with minimal reduction in the compressive strength. For 0.25% chitosan, a
decrease of 4.4% was observed in UCS, from 540 kPa to 516 kPa. Similarly, the 0.5% chitosan-
treated sample saw a decrease from 1246 kPa to 1198 kPa, with a reduction percentage of
just 3.85%. The higher chitosan content samples, 1% and 1.5%, experienced reductions in
UCS from 1434 kPa to 1352 kPa and from 1480 kPa to 1402 kPa, corresponding to reductions
of 5.72% and 5.27%, respectively.
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Figure 12. Compressive strength change for chitosan-treated sample after infiltration test.

These results clearly demonstrate that the infiltration process led to only slight de-
creases in compressive strength, which indicates that a small amount of the chitosan was
washed away. This underscores the potential of chitosan as a reliable additive in civil
and geotechnical applications, especially in environments where the soil may be subjected
to water infiltration over time. Chitosan’s insolubility in water ensures that its chemical
structure remains intact, providing sustained stability and effectiveness as a soil stabilizer
even under prolonged water exposure.

4.3. Static Triaxial Test

A set of consolidated drained (CD) triaxial tests were conducted on the untreated and
chitosan-treated kaolinite samples, as well as on untreated and chitosan-treated sand, to
investigate how chitosan biopolymer affects the shear strength properties of different soil
types. The sample preparation followed the same procedure as the UCS samples, with
compression applied using a hydraulic jack to achieve a dry density higher than 95% of the
maximum dry density (MDD). Chitosan was used at a concentration of 0.5% (mb/ms) to
treat both kaolinite and sand samples. The samples were allowed to dehydrate for 14 days
at a temperature of 25 °C.

Three different confining pressures (50, 100, and 200 kPa) were applied consistently
across all tests to compare the shear strength at failure for different samples. The results are
illustrated in Figure 13 shows the stress—strain behavior of untreated and chitosan-treated
kaolinite at confining pressures of 50, 100, and 200 kPa. The failure envelopes for the tested
samples are presented in Figure 14.
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Figure 13. Stress—strain behavior of (a) untreated kaolinite and (b) chitosan-treated kaolinite.
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Figure 14. Failure envelope of treated and untreated kaolinite.
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The data indicate that for both untreated and chitosan-treated kaolinite, an increase
in confining pressure corresponds to an increase in strength. For instance, the maximum
deviatoric stress for untreated kaolinite increased from 280 kPa to 350 kPa and further to
490 kPa when the confining pressure was increased from 50 kPa to 100 kPa and 200 kPa,
respectively. In contrast, the chitosan-treated kaolinite samples exhibited a significant
enhancement in shear strength, with deviatoric stresses rising from 840 kPa to 1020 kPa and
1240 kPa under the same confining pressures. Residual strengths for the chitosan-treated
samples were also notably higher compared to the untreated kaolinite.

Similarly, for the chitosan-treated sand, the deviatoric stresses were recorded as
520 kPa, 651 kPa, and 785 kPa under confining pressures of 50, 100, and 200 kPa, re-
spectively. The chitosan-treated sand also demonstrated substantial improvements in shear
strength parameters, as shown by the cohesion value of 161 kPa and a friction angle of
39.5°, compared to untreated sand, which had a cohesion of 0 kPa and a friction angle of
36°.

Table 7 summarizes the Mohr—Coulomb shear strength parameters for the untreated
and chitosan-treated samples.

Table 7. Summary of the results of the CD triaxial test.

Sample ID Biopolymer Content (%) (a4 @’
Untreated kaolinite 0 70 23.73
Chitosan-treated kaolinite 0.5 192 34.58

Untreated sand 0 0 36
Chitosan-treated sand 0.5 161 39.5

The results indicate a substantial improvement in the shear strength parameters for
chitosan-treated kaolinite and sand. The effective cohesion (C’) of kaolinite increased
from 70 kPa for untreated kaolinite to 192 kPa for chitosan-treated kaolinite, while the
effective internal friction angle (¢’) increased from 23.76° to 34.58°. Similarly, for sand, the
cohesion increased from 0 kPa to 161 kPa and the friction angle increased from 36.04° to
39.5° upon treatment with chitosan. This improvement can be attributed to the adhesive
properties of chitosan, which enhances particle bonding and soil cohesion. The formation
of chitosan—soil conglomerates during compaction further contributes to the increased
interlocking and frictional resistance within the soil matrix.

In conclusion, the treatment of kaolinite and sand with 0.5% chitosan significantly
enhances their shear strength, demonstrating the potential of chitosan as an effective soil
stabilizer. The notable increase in both cohesion and friction angle underscores the efficacy
of chitosan in improving soil mechanical properties, making it a viable option for various
geotechnical applications.

4.4. Acid Concentration and Temperature Effects on the Interaction of Chitosan and Soil

Kaolinite, a hydrous aluminum phyllosilicate, is one of the most abundant clay miner-
als in Earth’s crust and belongs to the dioctahedral 1:1 kaolin mineral group. In its structure,
oxygen atoms bonded to silicon atoms form a tetrahedral sheet, referred to as the siloxane
surface. Similarly, hydroxyl groups bonded to aluminum atoms form an octahedral alu-
mina sheet, known as the aluminol surface. As depicted in Figure 15a, both sheets share the
apical oxygen atoms. Higher MW polysaccharides may exhibit increased tensile strength
but reduced solubility, while lower MW variants may lack sufficient bonding capabilities.
Each kaolinite layer is considered as a strong dipole, where the aluminol surface is hy-
drophilic and dominated by positive charges, while the siloxane surface exhibits negative
charges and is hydrophobic. Thus, the kaolinite layers are held together by strong hydrogen
and dipolar interactions [36]. The edges of these layers consist of O atoms and OH groups.

98



Polymers 2025, 17,151

In an acidic solution (pH < 3.6), the hydroxyl groups accept protons from the solution,
forming protonated OH groups. Conversely, at pH > 3.6, they release protons into the
solution, resulting in O~ ions. Therefore, the kaolinite surfaces exhibit two types of charges:
a permanent negative charge on the tetrahedral face and a variable pH-dependent charge,
either positive or negative, due to the protonation or deprotonation of hydroxyl groups at
the amphoteric sites, including the edges and the octahedral faces [37,38]. Figure 15 shows
scanning electron microscopic (SEM) images of untreated and treated soils.

Figure 15. SEM images from untreated and treated samples. (a) Untreated kaolinite, (b) chitosan-
treated kaolinite, (c) chitosan-treated sand.

The molecular structure of chitosan is also shown in Figure 16a. Chitosan, the deacety-
lated form of chitin, is one of the most common polymers found in nature and is composed
of N-acetylated glucosamine and glucosamine units [39]. The degree of deacetylation (DD)
determines the content of free amino groups (NH2) in the polysaccharides, which can be
used to differentiate between chitin and chitosan [40]. Chitosan is a weak base that ex-
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hibits low solubility in organic solvents and is completely insoluble in neutral and alkaline
environments. However, it dissolves in dilute aqueous acidic solutions (pH < 6.5), which
can convert glucosamine units into the soluble form R-NHj3" according to the following
chemical reaction:

R-NH; + AcOH <+ R-NH3" + AcO™

where R-NH, represents the free amine form of chitosan, while AcOH denotes the undisso-
ciated form of acetic acid. R-NH;j* represents the protonated form of chitosan, which is

soluble in water, and AcO™~ is the acetate counter ion [41].
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Figure 16. Interaction of chitosan biopolymer with soil. (a) Chitosan-treated kaolinite, (b) chitosan-
treated sand.

The functional groups in both structures play an important role in the formation
of the kaolinite—chitosan composite. Chitosan contains several active functional groups,
including amine (-NH2), hydroxyl (-OH), and ketone (-C=0). These groups can form
hydrogen bonds with the hydroxyl groups present on the surface of kaolinite (Figure 16a).
This interaction improves the adhesion between chitosan and kaolinite in the composite.
In acidic conditions (pH < 6.5), another potential interaction occurs between the NH3+
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groups of chitosan and the negatively charged surface of kaolinite, involving electrostatic
forces [42,43].

The major component of river sand is the SiO, compound. Unlike kaolinite, the sand
does not have enough active and available functional groups to establish significant hydro-
gen bonding with chitosan functional groups. Two primary driving forces can be identified
in studying the interactions between sand and chitosan in the composite: (1) interfacial
mechanical interaction and (2) hydrophobic bonding. The interfacial mechanical interaction
enhances the composite structure by creating polymer bonds around the sand grains, as
illustrated in Figure 16b. In addition, a hydrophobic interaction occurs at the interface
between the polymer fibers containing nonpolar carbon chains and the sand grains with
uncharged surfaces [6].

The acid concentration and temperature are important factors that may affect the
interactions in the composites. Heat treatment is important for modifying the microstruc-
ture and properties of chitosan composites. The temperature most probably modifies
hydrogen bond distribution and improves chitosan—clay interactions. As shown in Fig-
ure 17a, increasing the temperature breaks down the hydrogen bonds that connect polymer
chains. This encourages a more open structure, which enables cross-linking interactions. In
addition, heat treatment reduces the moisture content and leads to the compaction of the
composite structure. It should be noted that there is a temperature threshold known as the
ceiling temperature. This temperature is critical because it marks the point above which
the efficiency of the reaction or the strength of cross-linking interactions begins to decrease.
Additionally, higher temperatures can enhance the mobility of chitosan chains, facilitating
better interaction and bonding with soil particles. This can lead to increased tensile strength
and durability of the composite. However, if the temperature exceeds the optimal range,
it can cause thermal degradation of chitosan, weakening the composite structure. Proper
temperature control is essential to maintaining the balance between enhanced interaction
and preventing thermal damage. Furthermore, temperature variations can influence the
rate of moisture evaporation, which plays a crucial role in the final stabilization of the soil
composite [44-46].

Figure 17b illustrates the mechanism demonstrating the necessity of sufficient acid
for dissolving chitosan. The adsorption of chitosan onto kaolinite is mainly driven by
electrostatic attraction between positively charged chitosan molecules at low pH and
negatively charged kaolinite surfaces. The pKa value of chitosan has been previously
reported to be around 6.5-7.0. Most glucosamine units in chitosan are protonated at pH
3.5. Approximately half of the glucosamine units are protonated at pH 6.5, while most
glucosamine units are not protonated at pH 8.5. These results show that increasing the
acid concentration can increase the number of protonated glucosamine units, thereby
enhancing the electrostatic interaction between kaolinite and chitosan. Moreover, under
acidic conditions, the solubility of chitosan in water increases, facilitating the homogeneous
adhesion of chitosan onto sand particles. Additionally, an optimal acid concentration is
crucial for maximizing the dissolution of chitosan, ensuring that it evenly coats soil particles
and improves composite integrity. However, excessively high acid concentrations can lead
to over-protonation of chitosan, resulting in excessive positive charge that may repel soil
particles rather than bind them effectively. This can decrease the overall stability and
strength of the composite. Furthermore, very high acid concentrations can cause chitosan
to precipitate out of the solution, reducing its effectiveness as a stabilizing agent. Therefore,
maintaining an optimal acid concentration is key to achieving the best possible interaction
and stabilization effect in chitosan-treated soils [47-49].
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Figure 17. Effects of various parameters on the properties of chitosan-treated soil. (a) Temperature,
(b) Acid concentration.

5. Comparison of Chitosan-Treated Soil Behavior with Other
Biopolymer-Treated Soils

5.1. Biopolymer Content

This section presents chitosan’s performance in improving soil compression strength
compared to some marine and conventional biopolymers, including sodium alginate (SA),
carrageenan (CA), and xanthan (XA). As seen in Figure 18a, chitosan significantly outper-
forms other biopolymers in UCS enhancement of kaolinite. At 0.5% biopolymer content,
chitosan outperformed xanthan, although sodium alginate and carrageenan exhibited
better results. However, at biopolymer contents higher than 0.5%, chitosan significantly
increased the strength, demonstrating the best performance compared to the other biopoly-
mers. Particularly in terms of the comparison with xanthan, the most commonly used
biopolymer in soil treatment, chitosan presented an exceptional performance, highlighting
its potential as a great alternative to other common additives.
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Figure 18. Different biopolymers’ effect on UCS improvement of (a) kaolinite and (b) sand.

Chitosan also demonstrated remarkable effectiveness in stabilizing sandy soils. Its
application led to a significant increase in UCS, from 0 kPa in untreated sand to 1480 kPa
with only 1.5% chitosan. Even though xanthan achieved a UCS of 1581 kPa at 1.5%
content, these results were not significantly higher than those achieved with chitosan. Also,
carrageenan-treated sand reached a maximum UCS of 468.73 kPa at 0.5%, with minimal
change at higher concentrations, while sodium alginate-treated sand peaked at 840 kPa
with 1% content, showing a slight decline at higher dosages. The comparative results
clearly establish chitosan as a highly effective biopolymer, outperforming others, including
the commonly used xanthan, in kaolinite stabilization.

5.2. Long-Term Strength

This section compares the long-term compressive strength of soils treated with chitosan
(CH), carrageenan (CA), sodium alginate (SA), and xanthan gum (XA) over 1, 14, and
120 days of curing. Figure 19 illustrates the development of compressive strength for each
biopolymer after 120 days. In kaolinite (Figure 19a), chitosan-treated samples provided a
UCS increase from 508 kPa at 1 day to 763 kPa at 14 days, followed by a slight decrease to
721 kPa at 120 days. This suggests that while chitosan provides strong initial stabilization, it
experiences minimal strength reduction over time. On the other hand, carrageenan-treated

103



Polymers 2025, 17,151

kaolinite peaked at a higher UCS of 1259 kPa at 14 days but decreased more significantly to
1191 kPa by 120 days. Sodium alginate- and xanthan-treated kaolinite showed smaller UCS,
with sodium alginate decreasing from 1000 kPa to 750 kPa and xanthan stabilizing around
548 kPa. Chitosan-treated kaolinite retained nearly 95% of its strength after 120 days,
indicating its strong potential for use in medium-term projects.
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Figure 19. Long-term strength comparison of different biopolymers in stabilizing (a) kaolinite and
(b) sand.

As shown in Figure 19b, all tested biopolymers maintained their strength effectively
over a 120-day period. For sand, chitosan treatment improved the UCS from 697 kPa at
1 day to 1246 kPa at 14 days, with a slight increase to 1253 kPa at 120 days, indicating
robust long-term strength. Although xanthan-treated sand outperformed chitosan with a
UCS of 1366 kPa after 120 days, chitosan maintained its high strength. Sodium alginate
and carrageenan gave relatively lower strengths. Overall, it can be concluded that chitosan
provides a reliable performance and stability over time for both kaolinite and sand.
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6. Conclusions

This study highlights the significant impact of chitosan biopolymer on the mechanical
properties of sand and kaolinite soils. The key findings emphasize the effects of biopolymer
content, long-term curing, temperature, and acid concentration on soil stabilization, particu-
larly in enhancing unconfined compressive strength (UCS) and modulus of elasticity (EM).

The study demonstrates that chitosan significantly enhances the unconfined com-
pressive strength (UCS) and elastic modulus (EM) of both sand and kaolinite soils. Sand
achieved its maximum UCS at a chitosan content of 1.5%, reaching 1480 kPa, while kaolinite
exhibited an optimal concentration of 2%, yielding a UCS of 2290 kPa. Although sand
initially performed better due to its coarse-grained structure, facilitating effective mixing
with chitosan, kaolinite surpassed it at higher biopolymer concentrations. This enhanced
performance was attributed to stronger bonding mechanisms, including hydrogen bonding,
electrostatic interactions, and hydrophobic bonding, which created a robust network that
restricted soil particle movement and increased strength.

Long-term curing plays a critical role in the strength development of chitosan-treated
soils, with both sand and kaolinite showing significant UCS increases over a 120-day period.
The most notable strength gains occurred within the first seven days, particularly for sand,
which exhibited a rapid increase in strength within one day due to its porous structure. UCS
stabilization was observed after 14 days, highlighting the durability of chitosan-soil bonds
over time. This strength enhancement was closely tied to the process of dehydration, where
the reduction in moisture content reinforced the chitosan gel, allowing soils to achieve
near-maximum strength within two weeks while maintaining structural integrity and low
moisture levels over prolonged periods.

The efficacy of chitosan-stabilized soils is notably influenced by temperature. Experi-
ments revealed that both sand and kaolinite experienced optimal performance at moderate
curing temperatures around 45 °C, where optimal dehydration and stronger chemical
bonding were observed. Beyond this range, excessive dehydration led to brittleness, with
sand’s UCS declining above 45 °C and kaolinite achieving its peak strength at 60 °C before
decreasing at 80 °C. Additionally, high temperatures, particularly at 80 °C, diminished the
modulus of elasticity, most notably in sand, due to the formation of brittle chitosan fibers
and a reduced adhesion surface area. These findings underscore the critical importance
of maintaining moderate curing temperatures to enhance the strength and elasticity of
chitosan-treated soils.

The dissolution of chitosan in acidic solutions plays a critical role in soil stabilization,
as evidenced by UCS tests conducted with varying acetic acid concentrations (0% to
5%). The results indicate that a 0.5% acid concentration was most effective in enhancing
chitosan solubility and improving soil strength. At lower concentrations (0-0.1%), chitosan
dissolution was inadequate, leading to only slight strength improvements. In contrast,
higher acid concentrations (5%) did not significantly affect UCS, highlighting an optimal
range for chitosan solubility. Furthermore, the study underscores that the typical levels
of acid rain encountered in the environment are far lower than those required to dissolve
chitosan, suggesting that environmental acidification poses minimal risk to the stability of
chitosan-treated soils.

The use of chitosan greatly enhances the shear strength characteristics of kaolinite.
The cohesiveness of the material increased from 70 kPa to 192 kPa, while the internal
friction angle increased from 23.76° to 34.58°. These enhancements may be attributed
to the improved bonding between particles and the increased cohesion of the soil. The
compaction process led to the creation of chitosan—soil conglomerates, which enhanced
interlocking and frictional resistance. This highlights the efficacy of chitosan as a soil
stabilizer.
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7. Future Recommendations

In order to enhance the use of chitosan in soil stabilization, more investigation is
required to optimize the chitosan concentration, duration of curing, and temperature for
different soil compositions. Conducting extensive field trials is crucial to confirm the results
obtained in the laboratory, while conducting thorough investigations on the environmental
effect will guarantee the sustainable use of resources. In addition, conducting research on
the use of different acids to dissolve chitosan and evaluating long-term durability would
improve its practical use. Cost-benefit assessments are used to assess the economic viability
of large-scale undertakings.
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Abstract: One of the emergent regenerative treatments for the restoration of the articu-
lar cartilage is tissue engineering (TE), in which hydrogels can functionally imitate the
extracellular matrix (ECM) of the native tissue and create an optimal microenvironment
for the restoration of the defective tissue. Hyaluronic acid (HA) is known for its poten-
tial in the field of TE as a regenerative material for many tissues. It is one of the major
components of the articular cartilage ECM contributing to cell proliferation and migration.
HA is the only non-sulphated glycosaminoglycan (GAG). However, herein, we use a HA
presenting a high amount of sulphated glycosaminoglycans (sGAGs), altering the intrinsic
properties of the material particularly in terms of biological response. Alginate (Alg) is
another polysaccharide widely used in TE that allows stiff and stable hydrogels to be
obtained when crosslinked with CaCl,. Taking the benefit of the favourable characteristics
of each biomaterial, semi-interpenetrating (semi-IPN) hydrogels had been developed by the
combination of both materials, in which alginate is gelled, and HA remains uncrosslinked
within the hydrogel. Varying the concentration of alginate and HA, the final rheological,
viscoelastic, and mechanical properties of the hydrogel can be tailored, always seeking a
trade-off between biological and physico-mechanical properties. All developed semi-IPN
hydrogels have great potential for biomedical applications.

Keywords: hydrogel; alginate; hyaluronic acid; bioprinting; scaffold

1. Introduction

Nowadays there are several clinical treatment methods for articular cartilage damage,
which include palliative, reparative, and regenerative treatments. The first one reduces
the clinical symptoms (local pain) but healing of the tissue does not happen. In repar-
ative treatments, a fibrocartilage is formed rather than the hyaline cartilage, leading to
misfunction and a lack of adequate mechanical properties of the tissue. Among the re-
generative treatments, autologous chondrocyte implantation (ACI) and matrix-assisted
autologous chondrocyte implantation (MACI) are the most known and effective ones so
far, in which isolated autologous chondrocytes are cultured in vitro and injected into the
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damaged site [1,2]. A new approach that can further achieve articular cartilage restoration
satisfactorily is tissue engineering (TE), where scaffolds, cells, and signalling factors are
involved [2-5]. Scaffolds can imitate the extracellular matrix (ECM) of native tissue, both
structurally and functionally, and provide the suitable and supportive 3D microenviron-
ment for the regeneration of defective tissue. The scaffold should be biocompatible and
biodegradable and should present a porous structure that permits cell attachment, prolif-
eration, and the maintenance of a differentiated phenotype. In addition, the degradation
rate of the scaffold should match that of the new ECM synthesis, and they must have
the ability to present similarities to biomechanical properties of native tissue. Scaffolds
can be fabricated by 3D bioprinting that allows the fabrication of high precision complex
constructs with customized geometries from 3D digital models. The most common tech-
nique for tissue fabrication is extrusion bioprinting (EBB), in which living constructs can be
manufactured layer by layer with the precise positioning of bioinks [6-10].

Among all of the biomaterials available for cartilage regeneration, natural polysaccharide-
based ones such as alginate (Alg) and hyaluronic acid (HA) have great potential. Due to
their natural origin and abundance, they both are inexhaustible. However, the fact that
they come from a natural source makes them have batch-dependent properties [3,11]. Thus,
knowing in detail the intrinsic properties of each batch at every moment is essential since
they will govern the hydrogel’s final properties. One of the most abundant glycosamino-
glycans (GAGs) in the native ECM of cartilage is HA, which plays a crucial role in the
structural and functional properties of cartilage. Its major disadvantages, however, are
its poor mechanical properties and degradability. HA is involved in the water adsorption
and retention, lubrication, and compression bearing of native tissue, and it is known to
interact with several cell surface receptors such as CD44 and more [3,12-18]. It consists of
repeating disaccharide units of 3-N-acetyl-D glucosamine (Glc-NAc) and D-Glucuronic
acid (GlcA) and can be extracted from different sources: bovine vitreous humors, rooster
combs, the skin of shark, umbilical cords, and bacteria [12,15]. It is the only non-sulphated
GAG and can exhibit very high molecular weight (M) [1,10] (M, affects its viscoelastic
and biological properties [12,14,15]), unlike the sulphated GAGs (sGAGs). These sGAGs
are characterized by having very low M,, and have key biological properties for cartilage
tissue engineering (CTE) like cell recognition and signalling [13,17,19]. Another biopolymer
widely used and explored in CTE is alginate [20] since it shows similar structure to GAGs.
It is extracted from brown seaweed and is composed of 3-D-mannuronic acid (M) and
a-L-guluronic acid (G) repeating monomer units. Its chemical structure (M, and M/G
ratio) varies depending on its origin [21-25] and will determine the final properties of the
scaffold, as demonstrated in several studies [24,26-28] and in our previous work [11]. The
gelation of alginate is mediated by divalent ions such as calcium that reacts with carboxyl
groups (COO™) of G-blocks of alginate, forming a so-called “egg-box” structure [20-22,24].
Because of its ease of use, low cost, biocompatibility, versatility, and rapid gelation, ro-
bust hydrogels can be obtained. Nevertheless, one of the main drawbacks of alginate is
its low bioactivity that could be addressed by chemical modification or combining with
other polymers.

The combination of alginate and hyaluronic acid has demonstrated efficient applica-
tion in CTE as reported by several authors. Janarthan et al. [29] used a mix of alginate and
hyaluronic acid hydrogel to print different structures of various layers by 3D bioprinting,
and the in vitro live/dead assay proved the excellent biocompatibility of the constructs
using chondrocytes. Nedunchezian et al. [30] showed the chondrogenic capability of
adipose-derived stem cells (ADSC) combined with alginate/hyaluronic acid (Alg/HA)
hydrogel constructs printed by 3D bioprinting technology, and Antich et al. [31] developed
a semi-interpenetrating (semi-IPN) Alg/HA hydrogel that successfully promoted chondro-
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genesis and maintained the chondrocyte phenotype using chondrocytes. So, these hybrid
hydrogels are highly desirable 3D supportive microenvironments for cartilage repair.

The aim of this study is to develop semi-IPN hydrogels of alginate and hyaluronic
acid and validate them as potential candidates for use in biomedical applications such as
the restoration of articular cartilage injuries. Indeed, we used a HA that came from natural
origin (Wharton's jelly extracted from the umbilical cord) and contained a high amount
of sGAGs. This helped us to develop bioactive hydrogels as sGAGs acted as bioactive
molecules for providing cell adhesion and proliferation. At the same time, this helped us
to mimic the native cartilage even better in terms of composition, thus further approaching
the targeting of functional properties. In addition, the alginate used in this work enabled
us to develop stiff hydrogels when crosslinked with CaCl,. So, exploiting the favourable
properties and strengths of each biomaterial, novel Alg/HA hybrid semi-IPN hydrogels
were developed for CTE, where alginate was crosslinked by ionic crosslinking and HA
remained uncrosslinked within the hydrogel. Finally, to verify these hydrogels as possible
candidates for CTE and asses their suitability in 3D bioprinting, rheological, mechanical,
and biological characterization were performed, and the printability was evaluated.

2. Materials and Methods

Sodium alginate (Alg), calcium chloride (CaCly, anhydrous), phosphate-buffered
saline (PBS), glutaraldehyde, and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich, St. Louis, MO, USA. Minimum essential medium (MEM), Trypsin-EDTA, foetal
bovine serum (FBS), penicillin, non-essential amino acids (NEAA), sodium pyruvate
(NaPyr), trypan blue stain, Presto Blue stain and propidium iodide (PI) were provided by
ThermoFischer Scientific, Waltham, MA, USA. Murine fibroblast cells (1.929), which are a
commercial cell line, were obtained from American Type Culture Collection (ATCC, Man-
assas, VA, USA). Hexamethydisilazane was obtained from Electron Microscopy Sciences,
Hatfield, PA, USA. Ethanol was obtained from ENMA S.L, Spain, calcein-AM was obtained
from Abcam, Cambridge, UK and gentamicin was obtained from Gibco®, Cambridge,
UK. Native whartonide hyaluronic acid (HA) was provided by Histocell S.L. Regenera-
tive Medicine, Derio, Spain. The properties of HA were indicated in the certificate of
analysis (Table 1). The molecular weight (M) of sodium alginate was determined by
POLYMAT, Donostia-San Sebastidn, Spain (Table 2). Detailed information about the experi-
mental process of obtaining the M;, of sodium alginate is included in the supplementary
information.

Table 1. Native whartonide hyaluronic acid properties.

Designation Source Batch M, (kDa) 1sGAGs
210,041
HA Wharton’s jelly 230,002 + 230,005 <2000 Yes
230,029 + 230,056

¢ Sulphated glycosaminoglycans.

Table 2. Sodium alginate properties. M, obtained from gel permeation chromatography (GPC)
(polyethylene glycol (PEO) standards).

Designation Source Batch M, (kDa)
Alg Brown algae BCCD8789 392
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2.1. Hydrogel Preparation and Crosslinking

Alginate and hyaluronic acid solutions as single components were prepared at differ-
ent concentrations (2-4% w/w) in PBS. Alginate solutions were mixed vigorously under a
propeller-type stirrer and using a magnetic stirrer in the case of hyaluronic acid solutions,
both at room temperature until complete dissolution. Alginate/hyaluronic acid (Alg/HA)
hybrid solutions were prepared by adding alginate powder first to PBS until complete
dissolution under a propeller-type stirrer at room temperature and hyaluronic acid powder
later at different concentrations (Table 3). The concentration of the formulations was se-
lected based on their viscosity. Higher or lower concentrations of both polymers caused
a too high or too low viscosity for bioprinting and processability. As shown in Table 3,
the molar ratio of both polymers varied considerably, obtaining formulations with high
alginate content in contrast to hyaluronic acid content. All solutions were stored at 2-8 °C
to prevent polymer degradation.

Table 3. Alg/HA acid formulations obtained from the mixtures at different proportions in PBS.

Formulation Alginate % (w/w) HA % (w/w) Mgllagr/gztio
2AlgIHA 2 1 10:1
2Alg2HA 2 > 51
3AlglHA 3 1 15:1
3Alg2HA 3 2 7 6:1
4Alg1HA 4 1 201
4Alg2HA 4 o 10:1

Alginate bulk gels and Alg/HA semi-interpenetrating (semi-IPN) bulk gels were
prepared in a Petri dish by adding 100 mM CaCl, solution and were left to crosslink for 24 h.
In semi-IPN hydrogels, only alginate was crosslinked while HA remained uncrosslinked.
Hydrogels for compression testing and biological characterization were punched with a
hole puncher of 6 mm diameter and the ones for viscoelastic measurements using a hole
puncher with a diameter of 20 mm.

2.2. Rheological Characterization

The shear viscosity of all hydrogel precursors was measured as a function of shear
rate at 23 and 37 °C using a HAAKE MARS III (ThermoFischer Scientific, Waltham, MA,
USA) rheometer equipped with a peltier element for temperature control. A plate—plate
geometry (20 mm, aluminium, gap = 1 mm) was used for the tests. Shear rate varied
from 0.5 to 1000 s~!. Flow data were adjusted to the Ostwald—de Waele and Carreau—
Yasuda models. Figure S1 of the supplementary information shows the viscosity-curves of
different HA batches. All of the flow parameters are summarized in Tables S1 and S2 of the
supplementary information.

2.3. Viscoelastic and Mechanical Characterization

Dynamic shear experiments were performed for the determination of the storage
modulus (G’) of each hydrogel (h: 2-4 mm, D ~ 20 mm) at 23 and 37 °C (conditioning
time = 5 min) using the Peltier module integrated with parallel plates (20 mm, aluminium
serrated, F;, = 0.5 N autotension). Time varied from 0 to 300 s, applying a frequency of 1 Hz
and a constant deformation in the linear viscoelastic regime (0.01%).

The mechanical properties of all hydrogels (h: 2-4 mm, D: 5-6 mm) were determined
by applying unconfined compression (UC) using Univert (CellScale, Waterloo, ON, Canada)
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equipped with a 10 N load cell. A pre-load of 0.1 N was first applied to set the zero point
and then samples were compressed to 40% of deformation at a rate of 25%/min in air at
room temperature and in a PBS bath at 37 °C (conditioning time = 5 min). Tangent modulus
at a target strain of 10% was determined for each hydrogel.

Supplementary information provides an example of a time sweep experiment
(Figure S2) and a stress—strain curve (Figure S3), as well as all of the experimental data
(Table S3).

2.4. Scaffold Fabrication Process

Printed structures (0.84 x 30 x 30 mm, pore size: 5 mm?) were fabricated layer by
layer (4 layers) using a BIO V1 3D bioprinter (REGEMAT 3D, Granada, Spain) equipped
with three syringes and one fused deposition modelling (FDM) extruder, consisting of
hardware and Designer software (REGEMAT 3D, Granada, Spain) that are connected by an
electronic control unit (ECU). Scaffolds were printed in glass slides (76 x 52 mm) at room
temperature using a 5 mL syringe and a 27G conical nozzle inner diameter. Nozzle speed
was set to 5 mm/s, the offset to 0.5 mm, and the flow rate to 0.6 puL/s.

2.5. Printability Evaluation

The printability of fabricated structures was evaluated qualitatively and quantitatively.
The latter was performed by measuring the experimental filament diameter (Dexp), area
of pores, and perimeter of pores of printed structures. Please find further details about
the quantitative evaluation in Table 54 of the supplementary information. The qualitative
evaluation was carried out by visual 3D studies to check the quality and printability
of the fabricated scaffolds (4 layers) and accomplished before and after immersing the
scaffolds in 100 mM CaCl; solution. The structures were compared with their homologues
to analyse the influence of hyaluronic acid addition in the printability and quality of
printed constructs.

2.6. Preparation of Cell-Laden Solution and Bioprinting of Constructs

To prepare the cell-laden Alg/HA solution for bioprinting, a 3Alg2HA hydrogel was
selected. Briefly, L929 cells were resuspended in 200 uL MEM cell culture medium and
were mixed with a 3A1g2HA hybrid solution to a concentration of 1 x 10° cells/mL using a
syringe and carefully stirring until obtaining a homogeneous distribution of the cells. The
printing process was performed using sterile material. The cell-laden bioink was printed
using a BIO V1 3D bioprinter (REGEMAT 3D, Granada, Spain) with a printing conical
nozzle of 22G inner diameter and a flow rate of 2 uL/s. The syringe was set to 37 °C and
glass slides (76 x 52 mm) at room temperature were used as a printing bed. The offset
was set to 1 mm. After printing the constructs, they were crosslinked with 100 mM of
CaCl; for 5 h and were cultured in MEM supplemented with 1 mM of CaCl, for 1, 3, and
7 days. Cell-laden 3Alg2HA hydrogels without printing in the bioprinter were used as
control samples.

2.7. In Vitro Cytotoxicity Assay

In vitro cytotoxicity was determined following the International Standard Organiza-
tion (ISO) 10993-5:2009 normative [32], using L929 mouse fibroblast cells. As complete
medium MEM was used, it was supplemented with 1% v/v of non-essential amino acids,
sodium pyruvate 1 mM, 1% v/v of penicillin and streptomycin (100 U/mL), and 0.1%
v/v of gentamicin plus a 10% v/v of bovine foetal serum. The extracted culture medium
was prepared under sterile conditions following the ISO 10993-12:2021 [33], immersing
each sample of alginate and Alg/HA hydrogel (0.2 g, diameter: 6 mm, height: 5 mm)
previously sterilized by ultraviolet (UV) light for 30 min, in 1 mL of complete medium for
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24 h at 37 °C and 5% CO, in a cell culture cabinet. 1L929 cells were seeded on a Sarstedt
96-well cell culture plate at a density of 4 x 103 cells/well in complete medium (100 pL)
and incubated at 37 °C for 24 h. For the blank, complete medium without cells was used.
As a positive control, 10% v/v of DMSO in complete medium was used and as a negative
control, only complete medium with cells was used, which were also incubated at the
same conditions as the samples. After the incubation time, the complete medium was
removed from the wells and extractive medium and controls (100 uL) were added to the
corresponding wells and incubated at 37 °C and 5% CO,. The cell viability was determined
after 24, 48, and 72 h using the Presto Blue™ (ThermoFischer Scientific, Waltham, MA,
USA) cell viability reagent, which was added to the wells and incubated for 3 h before
the absorbance measurement at 570 and 600 nm using the microplate reader Synergy HT
(Biotek, Shoreline, WA, USA). Cell viability (%) was calculated as follows:

Viability (%) = At 100 1)
Acontrol
where Ayt is the absorbance of the sample cells and A4, is the absorbance of the negative

control cells. A value above 70% was considered without any cytotoxic potential according
to ISO 10993-5:2009 [32].

2.8. Cell Morphology and Adhesion

The morphology and the adhesion of the L929 cells on the surface of the materials
was assessed by a Hitachi S-3400 (Hitachi, Chiyoda, Japan) scanning electron microscopy
(SEM). Prior to cell seeding, samples were sterilized with UV for 30 min, pre-wetted in
complete medium and incubated at 37 °C for 24 h. Later, hydrogel samples were placed
in 24-well ultralow attachment plates (Corning, NY, USA) and cells with a density of
5 x 10* cells/well were seeded on the top surface of each hydrogel. Before acquiring SEM
images at the time of 72 h, the samples were washed three times with PBS, fixed with 2%
v/v glutaraldehyde in 0.01 M PBS buffer for 30 min at 4 °C and finally rinsed with PBS. The
dehydration of samples was carried out through a rising series of graded aqueous ethanol
solutions and hexamethyldisilazane was employed to desiccate them for 10 min. Finally,
the samples were coated with a thin layer of gold by sputtering.

2.9. Cell Viability of Seeded Cells on Hydrogels and Bioprinted Cells

In order to evaluate the viability of cells adhered to the materials (seeded cells) a
live/dead assay was performed. Cells cultured for 7 days on the surface of hydrogels were
washed in 1X PBS and incubated with a mix of 4 pM of calcein-AM and 5 uM propidium
iodide PBS solution for 20 min at room temperature in dark conditions. The samples were
then observed under a fluorescence microscope (ZEISS Apotome 3) to visualize live cells
(stained green; Aeyx-e; = 495-515 nm) and dead cells (stained red; Aey-en = 535-615 nm).

The viability of cells encapsulated in the bioprinted constructs and control samples
(not printed constructs) was analysed following the same procedure, but constructs were
cultured for 1, 3, and 7 days. A confocal fluorescence microscope (ZEISS LSM 800, ZEISS,
Oberkochen, Germany) was used for sample observation.

All images were analysed by Image]J software (1.54k, Wayne Rasband, Bethesda, MD,
USA). The quantitative evaluation of seeded cells was carried out by splitting the images
into four sections and performing the statistical analysis. All images were quantified using
the colour threshold technique and particle counting. The cell viability (%) was calculated
as (number of viable cells/total number of cells) x 100.
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2.10. Statistical Analysis

All data are presented as mean =+ standard deviation (SD) (error bars) of at least three
sample replicates. Statistical comparisons between the different groups were made by one-
way analysis of variance (ANOVA) followed by Tukey’s multiple post-hoc comparisons test
and repeated measures ANOVA followed by Dunnett’s multiple comparisons test using
Prism® statistical software (9.5.1, GraphPad, San Diego, CA, USA). * p < 0.05; ** p < 0.01;
*** p <0.001; and **** p < 0.0001. Values of p < 0.05 were statistically significant.

3. Results

The intrinsic properties of alginate (Alg) and hyaluronic acid (HA) polymers are
shown in Tables 1 and 2. As mentioned previously, the HA provided by Histocell presented
a molecular weight (My,) of <2000 kDa and was composed of sulphated glycosamino-
glycans (sGAGs) that will act as bioactive molecules, allowing the interaction with cells
and favouring the biological properties of hydrogels. Three different HA batches were
used, the first one for the non-biological characterization and the remaining two for the
biological characterization. With the aim of minimizing differences in properties between
the batches as much as possible, the My, of 230,002 + 230,005 and 230,029 + 230,056 batches
was adjusted to the M, of the 210,041 batch by combining two different extracts. Please
find further details in Figure S1 of the Supplementary Information. The sodium alginate
exhibited a My, of 392 kDa allowing us to develop printable and robust hydrogels when
gelled with the crosslinking agent calcium chloride (CaCly).

3.1. Rheological Characterization

Rheological properties such as shear-thinning ability and fast recovery are essential
characteristics for a hydrogel precursor to obtain structures with high shape fidelity in 3D
bioprinting applications [34].

The shear viscosity of all hydrogel precursors was determined by rotational shear-test
experiments where flow curves were obtained at 23 and 37 °C; in Figure 1, data at 37 °C are
presented. From these viscosity curves, Newtonian viscosity (19) was determined, whereas
k and n parameters were determined from stress curves). All parameters (79, k, and n) and
their obtention are summarized in the supplementary information.

In relation to single-component Alg and HA solutions, Table S1 of the supplementary
information shows the Ostwald-de Waele parameters obtained from the power-law model
(Equation (S1) of the Supplementary Information) and Newtonian viscosity obtained
from Carreau-Yasuda model (Equation (52) of the Supplementary Information) for all
solutions at different concentrations. It can be observed that in both cases, the higher
the concentration of Alg or HA, the higher the zero-shear viscosity (79) due to a higher
amount of polymer chains dissolved in the medium at high concentrations, resulting in
more entanglements among the polymer chains. This effect was much more pronounced
on Alg, where a small change in concentration led to a high change in viscosity (10 times
higher when concentration was doubled), whereas in the case of HA, viscosity could
almost not be modulated with concentration. The zero-shear viscosity of Alg was greater
than the HA at all concentrations. Considering that the viscosity is determined by the
molecular weight (My,), HA should present higher viscosity than Alg since it displayed a
My, of <2000 kDa (Table 1) and Alg, however, was 392 kDa (Table 2). Nevertheless, HA
contained a high amount of sGAGs, triggering a reduction in viscosity due to the very
low My, of these sGAGs compared to HA (non-sulphated). The My, of the sGAGs can
vary from 10 to 50 kDa [13], contributing to the low viscosity obtained. Moreover, the n
values for HA were close to one which indicated almost a Newtonian behaviour, while Alg
exhibited pseudoplastic behaviour (n < 1) [35,36], as it can also be observed in Figure 1.
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This is favourable for bioprinting since it can reduce cell death during the extrusion process
where shear forces are produced. The greater the concentration, the more the pseudoplastic
behaviour is pronounced. Regarding temperature, zero-shear viscosity decreased slightly
at 37 °C (Table S1), mainly in Alg samples where the temperature effect was greater at
higher Alg concentrations due to a possible breaking of polymer entanglements [37-39].
The influence of temperature for HA could be considered negligible.
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Figure 1. Shear viscosity of HA and Alg solutions at (A) 2% (w/w) and its homologues, (B) 3% (w/w)
and its homologues, and (C) 4% (w/w) and its homologues at 37 °C (1 = 3 per group).

With respect to alginate/hyaluronic acid (Alg/HA) hybrid solutions, the Ostwald—de
Waele parameters and Newtonian viscosity are presented in Table S2 of the supplementary
information. Initially, intermediate zero-shear viscosity values of the hybrid solutions could
be expected, however, zero-shear viscosity increased when both materials were mixed,
obtaining higher values than Alg (Table S2 and Figure 1). For example, the viscosity of
4Alg2HA went up enough (>100 Pas) that the behaviour of the curve changed and there-
fore, it did not have a Newtonian zone (see Figure 1C, blue data). This synergetic effect is
attributed to interactions between Alg chains and HA chains, which are forming physical
entanglements and hydrogen bonds (H bonds) (see Figure 2), causing an increase in vis-
cosity [40-42]. Apart from this, the viscosity value increased with increasing both Alg and
HA concentrations where the interactions between Alg polymer chains and HA polymer
chains were higher. All formulations presented a shear-thinning behaviour (n < 1) [35,36],
closer to the alginate value than the HA value. This means that the interaction between
both polymers is destroyed upon the application of shear and the reduction in viscosity is
high. Finally, all mixtures exhibited lower viscosity at higher temperatures (Table S2), con-
cluding that the temperature energy might break the H bonds [43-46] and polymer chain
entanglements [37-39] formed within the biopolymer hybrid solutions, thus increasing the
mobility between polymer chains.
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Figure 2. Possible physical interactions between alginate and hyaluronic acid (HA) polymer chains:
(A) polymer chain entanglements (red circles) and (B) H bonds (red dashed lines).

3.2. Viscoelastic and Mechanical Characterization

The viscoelastic and mechanical properties of all hydrogels crosslinked with 100 mM
of CaCl, at 23 and 37 °C are displayed in Table S3 of the Supplementary Information. It
should be noted that dynamic shear tests at 37 °C were performed by heating the lower
plate of the rheometer (thermal conduction) whereas the compression tests were carried
out using a saline bath (PBS) at 37 °C (thermal convection) with the aim of simulating
physiological conditions. Concerning viscoelastic measurements, at 37 °C, a lower storage
modulus G’ was obtained because the thermal energy could be breaking the physical or
intermolecular interactions such as chain entanglements and H bonds between Alg and
HA polymer chains [46]. In respect to mechanical tests, the steeper decrease in the tangent
modulus at 37 °C was related not only to thermal energy, but also to ion exchange, since
the PBS bath contained different inorganic salts, where Na* ions participate in the ion
exchange with the Ca®* of the hydrogel (Ca?*/Na* exchange) [47-50], which caused its
partial decrosslinking. An increase in bath temperature will induce an acceleration in
the exchange of these ions and thus, in the degradation of the hydrogel [49]. In addition,
there could be a possible release of HA into the medium as it was uncrosslinked. If shear
modulus and tangent modulus are compared, the decrease in the modulus was higher
for the tangent modulus, especially at higher alginate concentrations where the modulus
dropped by ~40%; however, the shear modulus only reduced its value by ~10%. The fact
that both thermal energy and ion exchange were present in mechanical tests may have
contributed to the steeper decrease in the modulus obtained.

For the study of the influence of Alg and HA concentrations in viscoelastic and
mechanical properties, the storage modulus G’ (A) and tangent modulus at 10% of strain
(B) of all hydrogels at 37 °C are displayed in Figure 3. Adding HA to the formulation
revealed that the storage modulus G and tangent modulus decreased, especially when 2%
(w/w) HA was added (white data, Figure 3). This is the result of the interaction between
carboxyl groups of Alg (G-blocks) and amide groups of HA, as demonstrated by FTIR
and rheological analysis by several authors [40-42,51], which hinders the gel formation by
Ca?* chelation since there is a reduction in the available crosslinking points [52-54] (see
Figure 2B). Consequently, a minor crosslinking density was obtained in the Alg chains
and thus, a lower modulus. Regarding the effect of Alg concentration, results show that a
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higher storage modulus G” and tangent modulus were obtained when Alg concentration
increased in the formulation due to a higher crosslinking density where more crosslinking
points could be found in Alg polymer chains.
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Figure 3. Values of the storage modulus G” (A) and tangent modulus at 10% of strain (B) for each
alginate and its homologues crosslinked with 100 mM of CaCl, at 37 °C. Symbols denote statistically
significant differences (* p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001).

According to the literature, articular cartilage presents a dynamic modulus of
100-3000 kPa [55], matching that of most hydrogels developed in this study, with the
group with 2% Alg being the exception since they showed lower values of the modulus
(<100 kPa). Further, almost all hydrogels possessed a tangent modulus > 10 kPa, which is
in accordance with Naranda et al. [55] who mentioned that natural scaffolds used in carti-
lage tissue engineering (CTE) exhibit compressive Young’s moduli values in the range of
10-250 kPa, corresponding to very low mechanical properties compared to native cartilage
tissue (240-1000 kPa [56,57]).

3.3. Printability Evaluation

The qualitative printability evaluation was performed with all developed hydrogels
and was divided into three groups by Alg concentration. So, the influence of HA addition
in the printability of hydrogels was studied. All hydrogel solutions showed suitable
viscosity (17 = 1-23 Pas) for 3D bioprinting according to He et al. [58], who remarked that
the appropriate viscosity range for a good processability is 0.3-100 Pas. The 4Alg2HA
hydrogel was the exception since it presented a very high viscosity (>100 Pas) as mentioned
before in Section 3.1, showing a viscosity value out of range, and therefore, making it
unsuitable for 3D bioprinting. Consequently, this hybrid hydrogel was rejected for further
studies. It should be noted that printability is not only determined by the viscosity of
hydrogels because the surface tension of the printing bed plays a crucial role in the quality
of printed constructs as well [9,59,60].

Figure 4 shows the different imprint structures fabricated using a needle inner diam-
eter of 27G. A general overview revealed that the addition of HA had a great effect on
printability due to the higher ability of the hydrogel precursor to retain the shape of the
structure. When HA was added to the formulation, the viscosity of the hydrogel increased,
preventing the filament from collapsing. Accordingly, the formulations containing pure
Alg in all groups displayed a lower printability than their homologues, causing a slight
collapse of the filament and obtaining more irregular and less defined round-like pores,
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mainly with 2Alg and 3Alg samples. Formulations containing HA, however, presented
better printability as a result of their higher viscosity that helped to maintain the shape
of the structures. Consequently, good-shaped scaffolds were fabricated with square-like
uniform pores. The printability of the hydrogels was enhanced at higher HA concentration
as can be observed in the 2AlIg2HA and 3AIg2HA samples.

2AlgTHA 2A1g2HA

Figure 4. Printed scaffolds of alginate samples and their homologues. Upline: uncrosslinked samples
and downline: crosslinked samples. (A) Group of 2% (w/w) alginate (B) 3% (w/w) alginate (C) 4%
(w/w) alginate. (Magnification: 0.61 x. Needle inner diameter: 27G).

The suitable viscosity for 3D bioprinting proposed in our previous work by Gorrofio-
goitia et al. [11] was set to the range of 10-80 Pas, but after the results obtained with the new
hybrid formulations developed, the viscosity range could be further adjusted to 1-80 Pas
for a good processability or even to 5-80 Pas for a more accurate adjustment, thanks to the
interaction between the two biopolymers.
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3.4. In Vitro Citotoxicity

The in vitro biocompatibility of hydrogels was evaluated by short—term cytotoxicity
assays (Figure 5). As mentioned, the cell viability was measured by incubating 1929
murine fibroblast cells for 24, 48, and 72 h in hydrogel extract medium. The results show
that none of the developed hydrogels demonstrated signs of cytotoxicity since they all
presented cell viability values above the 70% of acceptance limit set down by ISO 10993-
5:2009 standard [32] throughout the entire experiment. Furthermore, after 24 h the cell
viability increased above 100%, reaching values up to 120% and values of 90% or higher
were obtained after 72 h of cell cultivation (Figure 5).
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Figure 5. Viability of 1929 cells treated with extract liquid of hydrogels crosslinked with 100 mM
of CaCly: group of 2% (w/w) alginate (blue), 3% (w/w) alginate (orange), 4% (w/w) alginate (grey),
negative control (complete medium with cells, green), and positive control (10% v/v of DMSO in
complete medium, red). The dashed line represents the acceptance limit established by ISO 10993-
5:2009 [32] (70% of the negative control value). Symbols denote statistically significant differences in
comparison to 24 h (* p < 0.05; ** p < 0.01; and *** p < 0.001).

It is well known that cells are adhered by calcium bonds; therefore, calcium promotes
the intercellular interaction. At the same time, calcium is involved in many cellular ac-
tivities such as cell proliferation and provides a more favourable environment for cell
survival [61-64]. Consequently, the calcium ions that could have been released from the
Alg/HA hydrogel to the surrounding medium during the preparation of the liquid extract
could be inducing the proliferation of cells and thus, higher cell viability was obtained in
the first 24 h. In addition, Herrero-Mendez et al. [19,65] demonstrated that the sulphated
glycosaminoglycans (sGAGs), which are known for having specific binding sites for growth
factors and cell molecules that are involved in cell adhesion and proliferation [13,17,19],
can promote an acceleration in the proliferative rate of cells. Just like calcium, these sGAG
molecules could have been liberated to the medium since they remained uncrosslinked
within the hydrogels, and consequently, they might be contributing to the higher cell
viability obtained at 24 h.

3.5. Cell Morphology and Adhesion

The study of the cells” morphology and adhesion was performed by the scanning
electron microscopy (SEM) analysis that is depicted in Figure 6. As can be observed, in
samples containing 2, 3, and 4% alginate (Figure 6A-C), cells were not able to acquire
flattened morphology, nor establish cytoplasmic projections adhering to the surface of
samples that contained Alg. Accordingly, cells adopted a spherical shape, forming cell
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aggregates, which was the result of a strong cell—cell interaction rather than cell-matrix
interaction, as reported previously by other authors. It is already known that Alg, despite
being biocompatible, lacks cell-interactive domains, making it a non-adhesive biomaterial
since cells do not have any attachment point with the material itself. To overcome this
intrinsic characteristic, Alg can be chemically modified with cell-specific binding motifs
such as the RGD peptide that is used as a ligand to promote cell adhesion [24,25,66,67].
Eventually it can also be blended with other materials to induce cell adhesion. For example,
Sarker et al. [68] used a hybrid hydrogel composed of alginate and gelatine that was capable
of adhering to NHDF cells after 7 days of incubation, unlike a pure alginate hydrogel.

2Alg 2A1gIHA 2AIg2HA

3Alg | 3AIgIHA 3A1g2HA

Figure 6. Morphological assessment of 1.929 cells on alginate (Alg) hydrogels and their homologues
crosslinked with 100 mM of CaCl, after 3 days of incubation. Top line: 2% (w/w) alginate and
homologues (A,D,G), middle line: 3% (w/w) alginate and homologues (B,E,H), and bottom line: 4%
(w/w) alginate and homologues (C,F) (magnification: 600x).

Regarding hydrogels containing HA, cells acquired more flattened morphology than
single-alginate hydrogels due to cell-matrix interaction that corroborated the adhesion of
cells into the material surface (Figure 6D-H). For example, this was not achieved by several
authors [69-71] who used a thiol-modified HA or a non-sulphated HA in combination
with other biopolymers and the cell adhesion experiments revealed that cells were not
able to adhere to the hydrogel surface, acquiring a spherical morphology rather than
spindle-like one. The results obtained in this study can be attributed to the ability of
sGAGs to bind (non-covalently) through sulphate groups (negatively charged) to growth
factors and cell molecules that are involved in many biological activities and functions
such as cell proliferation, differentiation, and cell—cell and cell-matrix communication
and signalling [13,17,19]. This is reflected in the work of Herrero-Mendez et al. [65] who
revealed that adipose-derived stem cells (ASC) and fibroblasts were able to adhere to the
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hydrogel (HA-enriched + sGAG enriched) and were even viable and capable of repairing
chondral and dermal defects by the synthesis of Col-II and Col-I/Fibronectin in vitro,
respectively.

3.6. Cell Viability of Seeded Cells on Hydrogels and Bioprinted Cells

The viability of murine fibroblasts (L929) after seeding on the surface of hydrogels
was examined by live/dead fluorescence staining, which is represented in Figure 7. Most
of the cells seeded in all hydrogels were seen to remain viable (stained green) after 7 days
of incubation with intact cell membranes and only a few of them died (stained red). The
following are the cell viability values for all samples % 91 £ 5 (2Alg), % 91 + 7 (2Alg1HA),
% 94 £+ 3 (2A1g2HA), % 86 £ 10 (3Alg), % 90 £ 3 (3Alg1HA), % 88 £ 7 (3Alg2HA), and %
90 + 10 (4Alg1HA). As also observed by SEM images, cells were found to be agglomerated
and forming clusters on Alg single hydrogels (Figure 7A-C) confirming that cell—cell
interactions were stronger than cell-material interactions. Nevertheless, this was not
the case for Alg/HA hybrid hydrogels, where cells were able to adhere to the material
and even proliferate after 7 days of incubation. Furthermore, 7 days after cultivation,
cells covered most of the Alg/HA hybrid hydrogel surface (Figure 7D-H); in contrast to
Alg single hydrogels where very few cells remain attached, especially in the 3 and 4%
alginate hydrogels (Figure 7B,C). Accordingly, it could be concluded that the addition of
HA in the formulation of hydrogels, in terms of bioactivity, was favourable for all single
Alg hydrogels but mainly for the 3 and 4% alginate ones. Finally, the higher the HA
concentration, the greater the cell density on the surface of the hydrogel due to a higher
availability of cell-binding sites, thus, increasing the number of adherent cells, as can be
observed in Figure 7G,H.

For studying the suitability of the developed hydrogels as precursors for bioprinting,
Alg2HA hydrogel was selected because its rheological behaviour and its printability had
demonstrated that it could be a good candidate for this purpose. In addition, it showed
good cell viability and adhesion. As aforementioned, the bioink was printed using a BIO V1
3D bioprinter with a printing conical nozzle of 22G inner diameter and a flow rate of 2 uL/s,
at 37 °C. The cell viability of encapsulated cells in bioprinted constructs was assessed by
staining live (green) and dead (red) cells with calcein-AM and propidium iodide. Figure 8
shows the fluorescent images of all samples, both the ones that were not printed (control
samples, Figure 8A) and the printed samples (Figure 8B), 1, 3 and 7 days after culture. It
can be observed that cells were homogeneously distributed along the constructs resulting
in a satisfactory mixing of the cells in the 3AlIg2HA hydrogel, respectively. The results
obtained show that cells remained viable (stained green) after printing, concluding that
the extrusion process did not negatively affect cell viability and thus, the suitability of the
3Alg2HA hydrogel precursor as a good candidate for bioprinting was confirmed due to its
appropriate viscosity with shear-thinning properties (Figure 1B, blue data) that avoided
cell death. The cell viability remained high during the experiment, showing values for
control samples and bioprinted samples of % 77 and % 72 at day 1, % 89 and % 94 at day
3, and % 79 and % 92 at day 7. Apparently, the L929 cells encapsulated in the 3Alg2HA
hydrogel did not proliferate over time, showing a constant density of live cells throughout
the incubation time.
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2Alg 2AIg1HA 2A1g2HA

3AIg1HA 3AIg2HA

4Alg1HA

Figure 7. Live/dead cell viability staining of L929 cells on the surface of alginate (Alg) hydrogels
and their homologues crosslinked with 100 mM of CaCl, after 7 days of incubation. Top line: 2%
(w/w) alginate and homologues (A,D,G), middle line: 3% (w/w) alginate and homologues (B,E,H),
and bottom line: 4% (w/w) alginate and homologues (C,F). Dead cells are stained red and live cells
are stained green (magnification: 10 x).

Although the cell viability was good after printing, it is important to note that during
the culturing period of the constructs in MEM, the uncrosslinked HA could have been
released to the medium, causing the partial destruction of the scaffold. However, to fully
verify that HA is liberated from the hydrogel network, degradation experiments and the
quantification of HA should be performed. Moreover, if cells create their own extracellular
matrix over time and its synthesis is synchronized to the degradation rate of the hydrogel,
there should not be a problem. Anyway, one of the solutions to avoid HA leaching out of
the hydrogel network is to crosslink it and obtain IPN hydrogels, instead. However, this
was not the aim of this work.
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Control group

Bioprinted group
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Figure 8. Live/dead images of 1.929 cells encapsulated in the 3Alg2HA hydrogel after 1, 3, and 7
days of incubation: (A) control samples and (B) bioprinted constructs. Dead cells are stained red and
live cells are stained green (magnification: 10x).

4. Discussion and Conclusions

Some research studies have proved the suitability of alginate (Alg) and hyaluronic
acid (HA) as mixed biomaterials for cartilage tissue application, as mentioned in the
introduction. However, with the aim of adding value and novelty to this investigation, it is
important to note that those studies used a different HA from the one used in this work.
The HA used in this study differs in composition from the rest of the investigations since
it contains a high percentage of sulphated glycosaminoglycans (sGAGs), enhancing the
bioactivity properties of the final hydrogels, and at the same time, it allows us to obtain a
higher resemblance of the extracellular matrix (ECM) of the native tissue because they are
components of the cartilage itself. In addition, the final properties of alginate hydrogels
are determined by its microstructure as reported by several authors [11,24,26-28]; at the
same time, the mechanical properties affect the biological behaviour of cells, so it is very
important to have the control of the microstructure of alginate. The alginate used in this
work was selected based on the research of our previous work [11], enabling us to develop
robust hydrogels.

The semi-interpenetrating (semi-IPN) hydrogels composed of Alg and HA that were
developed in this study demonstrated that the final properties of hydrogels could be tai-
lored by varying the concentration of both biopolymers, always seeking a trade-off between
mechanical and biological properties. HA was responsible for promoting key biological
properties in hydrogels while the presence of Alg was favourable for mechanical properties
and hydrogel stability. Except for the 4Alg2HA hybrid hydrogel, which showed too high
of a viscosity, the rest of the hydrogels exhibited a suitable viscosity for 3D bioprinting,
making them good candidates for bioink applications. In addition, the development of
hybrid hydrogels by the combination of Alg and HA, demonstrated a synergetic effect
in viscosity but not in mechanical and viscoelastic properties. According to printability
results, the stability and quality of printed scaffolds was enhanced by the interaction of

124



Polymers 2025, 17, 528

the two biopolymers compared to single-alginate scaffolds. The in vitro cytotoxicity assay
showed that hydrogels were biocompatible and cell viability experiments by live/dead
staining revealed that seeded cells on the surface of hydrogels and encapsulated cells in
the printed constructs after bioprinting were viable after 7 days of incubation. Finally,
cell adhesion was improved by the incorporation of HA in the formulation. Despite the
great potential of all hydrogels in tissue engineering (TE) applications and regenerative
medicine, values of the compressive modulus of the hydrogels were far from those of
native articular cartilage; the hybrid hydrogels showed a tangent modulus between 3 and
16 kPa, which is still considerably lower than that of native articular cartilage (240-1000
kPa). However, this problem could be addressed either by developing interpenetrating
(IPN) hydrogels [72-75] via the crosslinking of both biomaterials or by adding nanoparti-
cles such as cellulose nanocrystals (CNC) to the formulation [76-80], in order to reinforce
mechanically the aforementioned hydrogels. Eventually, some other studies suggest using
a high M,, alginate along with a low My, alginate for the improvement of the mechanical
properties [27,81]. Finally, further degradation experiments to analyse the degradation rate
of the hydrogels and experiments using chondrocytes or mesenchymal stem cells (MSC)
should be carried out so that a 3D cartilage model could be developed by 3D bioprinting.
Once this is accomplished, the suitability of these hydrogels in the field of cartilage tissue
engineering (CTE) could be confirmed.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/polym17040528 /s1, Figure S1: Viscosity curves for the hyaluronic
acid batches at a concentration of % 2 (w/w) in PBS at 23 °C, Figure S2: Storage modulus G’ (squares)
and loss modulus G” (triangles) as a function of time for hydrogels: 2Alg (blue), 2Alg1HA (orange),
and 2AIg2HA (grey) crosslinked with 100 mM of CaCl, at 37 °C (n = 3 per group), Figure S3: Stress—
strain curves for alginate hydrogel at 2% (w/w) and its homologues crosslinked with 100 mM of
CaCl; at 37 °C (n = 5 per group), Table S1: Ostwald—de Waele parameters and zero-shear viscosity
of alginate and hyaluronic acid single-component solutions at different concentrations and two
different temperatures, Table S2: Ostwald—de Waele parameters and zero-shear viscosity of algi-
nate/hyaluronic acid hybrid solutions at different concentrations and two different temperatures,
Table S3: Values of the storage modulus G” and tangent modulus at 10% strain for each alginate and
its homologues crosslinked with 100 mM of CaCl,, Table S4: Printability parameters for all printed
hydrogels. References [35,82] are cited in the supplementary materials.
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Abstract: This study investigates natural-based blends of glutinous rice starch (GRS) and chitosan
(CS), varying their molar composition (0:100, 30:70, 50:50, 70:30, and 100:0) to explore their interaction
dynamics. Our findings illustrate the versatility of these blends in solution and film forms, offering
applications across diverse fields. Our objective is to understand their impact on coatings designed
to extend the post-harvest shelf life of mangoes. Results reveal that increasing chitosan content
in GRS/CS blends enhances mechanical strength, hydrophobicity, and resistance to Colletotrichum
gloeosporioides infection, a common cause of mango anthracnose. These properties overcome limita-
tions of GRS films. Advanced techniques, including FTIR analysis and stereo imaging, confirmed
robust interaction between GRS/CS blend films and mango cuticles, improving coverage with higher
chitosan content. This comprehensive coverage reduces mango dehydration and respiration, thereby
preserving quality and extending shelf life. Coating with a GRS/CS blend containing at least 50%
chitosan effectively prevents disease progression and maintains quality over a 10-day storage period,
while uncoated mangoes fail to meet quality standards within 2 days. Moreover, increasing the starch
proportion in GRS/CS blends enhances film density, optical properties, and reduces reliance on acidic
solvents, thereby minimizing undesirable changes in product aroma and taste.

Keywords: starch; chitosan; blend composition; mango; green active coating; functional biopolymer;
post-harvest preservation; anthracnose inhibition; antifungal; shelf-life extension

1. Introduction

Fruits and vegetables serve as vital repositories of valuable nutrients, yet they continue
to respire and transpire post-harvest, rendering them highly perishable. Horticultural
crops worldwide experience significant post-harvest losses, estimated at around 1.3 billion
tons annually, with developing countries facing more challenges [1]. In response to the
imperative need for sustainable solutions in the food industry, natural-based active films
have emerged as a promising alternative for extending the shelf life of fresh produce.

Comprised of biodegradable polymers and food-grade additives, these films are ap-
plied as thin layers in the form of wraps or coatings on food surfaces. The expanding
environmental consciousness, coupled with regulatory restrictions on the use of agrochem-
icals and an escalating consumer demand for safe foods, has spurred a robust exploration
of biodegradable films in post-harvest applications. Leveraging various biomaterials, in-
cluding polysaccharides (such as starch, cellulose, chitosan, pectin, and alginate), proteins
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(including whey protein, casein, gelatin, collagen, soy protein, wheat gluten, and corn zein),
and lipids (comprising natural waxes, acetylated monoglycerides, and resins) [2], these
innovative films exhibit barrier properties that regulate water and gas exchange, thereby
mitigating post-harvest losses.

Mango (Mangifera indica L.) stands as the second most economically significant tropical
fruit commodity worldwide, with a global annual production reaching nearly 59 million
tons in 2022 [3]. The fruit is renowned for its exceptional taste, aroma, and rich nutritional
content. Classified as climacteric fruits, mangoes undergo a dramatic increase in respiration
and ethylene production during ripening [4]. Upon harvesting from the tree, mangoes
ripen quickly within 3-9 days at ambient temperatures [5]. During the onset of ripening,
certain physiochemical changes take place, leading to the softening of the fruit tissue,
thus increasing its vulnerability to microbial invasion [6,7]. Furthermore, mangoes are
susceptible to various challenges, including water loss; microbial decay such as anthracnose
and stem end rot; chilling injury; and mechanical damage, all of which hinder their
handling and transportation [5]. Considering these challenges, preserving mango quality
presents a significant challenge. Various approaches have been employed to maintain
the quality of exported mangoes, including heat treatment, cold storage management,
controlled atmosphere storage, 1-methylcyclopropene, ethylene, methyl jasmonate, and
edible coatings [8]. Recent research has focused on utilizing natural materials as fruit
coatings to reduce post-harvest diseases, preserve quality, and extend the shelf life of
mangoes.

Starch stands out for its versatility, abundance, cost-effectiveness, edibility, and re-
newability, making it a prime choice for biodegradable film. Its unique characteristic and
gelatinization properties have led to extensive utilization in this field [9]. Starch-based films
have found success in delaying ripening and reducing weight/firmness loss in various
fruits, such as avocados [10], pears [11], grapes [12], and cherry tomatoes [13]. Improving
the barrier properties of starch-based films has been suggested by elevating starch crys-
tallinity or amylopectin content. Furthermore, starch films with high amylopectin exhibit
enhanced tensile strength, reduced moisture sensitivity, and increased crystallinity [14].
Glutinous rice starch (GRS), with its high amylopectin content (98-99%), exhibits excep-
tional gas barrier properties, rendering it an optimal candidate for investigation in this
study. However, GRS alone may lack essential physicochemical, mechanical, and an-
timicrobial properties required for industrial applications. Thus, blending it with other
biopolymers becomes imperative to enhance its properties, like water vapor and gas barrier
abilities, along with antimicrobial activity.

Chitosan (poly-3-(1,4)-D-glucosamine) has emerged as a prominent candidate in post-
harvest applications, owing to its film-forming properties, biocompatibility, biodegradabil-
ity, oxygen barrier ability, mechanical strength, and remarkable antimicrobial properties,
particularly its anti-fungal ability [15]. The presence of reactive groups in chitosan, such as
-OH and -NHp, plays a crucial role in its antimicrobial properties. Yan et al. [16] elucidated
that the -NH3™" group of deacetylated chitosan interacts electrostatically with the phospho-
ryl groups of microbial cell membranes, resulting in cell leakage. Chitosan also exhibits
anti-fungal properties by directly impeding fungal growth and activating specific biological
processes in plant tissue [17]. Its ability to inhibit gas exchange between fruits and their
surroundings, thereby reducing respiration rates, positions chitosan as a compelling option
for extending the post-harvest longevity of diverse produce, such as berry fruit [18], fresh
fig [19], and mango [20].

Combining starch and chitosan presents a compelling strategy to enhance the inherent
properties of both polymers. Starch, though versatile, often falls short in mechanical
strength, water resistance, and antimicrobial efficacy. Conversely, chitosan, prized for its
antimicrobial ability, can introduce undesirable traits such as a yellowish hue and subtle
alterations in taste and odor due to the use of acidic solvents. These factors directly influence
consumer safety and acceptance. By synergizing these polymers, we aim to overcome these
limitations and develop environmentally friendly, edible coatings or packaging solutions.
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Our research explores this innovative approach to extend the shelf life of produce and food,
ensuring both safety and sustainability.

The utilization of composite starch/chitosan films has proven effective in enhancing
the shelf life of fresh produce. Numerous studies have illustrated the beneficial impact of
these films on extending shelf life. For instance, a cassava starch—chitosan coating mitigated
weight loss and microbial spoilage in black mulberries stored at 5 °C for 16 days [21]. Starch
films incorporating chitosan nanoparticles efficiently inhibited microbial growth in cherry
tomatoes [22]. Furthermore, the application of a purple yam starch/chitosan film on apples
for 4 weeks preserved fruit quality by reducing weight loss [23]. This study introduces
a novel approach by proposing a coating composed of GRS and chitosan, with the aim
of extending the shelf life of mangoes by mitigating anthracnose infection. Our primary
objective is to explore the mechanical and functional characteristics of the GRS-CS film
across various molar ratios, focusing on its potential as a biodegradable coating tailored
specifically for mango preservation. Given the significant economic importance of Nam
Dok Mai mangoes in Thailand and their widespread global distribution, this research offers
a promising technology to enhance their shelf life in export markets. By addressing critical
challenges related to mango preservation and transportation, our findings contribute to the
advancement of post-harvest preservation strategies for this valuable commodity.

2. Materials and Methods
2.1. Materials

Glutinous rice starch (GRS) was sourced from Thai Flour Industry Co., Ltd. (Bangkok,
Thailand). GRS has a repeat unit molecular weight of 162 Da. Chitosan flakes prepared
from squid pens were purchased from Bio21 Co., Ltd. (Chonburi, Thailand). The chitosan
used in this study possesses a high molecular weight exceeding 1000 kDa, along with
a 95% degree of deacetylation, and the molecular weight of a repeat unit of chitosan is
161 Da. Mature mango fruit, which were harvested at 95-110 days old (Mangifera indica L.
cv. Nam Dok Mai), were purchased from a commercial orchard in Ratchaburi, Thailand.
The selected mangoes were uniform in size, shape, color, ripeness and lack of blemishes,
injuries, and disease symptoms.

2.2. Methods

The study was structured into two main experimental phases: (I) exploring the impact
of diverse molar proportions of starch to chitosan on GRS/CS solution and film properties;
and (II) implementing GRS /CS active coatings with varying molar ratios on mango surfaces.
This investigation aims to assess the feasibility of employing GRS/CS blends as active
coatings to preserve the quality of post-harvest agricultural products, particularly fruits
and vegetables.

2.2.1. Experiment Part I: Assessing the Effects of Varying Molar Proportions of GRS to
Chitosan on GRS/CS Solution and Film Properties

The GRS (2% w/v) and chitosan (2% w/v) solutions were prepared separately. GRS
was dissolved in deionized water and stirred at 75-80 °C for 1 h, while chitosan solution
was prepared in 1 M acetic acid and stirred at room temperature (~27 °C) for 48 h. The GRS
and chitosan solutions were then mixed in different molar ratios (100:0, 70:30, 50:50, 30:70,
0:100) to yield a total volume of 100 mL, as outlined in Table 1, resulting in the formulation
of coating solutions named GRS100/CS0, GRS70/CS30, GRS50/CS50, GRS30/CS70, and
GRS0/CS100. The mixed polymer solutions were stirred at room temperature (~27 °C) for
30 min until clear and homogeneous solutions were obtained, and the pH of the solutions
was recorded. To form films, the coating solution (30 mL) was carefully poured onto a 9 cm
diameter plastic Petri dish and dried in a hot air oven at 50-55 °C for 24 h. The dried films
were peeled off, placed in plastic Ziplock bag, and stored at 53 + 1% RH and 27 & 1 °C in
desiccators prior to any testing.
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Table 1. Quantities of polymers and solvents for GRS/CS blends with varied molar ratios (total
volume: 100 mL).

Ratio of Weight of
GRS and Chitosan GRS and Chitosan Volume of Solvent
Sample Named (%mol) (8) (mL)
CH;COOH
GRS Chitosan GRS Chitosan H,O (S.l M)

GRS100/CS0 100 0 1.98 0.00 100 0

GRS70/CS30 70 30 1.39 0.60 70 30
GRS50/CS50 50 50 0.99 1.00 50 50
GRS30/CS70 30 70 0.60 1.40 30 70
GRS0/CS100 0 100 0.00 2.00 0 100

Properties of GRS/CS Blended Solution
Viscosity

The viscosity of the coating solutions was measured using a Brookfield viscometer,
Model LVD V3T (Ametex Brookfield, Middleborough, MA, USA). A 200 mL sample of each
coating solution was placed in the viscometer and measured using spindle LV-2 at a speed
of 40 rpm for 3 min at 27 °C. The viscosity of the coating solutions was obtained as the
average of 3 replications.

Effect of coating solution on Colletotrichum gloeosporioides mycelial growth

The fungal strain C. gloeosporioides was obtained from the Plant Protection Research
and Development office, Department of Agriculture, Bangkok, Thailand. A pure culture of
C. gloeosporioides was sub-cultured on potato dextrose agar (PDA, Difco™, Franklin Lakes,
NJ, USA) in Petri dishes (9 cm diameter) and incubated at room temperature for 14 days
until mycelial growth reached the dish’s margin.

The in vitro antifungal activity of the coating solution was evaluated using PDA
amended with different concentrations of the coating solution. A 7 mm diameter agar plug
from the margin of a 14-day-old pure culture of C. gloeosporioides was transferred to the
center of each PDA plate supplemented with the desired concentration of GRS/CS coating
solution (100:0, 70:30, 50:50, 30:70, 0:100 (% mol)). PDA plates containing 0.1% v/v aqueous
acetic acid solution (pH 5.6) served as the negative control. Three replicates of each coating
solution were prepared. All plates were then incubated at room temperature for 14 days,
and the radial mycelial growth was measured daily in two perpendicular directions. The
results are expressed as the percentage of mycelial growth inhibition (MGI), calculated
using Equation (1), where D, represents the colony diameter in the control plate and Ds
represents the colony diameter in the PDA supplemented with a coating solution.

MGI (%) = [(Dc — Ds)/Dc] x 100 )

Morphology, Physical, and Mechanical Properties of GRS/CS Blend Films
Morphology

Scanning electron microscopy (SEM; Quanta400, FEI, Brno-Cernovice, Czech Repub-
lic) was used to study variations in film morphology resulting from different GRS and
chitosan blend compositions. Sample films were mounted with conductive adhesive tape,
sputter-coated with gold, and observed at an accelerating voltage of 15 kV. The analy-
sis encompassed both top-surface and cross-sectional morphology. Images of the film’s
top surface were captured at 500 x magnification, while images of the cross-section were
captured at 1500, 12,000 %, and 30,000 x magnifications.

A confocal microscope with white light lasers (STELLARIS 5, Leica, Germany) was
used to examine the surface morphology and fluorescence properties of pure GRS, chitosan,
and the GRS50/CS50 blend film. These samples, placed on glass slides, were observed
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at 63 x magnification under a Transmitted Light Detector (TLD) and using a fluorescent
contrasting method in their overlay channels. The resulting images present an overlay
of fluorescence using excitation and emission wavelengths around 405 nm and 470 nm,
respectively, consistent with the reported characteristics of the chitosan oligomer [24].

Density

The 1-inch diameter GRS/CS polymer films, punched into discs by a cork borer, were
placed in a hot air oven at 105 °C for 24 h. The thickness of each film sample was measured
using a Mitutoyo Thickness Gauge (Kawasaki, Kanagawa, Japan), while the weight was
also recorded. The polymer film density (p) was calculated by dividing the weight (m) by
the volume (v) using the following equation: p = m/v. Reported data represent the average
of 3 samples per replicate across 3 replicates.

Water solubility (WS)

WS measurements were conducted on 1-inch diameter discs of GRS/CS polymer films,
obtained by punching with a cork borer. The discs were subjected to 24 h treatment in
a hot air oven at 105 °C, and the initial dry weight (Wiuiia1) of each disc was recorded.
Subsequently, the dried films were immersed in 50 mL of distilled water in sealed beakers
at room temperature for 24 h. After removing the film residues from the beakers, they
were dried at 105 °C for 24 h and reweighed (Wg,1) to determine the dry matter. WS of
each film was calculated using Equation (2). The reported data represent the average of 3
samples per replicate across 3 replicates.

WS = (Winitial — Wrinal)/ Winitial) X 100 )

Water contact angle

The water contact angle, as an indicator of the film’s hydrophilic properties, was
measured using a Data Physics Instruments OCA15 (GmbH, Filderstadt, Germany). Each
film applied to the mango surface was tested in triplicate using the sessile drop observation.
In this method, 1 uL droplets of distilled water were analyzed at various locations on the
film’s surface.

Mechanical properties

The mechanical properties, including tensile strength and elongation, were assessed
according to the standard test method of thin plastic sheeting [25]. Strips of GRS/CS films
measuring 10 mm in width and 60 mm in length were prepared for testing. A Universal
Testing Machine (Tinius Olsen, Horizon program, Salfords, Surrey, England) was utilized
with an initial grip separation of 50 mm, an initial gauge length of 25 mm, and a probe
speed of 50 mm/min. The reported data of each GRS/CS sample represent the average of
3 samples per replicate, with 3 replicates.

2.2.2. Experiment Part II: Implementing GRS/CS Active Coatings with Varying Molar
Ratios on Mango Surfaces

The maturity of mangoes was determined based on specific gravity [26]. Selected
mature mangoes were washed with calcium hypochlorite solution (200 ppm), followed by
rinsing with distilled water, and were then air-dried at room temperature for 45 min. Subse-
quently, the mangoes were immersed in different GRS/CS coating solutions (GRS100/CS0,
GRS70/CS30, GRS50/CS50, GRS30/CS70, and GRS0/CS100) for 1 min and air-dried for
30 min at room temperature. The uncoated mangoes served as the control. The control and
GRS/CS-coated mangoes were stored at room temperature for 10 days. The qualities of
the mangoes, including appearance, total soluble solids (TSS), titratable acidity (TA), and
the TSS/TA ratio, were evaluated at day 0 and at 2-day intervals over the 10-day storage
period. Each treatment was replicated 3 times.
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Characterization of GRS/CS film coated on mango surface

The adherence of the coating on the mango surface was assessed through stereo
microscopic observation. Cross-sectional slices were obtained from the middle of the
mango cheek using a stainless-steel blade for each treatment (GRS100/CS0, GRS70/CS30,
GRS50/CS50, GRS30/CS70, and GRS0/CS100), as well as for the uncoated mangoes. The
samples surfaces were examined at 45x magnification using a Leica Stereo Microscope
(Model S Apo Stereozoom 1.0x-8.0%, Singapore).

The efficiency of polymer coating on mango surface and the interaction between
chitosan and GRS were examined by analyzing the FTIR spectra of the samples. A Spectrum
Two FTIR spectrometer ((PerkinElmer, Shelton, CT, USA)) equipped with an ATR sampling
accessory was employed for this purpose. The infrared spectra of each treatment were

recorded in 4000-400 cm !, using 32 scans and a resolution of 4 cm~!.

2.2.3. Statistical Analysis

The experiments were performed based on a completely randomized experimental
design (CRD). Three replicates per treatment were applied in each experimental stage and
data are expressed as mean = standard deviation. The statistical comparisons of qualities
of film, percent of mycelial inhibition, and qualities of coated mango were performed by
one-way analysis of variance (ANOVA) using IBM SPSS Statistics 22 for Windows User
(Chicago, IL, USA). The significance of differences among treatment means was compared
by Duncan’s Multiple Range Test with 95% confidence level.

3. Result and Discussion

3.1. Part I: Effects of Varying Molar Compositions of GRS to Chitosan on GRS/CS Solution and
Film Properties

3.1.1. Physical and Chemical Properties of GRS/CS Blend Solutions and Films

From Table 1, it is evident that the pH decreases with the chitosan content. Chitosan,
being insoluble in water, dissolves effectively in weak acid solvents such as formic, acetic,
propionic, and lactic acids [27]. In this study, acetic acid was chosen as the solvent due to its
safety for consumption and its ability to produce chitosan films with desirable properties.
Compared to other weak acids, acetic acid yields films with low oxygen and water vapor
permeability, hydrophobicity, mechanical strength, and excellent clarity [27], making it
ideal for coating or packaging fruits and vegetables intended for consumption.

However, a notable limitation of using chitosan films prepared with acetic acid as a
coating or packaging material for food products is the persistent pungent odor and sour
taste of acetic acid, which remains in the film and cannot be entirely eliminated. This odor
and taste can transfer to the food or produce coated with the film, potentially affecting
consumer acceptance [28].

To mitigate these limitations, diluting chitosan with GRS can be employed to reduce
the concentration of acetic acid in the film. This approach results in a film with modified
properties that are better suited for use as a coating or packaging material to extend the
shelf life of food, vegetables, and fruits while minimizing undesirable sensory effects.

The viscosity of the coating solution plays a critical role in determining film forma-
tion and performance, thereby influencing its efficacy for active coating applications on
produce. It directly affects film thickness and uniformity on surfaces, while also playing a
significant role in determining the film’s barrier properties against gases and water vapor.
Therefore, understanding the viscosity of the coating solution is important for optimizing
the functional properties of resulting films and ensuring their efficacy in packaging.

From Table 2, the viscosity analysis revealed that the pure GRS solution exhibited a vis-
cosity of 27.3 cp, markedly lower than the pure chitosan solution at 667.5 cp, consistent with
prior research [29]. This pronounced disparity in viscosities indicates that using GRS alone
may not be optimal for its intended application as a coating to extend the post-harvest shelf
life of fruits and vegetables. The low viscosity of the GRS solution could hinder its ability
to form a cohesive film on produce surfaces, potentially compromising its effectiveness in
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preserving quality. This lower viscosity of GRS can be attributed to its composition, char-
acterized by a low amylose content (1-2%) and a high amylopectin content (98-99%) [30].
Amylopectin, being highly branched with (1—4)-linked «-D-glucosyl units in chains con-
nected by (1—6) linkages (4-5%), exhibits a semi-crystalline nature [31]. In the case of
GRS, amylopectin consists of shorter chains (19-20 glucose units), limiting its capacity to
form entanglements and consequently reducing viscosity. Conversely, chitosan, with its
linear chains composed of long segments exceeding 6200 units of N-acetylglucosamine and
glucosamine, can form numerous entanglements, resulting in higher viscosity. Blending
GRS or another waxy starch with chitosan increases viscosity of the starch due to several
factors. Chitosan can form hydrogen bonds with starch molecules, leading to a network
structure and increased viscosity [32].

Table 2. Physical and chemical properties of GRS/CS blend solutions and films with varying
molar compositions.

Properties GRS100/CSO  GRS70/CS30  GRS50/CS50  GRS30/CS70  GRS0/CS100

pH 6.81 + 0.03 5.63 + 0.07 522 +0.11 4.55 + 0.08 3.68 =+ 0.04

Soluti
OHHON T Viscosity (cP) at 29 + 1 °C 273408 345+ 05 66.5+ 0.7 136.5 + 0.4 667.5 + 0.6
e \
Appeefrance Test { " Tegh
of film e
Fllm e __.

Density (g/cm®) 1.88 + 0.12 1.61 + 0.08 1.53 £ 0.06 141 £ 0.03 1.09 £ 0.10

Water solubility (%) N/A N/A 26754050  1994+112 1231+ 059

Additionally, the introduction of chitosan into the GRS solution creates more entan-
glements between polymer chains, further increasing viscosity. The enhanced viscosity
promotes better film formation on produce surfaces, leading to improved adhesion and
coverage, thereby enhancing the effectiveness of the coating in extending the shelf life
of produce. An exponential increase in viscosity observed in GRS/CS blend solutions
with higher chitosan concentrations suggests a significant role of intermolecular hydrogen
bonding between starch and chitosan. This phenomenon likely contributes to the enhanced
interactions within the polymer matrix, leading to greater viscosity. Consequently, the
viscosity of the polymer blend solution can be adjusted as needed to suit the intended use
by modifying the proportions of GRS and chitosan. Notably, the viscosity of the polymer
solutions significantly influences the adhesion and thickness of the polymer coating on
fruit and vegetable surfaces. This observation aligns closely with the experimental results
obtained from employing GRS/CS blend solution as a coating to extend the shelf life of
Nam Dok Mai mangoes in this research, in that the film thickness increased notably with
higher chitosan proportion.

The optical properties of a polymer play a vital role in determining its suitability
and performance for preserving the quality and marketability of produce. A coating with
desirable optical characteristics enhances the visual appearance, facilitates quality control,
and boosts consumer confidence, ultimately contributing to the success of the product
in the marketplace. Table 2 provides valuable insights into the optical properties of the
films, particularly the mixed GRS/CS solution with high chitosan content, which exhibits a
viscosity suitable for coating fruits and vegetables. However, there are color limitations to
consider, as pure chitosan film tends to have a slight yellowish tint attributed to carotenoid
pigments, primarily astaxanthin, which forms strong bonds with the chitin molecule
and interact with proteins in the exoskeleton’s epithelial layer [33]. Rigorous chemical
treatment is required to produce colorless chitosan products, albeit compromising some
properties [33]. This yellow hue may pose limitations when used as a coating or wrapping,
distorting product color and potentially influencing consumer decisions. Conversely, pure
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GRS film exhibits clarity without coloration. Blending with colorless GRS reduces the
yellow tint of the chitosan film, with the GRS/CS film showing a moderate yellow hue
due to dilution effect, while optical clarity remains consistent across varying ratios. This
underscores the remarkable amorphicity of both pure and blended polymer films, making
GRS/CS blend film more suitable for coating or wrapping. Despite the yellow tint in films
with high chitosan content, they maintain aesthetic appeal enhancing overall appearance
as observed in the mango coating study:.

The density of the polymer coating affects its ability to act as a barrier against external
factors, such as moisture, gases, and contaminants. This property is crucial for extending
the shelf life of produce by minimizing moisture loss and preventing the ingress of oxygen,
which can accelerate deterioration. The density of the chitosan film, measured at 1.09 g/cm?,
aligns with the existing literature [34] and falls below that of the GRS film at 1.88 g/cm?3,
similar to high amylopectin corn starch film at 1.74 g/cm? [35]. As the starch content
increases in GRS/CS blended films, the density shows a linear rise attributed to amylopectin
molecules integrating into the interstitial spaces of chitosan chains. This incorporation of
glutinous rice starch in the GRS/CS blend fosters a more compact arrangement of polymer
chains within the film matrix, resulting in enhanced packing density and, consequently,
increased film density. Moreover, interactions, particularly hydrogen bonding between
chitosan and GRS molecules, facilitate the formation of a dense and cohesive film structure.

An increase in chitosan content leads to decreased water solubility, reflecting its
intrinsic hydrophobic nature. This is evidenced by the water contact angle of the films,
which is further discussed. Consequently, blending chitosan with GRS enhances various
physical properties of the film, including optical characteristics, density, and hydrophobicity,
rendering it more suitable for specific applications. By adjusting the proportions of GRS
and chitosan, the properties of GRS/CS blend films can be finely adjusted to meet distinct
application requirements. This blending strategy not only improves the film’s physical
attributes but also enables the optimization of properties tailored to specific applications.
Thus, the integration of chitosan with GRS offers a versatile approach for enhancing film
properties and broadening its potential utility across diverse applications.

3.1.2. Effect of GRS/CS Coating Solution on C. gloeosporioides Mycelial Growth

The C. gloeosporioides is a prevalent plant pathogen found worldwide, notably thriving
in tropical and subtropical climates. It causes anthracnose disease across a diverse array
of crops, including almond, avocado, apple, coffee, guava, mango, strawberry, papaya,
banana, passion fruit, citrus, grapes, and cashews [36]. Anthracnose represents a significant
threat to mango production worldwide, affecting both the economic viability of mango
farming and the availability of high-quality mangoes for consumers [37].

This study investigated the impact of the molar ratio of GRS/CS on its inhibitory
efficacy against C. gloeosporioides strains isolated from mangoes. The mycelial growth
inhibition (MGI) of coating solution by radial growth on PDA after incubation for 14 days
is shown in Figure 1. The results reveal that the pure GRS solution facilitated extensive
fungal growth, surpassing even the control group, as starch serves as a nutrient source for
fungi and other microorganisms. Consequently, pure starch (GRS100/CS0) is unsuitable
for food or fruit coatings or packaging due to its susceptibility to microbial proliferation.
However, antibacterial properties were contributed by the chitosan admixture. MGI values
for GRS/CS blends notably increased with rising chitosan content (p < 0.05), with complete
inhibition observed for the pure chitosan (GRS0/CS100). This underscores chitosan’s effi-
cacy in anthracnose inhibition, a pivotal factor in mango deterioration globally. Previous
studies have supported chitosan’s efficacy, with concentrations of 1.5-2% yielding over 70%
inhibition of C. gloeosporioides [38,39]. Furthermore, chitosan effectively inhibited C. gloeospo-
rioides development in other crops, such as papaya [40] and manila mango [41]. Chitosan’s
antifungal effects depend on electrostatic interactions between its protonated amino groups
and the negatively charged phospholipids of fungal membranes [42]. Chitosan induces
membrane permeabilization, disruption, and release of cellular contents. Additionally,
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chitosan can penetrate fungal cells, inhibiting DNA/RNA synthesis, disrupting protein
synthesis, and altering gene expression [43].

A B C D E F G

Day 0

MGI

(%) Control ~6.43%5.94°  —5.50+4.98° 233432469 36.80£1.58° 45.51%4.65"  100.00+00°

Figure 1. Effect of coating solution on Colletotrichum gloeosporioides mycelial growth and the percent of
mycelial growth inhibition; control (A) (without coating solution in PDA), 0.1% acetic acid added (B),
coating solution added in PDA: GRS100/CS0 (C), GRS70/CS30 (D), GRS50/CS50 (E), GRS30/CS70
(F), and GRS0/CS100 (G). Footnote: Values are presented as mean =+ standard deviation. Values with
the same superscript are not significantly different (p > 0.05).

3.1.3. Morphology of the GRS/CS Blend Films

The structure and morphology of a polymer blend film strongly influence its mechan-
ical and barrier properties, which in turn are crucial aspects for its use as a coating or
packaging material to extend the shelf life of agricultural and food products. Therefore, an-
alyzing these aspects provides valuable insights into the film’s performance and suitability
for various applications.

SEM images were utilized to examine the surface characteristics of pure GRS, chitosan,
and GRS/CS films at different blend ratios (Figure 2a—e). The images reveal smooth surfaces
across all compositions, indicating excellent compatibility and no microphase separation.
Cross-sectional analysis at 1500 (Figure 2f—j) unveiled thickness variations corresponding
to film density reduction with increasing chitosan content, consistent with Table 2. At
higher magnifications of 12,000 x (Figure 2k-o0) and 30,000 x (Figure 2p-t), the pure starch
film (GRS100/CS0) displayed numerous cracks, indicative of its inherent brittleness. These
cracks can be attributed to various factors, including the formation of dense and rigid
structures within the film matrix due to the waxy starch’s high amylopectin content.
Moreover, the drying process and non-uniform distribution of starch particles contribute
to crack formation [44]. These cracks significantly impact the mechanical and barrier
properties of the GRS film, rendering it inadequate for coating or packaging perishable
produce. However, the incorporation of chitosan mitigates crack formation, with an increase
in chitosan content corresponding to a reduction in crack prominence and improvement in
mechanical properties. Furthermore, the presence of chitosan in the film coating applied to
mango fruit may reduce the diffusion of water vapor and oxygen gas, thereby delaying
mango ripening and minimizing the appearance of shriveling.

Pure chitosan films display a characteristic corrugated appearance under SEM anal-
ysis, characterized by uniform density devoid of cracks or air bubbles (Figure 20,t), in
contrast to GRS-mixed films. This uniform morphology correlates with the improved
mechanical and barrier properties observed for chitosan films. The corrugated appearance
may be attributed to chitosan’s linear heteropolysaccharide structure and its interactions
with neighboring molecules, resulting in irregular arrangements within the film matrix.
Furthermore, structural modifications occurring during film formation contribute to this
distinctive morphology [45].
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Location Magnification GRS100/CS0 GRS70/CS30 GRSS0/CS50 ‘ GRS30/CS70 ‘ GRS0/CS100
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Figure 2. SEM micrographs of GRS/CS blend films with varying molar proportions. Top surfaces of
the films at 500 x magnification, scale bar: 100 um (a—e). Cross-sections of the films at 1500 x magnifi-
cation, scale bar: 30 um (f-j). Cross-sections of the films at 12,000 x magnification, scale bar: 4 um
(k—o0). Cross-sections of the films at 30,000 x magnification, scale bar: 1 pm (p-t).

Fluorescence microscopy is a valuable tool for assessing the miscibility and morphol-
ogy of polymer blends. By labeling specific components with fluorescent dyes or probes,
it enables visualization of polymer distribution, enhancing our understanding of blend
structure and performance. However, a limitation is the need for suitable fluorescent labels
or probes, which may affect observed morphology and lead to misinterpretation [46]. In our
study, we present a novel approach utilizing fluorescence microscopy to examine the misci-
bility and morphology of the GRS/CS composite film, offering an initial evaluation of its
applicability for amine-containing polymers without the use of dyes or fluorescent probes.

Despite lacking typical fluorescence-associated structures, chitosan exhibited fluores-
cence, particularly in its oligomeric form [24]. Studies suggest that certain polymers with
amine groups can display fluorescence due to the reaction between amine groups and CO,,
forming fluorescent carbamato anions (NHCOO™) [24]. The amino groups of chitosan inter-
act with airborne CO,, generating fluorescent carbamato anions, with observed excitation
and emission wavelengths at approximately 400 nm and 470 nm, respectively [24]. Fluo-
rescence intensity is directly correlated with the concentration of chitosan oligomers [24].
Microscopic analysis of the pure chitosan film (Figure 3a,c) revealed a distinctive corru-
gated pattern accompanied by consistent fluorescence throughout (Figure 3b). In contrast,
the pure GRS film (Figure 3g,i) displayed a uniform appearance without fluorescence
(Figure 3h) due to the absence of fluorescence chromophores and amine groups in its
structure. The minimal fluorescence observed in Figure 3h may be attributed to proteins
on the microbial cell surface, where amino acids react with atmospheric CO;, akin to the
behavior observed in chitosan.

Microscopic images of the GRS50/CS50 blend film (Figure 3d) showed a uniform
appearance similar to the pure GRS film. The fluorescence image (Figure 3e) and over-
lay image (Figure 3f) of the blend film confirmed excellent compatibility with no phase
separation at the microscopic level. The decreased fluorescence intensity observed in the
blend film (Figure 3e), relative to the pure chitosan, indicates a lower concentration of
glucosamine units in the polymer composite. This is likely due to a dilution effect. This
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finding reinforces the idea that changes in chitosan content directly influence fluorescence
properties, emphasizing the successful blending and compatibility of GRS and chitosan
within the composite film structure.

Sample Named TLD Fluorescence Ovetlay

GRS0/CS100 |
(pure CS)

GRS30/CS350
(blend)

GRS100/CS0
(pure GRS)

Figure 3. Microscope images of pure chitosan (a—c), pure GRS (g-i), and the GRS50/CS50 blend film
(d,e,f). The sample films’ top surfaces captured at 63x magnification, scale bar: 20 um, using different
modes: Transmitted Light Detector (TLD) (a,d,g), fluorescence (b,e h), and an overlay of TLD and
fluorescence (cf,1).

3.1.4. Water Contact Angle of GRS/CS Film

Hydrophobicity plays a crucial role in determining the essential properties of active
coatings aimed at extending the shelf life of produce, thereby preserving their freshness and
quality. It exerts a profound influence on key characteristics including water vapor barrier
properties [47,48], microbial growth inhibition [47], adhesion to produce surfaces [48], and
gas permeability [47,48]. Striking the right balance among these properties is crucial for
developing effective coatings that can maximize the shelf life and quality of fruits and
vegetables [48]. Hence, this study investigates the water contact angle to elucidate the
hydrophobic nature of the films. Additionally, the effect of the molar ratio between GRS
and chitosan on the hydrophobicity of GRS/CS composite films is explored, aiming to
identify compositions suitable for various applications.

The water contact angles provide insight into the influence of the polymer composi-
tion on the hydrophobicity of GRS/CS composite films, shown in Figure 4. The pure GRS
film displays high hydrophilicity, characterized by a low contact angle of 68°, primarily
attributed to the abundance of hydroxyl groups in starch. This hydrophilic nature of starch
coatings predisposes them to water absorption, potentially enhancing moisture perme-
ation, which could accelerate spoilage [49]. Furthermore, when using starch films under
high-humidity atmospheres, such as coatings for fruits and vegetables, the heightened
hydrophilicity may elevate gas permeability, thereby impacting gas-exchange dynam-
ics and influencing the produce deterioration rate [50]. Consequently, the hydrophilic
GRS film is considered unsuitable for applications as coatings to extend the shelf life of
post-harvest produce.

In contrast, the pure chitosan film exhibited the highest hydrophobicity, with a contact
angle of 102°, attributed to the presence of hydrophobic acetyl groups in incompletely
deacetylated chitosan [51]. This hydrophobic characteristic contributes to excellent water
vapor barrier properties, effectively preventing produce dehydration and maintaining
optimal texture and appearance over extended periods [51]. Additionally, in high-humidity
atmospheres, the hydrophobic coatings typically demonstrate low gas permeability, facili-
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tating controlled gas exchange of oxygen and carbon dioxide [50]. This regulation of gas
exchange helps manage respiration rates in produce, thereby slowing down the ripening
process and extending shelf life. Moreover, hydrophobic coating acts as a barrier against
moisture, inhibiting the growth of microorganisms like bacteria and fungi [47]. These
findings are corroborated by a 10-day storage study, which underscores the efficacy of
chitosan coatings in delaying ripening by mitigating fruit transpiration.
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Figure 4. The water droplet profiles and the water contact angles for pure GRS, pure chitosan, and
the GRS/CS blend films with different molar proportions coated on the mango surface. Footnote:
** p < 0.01 differences are highly significant, different letters above the bars indicate statistically

significant difference.

The hydrophobicity of the GRS film can be enhanced by blending with chitosan, and
the hydrophobic nature of GRS/CS composite films is improved with increased chitosan
content. Consequently, the hydrophobicity of the GRS/CS coating can be readily tailored to
accommodate the respiration rate and dehydration characteristics of each type of produce,
thereby preserving produce quality for an extended duration. These findings are consistent
with those of a 10-day storage study, wherein higher chitosan content resulted in prolonged
ripening delay and reduced shriveling appearance of mango fruits.

3.1.5. Mechanical Properties of the GRS/CS Film

The mechanical properties of the active coating polymer significantly influence its
ability to provide durable, flexible, and effective protection to produce against physical
damage, microbial contamination, and environmental factors in general [52]. Optimizing
these properties is crucial for developing coatings that meet the specific requirements of
different types of produce and storage conditions, ultimately enhancing their shelf life
and marketability.

Analysis of the stress—strain curves depicted in Figure 5a reveals distinct mechanical
properties of the films. The GRS film exhibits characteristics of rigid and brittle fracture,
attributed to the robust hydrogen bonding present in the polysaccharide chains, as well as
its specific composition and molecular structure [53]. GRS, predominantly composed of
amylopectin with minimal amylose content, demonstrates a semi-crystalline nature [54].
This molecular arrangement fosters tightly packed structures within the film matrix, result-
ing in reduced flexibility and limited mobility of the polymer chains, thereby displaying
rigidity and brittleness during mechanical testing [53]. Conversely, the chitosan film shows
a ductile response with a notable plastic range [55], making it suitable for applications
requiring flexibility and strength, such as produce coatings.
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Figure 5. Stress—strain curves (a), Young’s modulus (b), tensile strength (c), and elongation at break
(d) of the GRS/CS blend films with different molar proportions. Footnote: ** p < 0.01 differences are
highly significant, different letters above the bars indicate statistically significant difference.

Blending GRS with chitosan enhances the mechanical properties of starch films, ren-
dering them suitable for use as active coatings for produce. The mechanical properties of
GRS/CS blend films can be tailored for specific applications by adjusting the proportions of
starch and chitosan. Increasing chitosan content improves flexibility and strength, resulting
in films with enhanced adhesion to produce surfaces, resilience to temperature changes,
resistance to physical damage, and maintenance of barrier integrity against moisture, gases,
and microbes. Films with a higher starch content, such as the 70GRS/30CS blend, retain
some brittleness but exhibit improved tensile strength and elongation compared to pure
GRS. Conversely, films with more chitosan, such as the 50GRS/50CS and 30GRS/70CS
blends, demonstrate ductile behavior similar to pure chitosan. Tensile strength and elonga-
tion increase, while modulus decreases with chitosan content, highlighting the tunability
of mechanical properties in GRS/CS blend films.

3.2. Part II: Implementing GRS/CS Active Coatings with Alternative Molar Ratios on
Mango Surfaces

3.2.1. Characterization of GRS/CS Coating on Mango Surface

This experimental section aims to evaluate the efficacy of GSR/CS as an active coating
and investigate the impact of the starch to chitosan ratio on the suitability of polymer blend
as a coating for maintaining post-harvest mango quality. This section places particular
emphasis on critical parameters such as film thickness and adhesion to the mango surface.
These factors play crucial roles in determining the efficacy of an active coating in preserva-
tion of post-harvest produce, contributing to the establishment of a robust barrier against
external factors, ensuring uniform protection and enhanced durability during handling
and storage. In Figure 6, the mango cross-section exhibits a uniformly coated surface
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throughout the polymer film, clearly indicated by the white arrow. Conversely, Figure 6b
depicts a thinly coated mango surface with the GRS film, barely visible due to several
contributing factors. The low viscosity of the GRS coating solution, coupled with its high
film density and hydrophilic nature, leads to weak interaction with the hydrophobic cutin
compounds present on the mango surface, resulting in poor adhesion. Thus, GRS alone
proves inadequate as a coating for extending the fruit’s shelf life.

Figure 6. Optical stereo microscope images of cross-sections: film free mango surface (a), and the
mango surfaces coated with GRS100/CS0 (b), GRS70/CS30 (c), GRS50/CS50 (d), GRS30/CS70 (e),
and GRS0/CS100 (f). The scale bar is 500 um. The white arrow indicates the GRS/CS film coated on
the mango surface.

Blending GRS with chitosan significantly enhances film adhesion and thickness on the
mango surface, as observed in our experimental findings. The thickness of the GRS/CS
film coating increases significantly with chitosan content. This trend is particularly evident
in the pure chitosan film, which emerges as the thickest among all coatings. Figure 6f
illustrates the film with a thickness of approximately 10 um on the mango surface, clearly
visible under the microscope and shown in the image with a white arrow. This can be
attributed to chitosan’s hydrophobic nature, fostering strong interaction with the hydropho-
bic cutin compounds found in mango lenticels—macroscopic openings, approximately 0.2
mm in size, formed during fruit growth when stomata rupture [56]. Mango lenticels pri-
marily comprise natural wax, facilitating gaseous exchange and transpiration. The robust
adhesion of chitosan to mango lenticels ensures the coating’s integrity, effectively protect-
ing against physical damage and microbial contamination [57]. Conversely, hydrophilic
coatings like starch may exhibit weaker adhesion to fresh produce surfaces, potentially
compromising freshness preservation. Therefore, GRS/CS polymer composite films with
higher chitosan content are more likely to be produce effective coatings. Adjusting the
starch to chitosan ratio allows us to fine-tune film thickness and coating efficiency to suit
different produce types.

The experimental findings align with previous studies on the efficacy of polymer
film coatings on mango lenticels. Figure 7a illustrates the lenticels on the free surface of
mangoes, revealing varied performances of polymer coatings in covering these structures.
This divergence can be attributed to the hydrophobicity and viscosity of the polymer
solutions. The GRS coating, characterized by low viscosity and high hydrophilicity, only
partially covers the lenticels, as depicted in Figure 7b. Consequently, the pure GRS film
proves inadequate in effectively controlling gas and water vapor diffusion, failing to delay
produce ripening and to reduce shriveling. In contrast, the hydrophobic nature of chitosan
enables effective coverage of mango lenticels, as depicted in Figure 7d.
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Figure 7. Optical stereo microscope images of lenticels on film free mango surface (a), and on mango
surfaces coated with GRS100/CS0 (b), GRS50/CS50 (c), and GRS0/CS100 (d). The scale bar is 200 um.

Blending GRS with the hydrophilic chitosan, which also exhibits high viscosity, en-
hances lenticel coverage, as demonstrated in Figure 7c. This renders the GRS/CS blend
film more suitable for use as a produce coating. These findings are consistent with FTIR
analysis and a 10-day storage study, indicating that chitosan coating delays mango ripening
by reducing respiration and alleviates wilting by minimizing transpiration. In contrast, the
GRS coating, which incompletely covers the lenticels, lacks efficiency in delaying ripening
and reducing shriveling.

This study effectively utilized ATR-FTIR spectroscopy to assess the efficiency and
effectiveness of polymer film coatings on produce or food surfaces, offering a valuable
analytical tool within food science and technology. By employing FTIR spectroscopy, we
gained insights into the chemical composition, molecular structure, and interaction of the
polymer film with the surface of the produce or food. Our findings underscore the potential
of FTIR spectroscopy as an effective method applicable to various food and product-related
analyses. Figure 8 shows the FTIR spectra of the pure polymers and GRS/CS blended
polymer films with different molar compositions coated on mango surface compared to the
spectra of uncoated mango surface. The characterization of uncoated mango surface by
FTIR spectroscopy has provided significant information on the nature of functional groups
present in the cuticle matrix.

A broad band around 3352 cm ™! assigned to the stretching of hydroxyl (O-H) groups
mainly contributed by the polysaccharide and the non-esterified hydroxyl groups of
cutin [58]. The asymmetric stretching of CHj groups was found at 2956 cm !, and the
asymmetric and symmetric stretching of CH, groups were found at 2916 and 2849 cm !,
respectively. The CH, scissoring at 1473 and 1463 cm ™!, as well as the CH; rocking at
730 and 720 cm !, were attributed to aliphatic compounds, i.e., cutin, waxes, and cutan,
in the plant cuticle [59]. The C=0 stretching at 1729 cm ! and the shoulder at 1714 cm ™!,
as well as the asymmetric and symmetric C-O-C stretching at 1165 and 1105 cm ™!, were
associated with ester and carboxylic acid groups of the cutin matrix [60].

The FTIR spectrum of mango surface coated with pure GRS film (GRS5100/CS0) still
exhibits characteristic peaks of the mango cutin layer at 2916, 2849, 1473, 1463, 730, and
720 cm~!. This indicates that the GRS film covers the mango surface partially or in certain
areas. Additionally, the spectrum displayed characteristic peaks of the GRS, including
a broad band at 3327 cm ™! attributed to the stretching vibration of hydrogen-bonded
hydroxyl groups (O-H) [61]. Another distinctive peak at 1640 cm~! was assigned to the O-
H stretching of hydroxyl groups [62]. The spectrum also exhibited noticeable absorbances
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at 1152, 1103, 1080, and 1021 cm~!, which can be attributed to C-O and C-C stretching with
some contribution from C-OH [63].

1321
i 2852{2939 GRS0/CS100
896
5 ) 11524 57% 2879
10001023 1378 1641 2gos 3290
1322 (eas %2 TG
58 897 115215814 2880
1641 32904
99971064 2023 3352

@
H 1022 1462
& 2852 GRS50/CS50
E . [ 1371588y o
g 102058 10 32834
; 595 v 2953 3340 GRS70/CS30
%730 1352
575719 \Mo7s 1640 2849915
1018710333?1457 3308
525 2954 GRS100/CS0
% w1361 f‘1708
576 1 730 \ 1152 464, 28494917
719 40210801377 7 5397
Free mango surface
¥ 1
3 1729 3
1165 4 1714 2956 3352

720 11051463| 1631

1473 28492916

T L T . T L T L T L3 T T L T
500 1000 1500 2000 2500 3000 3500 4000
‘Wave number (¢cm?)

Figure 8. FTIR spectra of the film free mango surface compared with mango surfaces coated with
pure GRS (GRS100/CS0), pure chitosan (GRS0/CS100), and the GRS/CS blend films with different
molar proportions.

Coating mango surfaces with a GRS/CS polymer film with an increased proportion of
chitosan showed an improved tendency to adhere and cover the mango surface effectively.
This was evident from the intensity of the characteristic peaks of the cutin layer at 2916,
2849, 1473, 1463, 730, and 720 cm ™!, which decreased as the quantity of chitosan in the
coating increased. The GRS/CS polymer film achieved complete coverage of the mango
surface when the chitosan content in the coating reached 50% by moles. This is observed in
the absence of the cutin peaks in the FTIR spectrum of mango coated with GRS50/CS50,
GRS30/CS70, and pure chitosan (GRS0/CS100) films. In addition to the decrease in
intensity of the cutin peaks as described above, a minor shift in the peak positions was
also observed. The asymmetric stretching of CHj groups at 2956 cm~! and CHj rocking
at 720 cm~! showed a slight decrease in wavenumber, while the asymmetric stretching
of CH, groups at 2916 cm ! exhibited a slight increase in wavenumber, corresponding
to the increase in chitosan content in the coating. These FTIR results agree well with the
microscope images shown in Figure 6.

The polymer coating adhesion to the mango surface is attributed to the interaction
between the hydroxyl and carboxylic acid groups of the cutin layer and the active hydroxyl
groups of GRS and chitosan. This is supported by the observed peak shifts of the hydroxyl
and carboxylic acid groups of the cutin layer when coated with pure GRS. For instance,
the stretching of hydroxyl groups of cutin shifted from 3352 to 3327 cm ™!, and the C=0
stretching of carboxylic acid groups of cutin shifted from 1729 and 1714 cm ™! to 1708 cm !,
indicating these interactions. These peak shifts towards lower wavenumbers reflect the
stronger bonding between the hydroxyl and carboxylic acid groups of the cutin layer,
which is further enhanced by increasing the amount of chitosan in the coating. Coating
with pure chitosan was found to completely cover the mango surface, as confirmed by the
absence of cutin peaks in the FTIR spectrum of GRS0/CS100 sample. Instead, characteristic
peaks associated with chitosan were observed. These include the broad bands at 3352 and
3290 cm ™! corresponding to N-H and O-H stretching, respectively [64]. The absorption
bands at 2939 and 2879 cm ™! correspond to C-H symmetric and asymmetric stretching,
respectively, which are associated with the vibration of the characteristic pyranose ring of
polysaccharides [65]. Residual N-acetyl groups were identified by the band at 1641 cm ™!
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(C=0 stretching of amide I), while the band at 1579 cm~! corresponds to N-H bending of
the primary amine [66]. CH, bending and CHj3 symmetrical deformations were confirmed
by bands at 1418 and 1378 cm ™!, respectively [67]. The band at 1152 cm ™! is assigned to the
asymmetric stretching of the C-O-C in glycosidic linkage, while C-O stretching for primary
alcohol was observed at 1065 and 1028 cm ! [62]. The band at 896 cm ! belongs to CH
out-of-plane bending vibration in the monosaccharide ring [67].

Comparing the FTIR spectra of mango surfaces coated with pure chitosan film (GS0/
CS100) and the GRS/CS polymer blend films, it was observed that the presence of GRS in
the coating led to increased freedom and disorder of the chitosan chains. This can be seen
from the shift in peaks associated with the vibration of the pyranose ring towards higher
wavenumbers as the GRS content increased. It is speculated that the interaction between
chitosan, GRS, and mango cutin occurs primarily through the hydroxyl groups of chitosan.
This is evident from the shifts in the O-H stretching at 3352 cm~! and the C-O stretching at
1065 and 1028 cm~! towards lower wavenumbers with increasing GRS content.

3.2.2. Quality Aspects of the Mango Coated with GRS/CS

Mango samples, treated with film coatings having various GRS/CS ratios, were stored
at room temperature for 10 days, with monitoring of physical appearance and TSS/TA
every 2 days (Figure 9). Initially, all the samples exhibited firm skin without disease symp-
toms. The control and GRS100/CS0 samples developed significant anthracnose symptoms,
expressed as dark, sunken lesions on days 2 and 4, respectively, consistent with observa-
tions by Hadthamard et al. [68] of uncoated samples. The GRS70/CS30 showed symptoms
of stem end rot on day 6. These post-harvest diseases typically manifest several days
after fruit collection, significantly influencing consumer decisions. This study affirms that
coating with chitosan mole fraction from 50% up effectively prevents disease throughout
storage. These findings align with previous observations, indicating enhanced inhibition of
Colletotrichum spp. with increasing chitosan proportions. All GRS-CS treatments satisfac-
torily reduced dehydration and delayed mango ripening. Coated samples demonstrated
less shriveling and color change than the control samples, attributed to the hydrophobicity
of chitosan (high contact angle), which effectively covered lenticels and limited water
migration. The primary function of the coating material is to reduce moisture and gas
permeation between fruit and its environment, resulting in lower respiration rates, reduced
water migration, and delayed ripening [69].

Storage
time Control GRS100/CS0 GRS70/CS30 GRSS50/CS50 GRS30/CS70 GRS0/CS100

Figure 9. The appearances of mangoes without and with the experimental GRS/CS coatings during
storage at room temperature for 10 days.
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During ripening, mangos undergo both physical changes, such as changes in peel and
flesh color and loss of tissue firmness, as well as chemical changes, including heightened
aroma, increased nutritional value, reduced acidity, and higher sugar content. Gas concen-
trations, particularly of oxygen (O,) and carbon dioxide (CO,), play a pivotal role in fruit
ripening by influencing respiration rates. Effective gas control through the barrier proper-
ties of coating materials stands as a crucial solution for extending shelf life. Polysaccharide
coating forms a tightly packed hydrogen-bonded network and serves as an effective oxygen
barrier [70]. The application of chitosan coating successfully reduces the respiration rate
and retards the ripening of mango and avocados [38,71]. Total soluble solids (TSS) relate to
fruit sugar content, increasing as starch converts to sugar during ripening. On the other
hand, titratable acidity (TA) indicates fruit acidity, decreasing with ripening. The ratio
of TSS and TA is widely used to represent fruit taste, as a greater ratio means the fruit is
sweeter and less sour. Initially, all treatments had TSS of 14-16°Brix and TA of 0.2-0.4%.
The TSS/TA ratio (Figure 10) showed two distinct patterns: non-chitosan (control and
GRS coating) and chitosan coating (various chitosan fractions). The non-chitosan group
displayed a typical increasing TSS/TA pattern during storage, indicating ongoing ripening,
with control and GRS100/CS0 reaching 896.5 and 689.6, respectively, after 10 days. Con-
versely, the chitosan-coated group exhibited a stable TSS/TA trend, signifying constant
ripening. Chitosan-coated mangoes had TSS/TA in the range of 50-250, indicative of
a turning ripened stage for Nam Dok Mai mango [72]. This finding demonstrates the
efficacy of chitosan coating in delaying mango ripening. Similarly, other mango varieties
(Tommy Atkins and Apple) exhibited delayed ripening when treated with 2% chitosan.
Silva et al. [73] proposed that chitosan coating delays sugar accumulation and starch con-
version. The findings of this study validate the efficacy of GRS-CS coating in extending
the shelf life of mangoes. Uncoated mangoes met selling standards for 2 days, while those
treated with at least 50% chitosan in coating maintained their quality throughout the entire
10-day storage period.
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Figure 10. TSS/TA ratio for mangoes without and with the experimental GRS/CS coatings during
storage at room temperature for 10 days. Vertical bars represent standard deviations.

4. Conclusions

This study highlights the potential of GRS/CS blends as natural active coatings for
extending mango shelf life, with properties adjustable by varying the molar ratio of GRS
to chitosan. This blending strategy presents a versatile approach for enhancing film prop-
erties across diverse food industry applications. The results show that pH decreased
with chitosan content in GRS/CS blend solutions due to acetic acid solvent for chitosan
dissolution. To address odor and taste limitations of acetic acid, blending chitosan with
GRS was proposed to dilute acetic acid concentration in the film. Moreover, blending
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chitosan with pure GRS increased viscosity, facilitating film formation on produce surfaces
and improving coating effectiveness. GRS/CS blend films with higher chitosan content
exhibited higher density, increased hydrophobicity, and improved mechanical properties,
contributing to better moisture, gas, and contaminant barrier properties and inhibiting
microbial growth. Chitosan’s hydrophobic nature fostered strong interaction with mango
lenticels, ensuring coating integrity and protection against physical damage and microbial
contamination. The GRS/CS coatings with alternative molar proportions on mango sur-
faces significantly improved film adhesion and thickness compared to GRS alone. FTIR
spectroscopy confirmed polymer film interactions with mango surfaces, highlighting its
potential in food science and technology. Coating with GRS/CS blends effectively reduced
post-harvest diseases, delayed ripening, and maintained mango quality during storage.
Overall, GRS/CS blends offer a promising solution for extending mango shelf life, with
potential for similar applications to other produce types.
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Abstract: Efforts to tap into the broad antimicrobial, insecticidal, and antioxidant activities of
essential oils (EOs) are limited due to their strong odor and susceptibility to light and oxidation.
Encapsulation of EOs and subsequent drying overcome these limitations and extend their applications.
This study characterized freeze-dried (lyophilized) emulsions of eugenol (EU) and thymol (TY)
EOs, encapsulated by chemically unmodified cellulose, a sustainable and low-cost resource. High-
resolution scanning electron microscopy showed successful lyophilization. While the observed “flake-
like” structure of the powders differed significantly from that of the emulsified microcapsules, useful
properties were retained. Fourier transform infrared spectroscopy confirmed the presence of EOs
in their corresponding powders and thermo-gravimetric analysis demonstrated high encapsulation
efficiency (87-88%), improved thermal stability and resistance to evaporation, and slow EO release
rates in comparison to their free forms. The lightweight and low-cost cellulose encapsulation, together
with the results showing retained properties of the dried powder, enable the use of EOs in applications
requiring high temperatures, such as EO incorporation into polymer films, that can be used to protect
agricultural crops from microbial infections.

Keywords: cellulose capsules; essential oils; lyophilization; volatiles release rate; biopolymer;
bio-based material

1. Introduction

Essential oils (EOs) are natural compounds present in aromatic and medicinal plants
known for their antimicrobial and pesticidal activities and have been the subject of many
studies [1-10]. EOs are safe for humans, animals, and the environment, and are used in
many applications, including food, cosmetics, personal protective preparations, pharma-
ceutics, and agriculture [4,11-13]. For example, polymer nanofibers containing an inclusion
complex of prochloraz in hydroxypropyl-y-cyclodextrin was recently reported [14]. EOs
are also very volatile, an advantage in applications requiring no direct contact between the
target surface/microorganism and the EO-releasing device, for example, insect repellants
for crop protection [4]. Yet, EOs are limited by vulnerability to light, high temperature,
moisture, and oxygen [12,15,16], and their distinctive strong odor, and poor solubility in
water [17,18]. These characteristics limit their use in industrial applications [19]. Encap-
sulation of EOs can overcome these barriers by decreasing the interactions between the
“core” (i.e., encapsulated ingredient) and the environment [2,18,20-22]. It is an effective
technique to decrease their volatility and sensitivity to environmental conditions, to enable
their controlled release [2,23], decrease their degradation [1], mask their strong organoleptic
characteristics [18], and enhance their antimicrobial activity [3,15,24].

Drying is a common and significant process to convert encapsulated particle emul-
sions into powders. It widens the application range of encapsulated EOs, increases their
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shelf life, and reduces the weight of the final product, resulting in a more economical
transportation [12,25]. Spray-drying and freeze-drying (also referred to as lyophilization)
are common drying methods used in the pharmaceutical and food industries. Spray-drying
is the oldest and most robust method, and is industrially favorable as it enables production
of large quantities at minimal costs [26]. However, the high temperatures used in the spray-
drying process can damage the sensitive ingredients in the sample and may require a more
complex geometry of the high-pressure spraying nozzle. The spray-drying process also
involves high operation and installation costs [27]. Consequently, the lyophilization pro-
cess, which is slower and entails higher energy consumption, is more suitable for delicate
applications [28,29]. During lyophilization, low temperatures (below the freezing point of
water) and a very low pressure (high vacuum) are maintained to enable the sublimation of
water (ice) [22]. The lyophilization process is composed of mainly four stages: (1) freezing,
(2) ice sublimation (primary drying), (3) desorption of unfrozen water (secondary drying),
and (4) storage [26,30-32]. Lyophilization preserves natural ingredients by minimizing
their deterioration due to oxidation [20] and maintains existing emulsion-like cell structures
and characteristics of the original natural ingredients. In addition, due to the ice crystals
formed during the freezing stage, lyophilization results in a porous structure, which may
provide better control of the encapsulated materials’ release [33]. Lyophilization was shown
to be a useful technique for the formation of cellulose aerogels from hydrogels [32]. It was
shown to induce a microstructure with useful properties for advanced applications, such
as water removal from waste emulsions, where the aerogel is actually re-introduced into a
liquid environment [34,35].

Our previous work described a novel method to encapsulate thymol (TY) and eugenol
(EU) EOs using chemically unmodified cellulose [36]. Regenerated cellulose hydrogel
obtained from micro-crystalline cellulose (MCC) was used to form a continuous encap-
sulating shell around the EOs to form micro-particles with diameters of 1-5 pm. For EO
encapsulation, a high-pressure homogenization process (HPH) was applied, while testing
three pressures (5000, 10,000, and 20,000 PSI) and two cellulose:EO weight ratios (1:1 and
1:8). It was found that the pressure applied during the HPH process did not affect the
capsule size, while the cellulose:EO ratio substantially affected both the capsules size and
anti-mold activity of the emulsions. The 1:8 cellulose:EO ratio (optimally prepared by
HPH at 10,000 PSI) yielded capsules of a diameter of about 5 um that exhibited excellent
anti-mold activity for both EU and TY in the alfalfa plant, used as a model system for hay.

To further study aqueous emulsions of cellulose-encapsulated EOs, it is of interest
to investigate the structure, properties, and the possible applications of dried emulsions.
While encapsulation can alleviate some limitations of EOs, the drying of the water-based
emulsions may further contribute to their applicability in industrial uses. For example,
their significantly lighter weight lowers transport costs and extends shelf life. Cellulose-
encapsulated EO powders may be more stable in higher-temperature processes, such
as compounding with polymers and film formation, thus presenting a significant bio-
based alternative to the use of synthetic chemical pesticides. The current work aimed to
characterize the structure and anti-mold capacities of freeze-dried TY and EU encapsulated
by unmodified cellulose.

2. Materials and Methods
2.1. Materials

Eugenol (98%), thymol (98.5%), NaOH, and microcrystalline cellulose (MCC) powder
(batch No. MKC]J3230, particle size 70-250 pm) were purchased from Sigma-Aldrich Co.
(Rehovot, Israel). A similar MCC was previously characterized as having molecular weight
of 50 kDa [37]. Deionized water was used to prepare the emulsion samples.
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2.2. Methods
2.2.1. Encapsulation of Essential Oil Emulsions and Their Lyophilization

EO-—cellulose emulsions were prepared by homogenizing cellulose hydrogel sus-
pension with EOs, as previously reported by Shlosman et al. [36]. Briefly, the hydrogel
suspension was prepared by regeneration from a solution of MCC aqueous 7 wt.% NaOH
at —17 °C. Emulsions were prepared at 1:8 cellulose: EO ratio was made by homogenizing
a mixture consisting of 36.2% regenerated cellulose hydrogel (containing 2 gr of cellulose),
10.7% (16 gr) EO (EU or TY), and 53.1% water using a mechanical homogenizer (T18 digital
Ultra-Turrax, IKA Works, Staufen, Germany), followed by high-pressure homogenization
(HPH, Model LM-20 microfluidizer, Microfluidics, Newton, MA, USA) at 10,000 PSI. The
content of emulsified medium EO in the emulsion corresponds to 88.9%. The obtained
emulsions were centrifuged at a speed of 6000 rpm (relative centrifugal force about 2400 g)
for 7 min in an MRC benchtop centrifuge (SCEN-206, MRC laboratory Instruments Ltd.,
Holon, Israel). Excess water and EOs were removed manually (by pipette) and the dense
emulsion was then lyophilized.

Approximately 1.5 g centrifuged emulsions were placed in a 10 mL glass vial and
positioned on the shelves of a Labconco FreeZone® stoppering tray dryer (model 7948030,
Labconco, Kansas, MI, USA). The lyophilization coil temperature was set to —50 °C and
pressure was set to 0.2 mbar. The samples were cooled to —40 °C and maintained at this
temperature for 48 h, after which, they were heated to room temperature and removed
from the lyophilizer. For reference, a sample of cellulose hydrogel suspension without EOs
underwent homogenizations, centrifugation, and lyophilization. The identification of the
studied samples is given in Table 1.

Table 1. Tested capsules.

Sample ID EO ! Type
Hydrogel_lyo None
EU-1:8-10k_lyo EU
TY-1:8-10k_lyo TY

1 EO—essential oil.

2.2.2. Characterization
Morphological Analysis via Scanning Electron Microscopy and Light Microscopy

The morphology of lyophilized emulsions was studied by scanning electron mi-
croscopy (SEM) and light microscopy. A Zeiss Ultra Plus high-resolution scanning electron
microscope (Carl Zeiss, Jena, Germany) equipped with a Schottky field-emission gun
was used. Specimens were placed on specimen holders and imaged at a low accelera-
tion voltage of 1.0-1.1 kV without metal coating using Everhart-Thornley (“SE2”) and
the In-the-column (InLens) secondary electron imaging detectors. Images were acquired
using SmartSEM softwareV7 (Carl Zeiss, Jena, Germany) and analyzed by Image] 1.53 (U.S.
National Institutes of Health, Bethesda, MD, USA). The overall structure of the lyophilized
specimens and after slight milling (placed on a glass slide) was observed using an Olympus
BX60 light microscope equipped with an MPLFLN lens unit, using a transmission light
source (Evident Corp., Waltham, MA, USA). Stream Essentials 2.4 software (Olympus
Scientific Solutions, Evident Corp., Waltham, MA, USA) was used to record and analyze
images.

Chemical Composition of the Lyophilized Powders

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spec-
troscopy was used to identify the functional groups of EOs and cellulose in respective
powders. A Perkin Elmer Fourier transform infrared spectrophotometer (Perkin Elmer
FTIR Spectrum BX II, Waltham, MA, USA) was used in attenuated total reflectance (ATR)
mode and acquired at a spectral range of 4000-500 cm~! at a resolution of 4 cm~!, for
32 cycles. Perkin Elmer spectrum IR version 10.6.1 software was used for the analysis.
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Thermal Analysis

The thermal stability and composition of the micro-capsules, as well as the EO re-
leasing rates from the capsules, were studied using thermo-gravimetric analysis (TGA)
(TGA Q5000 system, TA instruments, New Castle, DE, USA) equipped with a ceramic pan.
Dynamic TGA was performed to assess thermal stability and % encapsulation efficiency
(%EE), and for compositional analysis. Samples were heated from room temperature up to
800 °C at a heating rate of 10 °C/min, under nitrogen atmosphere. To study the EO release
rates from the capsules, a static TGA program was used: the samples were heated to 40 °C
and 50 °C (for EU and TY, respectively) at a heating rate of 20 °C/min and maintained at
this temperature for 900 min. The weight loss in both dynamic and static TGA modes was
monitored throughout the experiment and EO content in each sample was calculated. Each
measurement point represents an average of two measurements and a bar representing the
upper and lower values is specified in the corresponding graphs.

Encapsulation efficiency: Different procedures have been reported in the literature for
calculation of the % encapsulation efficiency (EE), most of which are based on different
extraction and filtration methods [26,38—41]. All the methods require knowledge of the
initial amount of EO incorporated into the formula and the actual amount of EO present in
the sample, as given by Equation (1) [39]:

EO content in powder

EE(%) = EO content in feed liquid x 100% @

3. Results and Discussion
3.1. Morphology of Lyophilized Emulsions

Figure la—c depicts the morphology of the lyophilized emulsions, as viewed by SEM.
A morphology of irregular porous flakes with sharp edges was observed and is considered
to be made of the aggregated particles. In contrast to the emulsions [36], the cryo-electron
microscopy found no individual micron-sized particles. A similar morphology of freeze
dried capsules (not ground) was previously reported by several researchers, who described
the structure as “cake-like” [26], “slab-like” [42], “flake-like” [43], and “broken glass-
like” [28,39], implying that lyophilized material is characterized by non-spherical particles.
This structure likely resulted from the concentration of emulsion droplets and remaining
free hydrogel particles, first by centrifugation, followed by the front of crystallizing water
during freezing. During coalescence and vitrification at low temperatures, the forces
between the impinging crystal fronts are not strong enough to break the vitrified mass into
droplets. The pores may have formed by the sublimation of ice crystals [26,28,30,39,42,43].
Agglomeration of cellulose fibrils into sheet-like structures, induced by the ice crystal
formation, has been observed in freeze-dried bacterial cellulose (BC) cryogels [32]. Freeze-
dried aqueous BC suspensions were shown to exhibit “interlinked sheets” with “irregularly
shaped macro-pores” [35].

SEM analyses performed at higher magnification are presented in Figures S1-S3 in the
Supplementary Materials. The higher resolution enabled imaging the hydrogel structure
as a porous network, similar to that observed by cryogenic SEM analysis of the original
emulsions [36]. Flake thickness was found to be between 80 and 300 nm.

Light microscopy images of the lyophilized powder structure before (Figure 1d—f) and
after light manual milling (Figure 1g-i) showed irregular-shaped agglomerates with a flaky
texture, regardless of the application of milling. Light manual milling had no effect on the
observed particles” morphology. Thus, it was concluded that SEM images captured directly
after sample lyophilization well represent the actual sample morphology.
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Figure 1. SEM (a—c) and light microscope (d-i) images of lyophilized samples of (a,d,g) hydrogel_lyo,
(b,e,h) EU-1:8-10k_lyo and (c,f,i) TY-1:8-10k_lyo. Lyophilized specimens (d—f) before and (g-i) after
light milling.

3.2. Chemical Composition of the Lyophilized Powders Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR spectra of the lyophilized samples of cellulose hydrogel, cellulose-encapsu-
lated EO and TY, and free EU and TY, are presented in Figure 2. Absorption peaks which
are characteristic of cellulose, EU, and TY [36] were observed, and indicated successful
encapsulation of EU and TY. The characteristic bands of cellulose attributed to the presence
of OH groups (3000-3700 cm ') and C-H stretching vibration (893 cm~?, 2877 cm~! and
1030 cm ') were clearly seen in the spectra of lyophilized cellulose. The O-H bending vi-
bration (1636 cm 1), due to adsorbed water molecules, was also observed in the lyophilized
cellulose FTIR-ATR spectra [44,45]. Characteristic EU FTIR bands included stretching vi-
bration of the aromatic C—C bond (1510, 1607, 1638, and 3525 cm™1), asymmetric stretch
of C-O-C bonds (1121, 1147, 1181, and 1202 cm ™), alcoholic C-O vibrations (1033 cm™1),
and C-H bonding vibrations originated in the CH, and CHj groups (792, 994, 3000, and
3062 cm 1) [24,36,46-49]. TY FTIR was characterized by phenolic O-H stretching vibration
(3000-3500 cm 1), C-O stretching vibration (1157, 1195 cm ™), C-H bonds (2865, 2926,
2958 cm’l), C-H stretching vibrations (1418, 1459 Cm’l), and aromatic C=C stretching of
benzene ring (1622 cm~!) bands [36,50-52]. Similar bands were also observed in the corre-
sponding lyophilized samples EU-1:8-10k_lyo and TY-1:8-10k_lyo indicating the presence
of the respective EO in the lyophilized samples. Slight shifts of absorption bands were also
observed, indicating different interactions between constituents [24]. The presence of cellu-
lose and absorbed water in both lyophilized samples was also apparent from the wide band
at 2980-3700 cm . Overall, FTIR analysis indicated successful lyophilization, whereby
the EOs content was preserved in the capsules, in agreement with FTIR results previously
reported for EO emulsions [36], which showed that no chemical changes occurred during
encapsulation of EU and TY EOs.
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Figure 2. FTIR-ATR spectra of Hydrogel_lyo together with (a) free EU and EU-1:8-10k_lyo and
(b) free TY and TY-1:8-10k_lyo.

3.3. Thermal Stability and EO Content of the Lyophilized Powders

Thermo-gravimetric analysis (TGA) is a powerful tool that can be used to obtain infor-
mation on the thermal stability, composition (including moisture content), % encapsulation
efficiency (%EE) and release rates of encapsulated EOs after lyophilization [50,53,54]. TGA
graphs taken in dynamic mode reflect the sample’s weight loss during its heating at a
constant rate. Figure 3 presents TGA and derivative TG (DTG) of Hydrogel_lyo, free EU
and TY, EU-1:8-10k_lyo and TY-1:8-10k_lyo. The thermograms of free EU [24] and TY [52]
are characterized by a single peak in the temperature range of 25-100 °C, attributed to their
evaporation, due to their high volatility. The differential analysis indicated that the peak
temperatures of maximum rate for this phase transition were 104.6 and 84.2 °C for free EU
and TY, respectively. The thermogram of Hydrogel_lyo was characterized by two weight
loss stages. The first, in the temperature range of 25-100 °C, can be attributed to the loss
of surface-absorbed water [55,56] and corresponded to 7.6% of the sample weight. The
second weight loss stage of about 70%, seen in the temperature range of 100-700 °C, can be
attributed to cellulose decomposition, by the breakdown of glycosyl units. A 21.6% residue
(quantified at 800 °C) was present in the sample. The thermograph was slightly different
than that of MCC thermograms published in the literature, due to the more amorphous
structure and lower molecular weight of the cellulose hydrogel compared to crystalline
MCC [56,57], as was shown in several studies characterizing regenerated cellulose by
viscosity and by GPC [58], and its structure by X-ray diffraction [59,60]. The thermograms
of EU-1:8-10k_lyo and TY-1:8-10k_lyo were characterized by three weight loss stages. The
first, attributed to moisture contents of 5.2% and 1%, was recorded in the temperature
range of 25-65 °C and 25-50 °C for EU-1:8-10k_lyo and TY-1:8-10k_lyo, respectively. The
second weight loss, attributed to the evaporation of the encapsulated EO, measured 77.5%
and 78.5% for EU-1:8-10k_lyo and TY-1:8-10k_lyo, respectively. This quantification was
performed up to the temperature of 200 °C, starting at the temperature at which water
ceased to evaporate. The third decomposition stage, observed in the temperature range of
200-500 °C, can be attributed to the decomposition of cellulose, and measured 13.9% and
16.7% for EU-1:8-10k_lyo and TY-1:8-10k_lyo, respectively. The residual content, quantified
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at 800 °C, measured 2.5% and 3.5% for EU-1:8-10k_lyo and TY-1:8-10k_lyo, respectively.
These results complement the FTIR analysis and indicate that EU and TY were well en-
capsulated by the regenerated cellulose hydrogel. When considering the temperature at
which the EOs begin to evaporate and the peak temperature of maximum evaporation, it
can be seen that the peak temperature at the maximum evaporation rate increased from
104.6 °C to 110 °C and from 82.4 °C to 91.7 °C for EU-1:8-10k_lyo and TY-1:8-10k_lyo,
respectively. These results support the suggested use of the dried capsules in applications
demanding high temperature, such as compounding and extrusion with polymers, used
in packaging [61,62] and post-harvest disease protection [63]. An interesting effect was
observed regarding the maximum evaporation rate temperature for the decomposition
of cellulose: while the peak temperature for Hydrogel_lyo was 303 °C, when used as a
shell material, the peak temperature increased to about 340 °C for both encapsulated EO
samples. This can be explained by interactions between cellulose and EOs, leading to a
more thermally stable structure. The weight percentages of each ingredient in the different
samples and peak temperature of EO evaporation are summarized in Table 2.
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Figure 3. Thermal analyses of Hydrogel_lyo, free EU, free TY, EU-1:8-10k_lyo and TY-1:8-10k_lyo:
(a) TGA and (b) DTG thermographs Inset: zoom-in of DTG in the range of 25-400 °C.

By using Equation (1), a very high %EE of 87% and 88% was achieved for EU-1:8-
10k_lyo and TY-1:8-10k_lyo, respectively. While high %EE can also be achieved using
spray-drying, the high %EE of lyophilization with the use of crop-waste encapsulating
material can provide effective alternative for industrial-scale processes [64-66].
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Table 2. Summary of compositions and thermal stability of tested samples !.

Moisture o Decomposed Cellulose Peak Temp. of EO Maximum
Sample Content (%) EO Content (%) antent (%) Evapolr)ation Rate (°C)
Hydrogel_lyo 7.6 (2.3) 0 70 (0.1) -
Free EU 0 100 0 104.6
Free TY 0 100 0 82.4
EU-1:8-10k_lyo 5.2(1.7) 77.5(9.4) 13.9 (3.8) 110
TY-1:8-10k_lyo 1(0.8) 78.5(3.2) 16.7 (5.9) 91.7

1 Average of two measurements (difference between the two measurements).

The thermal analyses complement the FTIR tests, demonstrating the successful in-
clusions of EOs in an unmodified cellulose shell, and their retention in the lyophilized
structure. Increased thermal stability observed for encapsulated EU and TY compared to
their corresponding free EOs, indicates that their encapsulation increases their resistance to
evaporation [41,50,52,67,68].

Release rate: Static TGA can also provide valuable information on EO release rates
from the capsules. In such assessments, the samples were heated to a desired temperature
(40 °C for EU and EU-1:8-10k_lyo and 50 °C for TY and TY-1:8-10k_lyo) and retained at
that temperature for 900 min, while the weight loss was monitored. In order to optimize
the test temperature for the different samples, a preliminary test was performed on free TY
at 40, 50 and 60 °C, as shown in Figure 4. It can be seen that while maintained at 60 °C, all
the TY evaporated within 300 min, while at 40 °C, there was almost no loss of TY (6.1%
weight loss after 480 min), attributed to the fact that TY is solid at this temperature (its
melting temperature is 52 °C [51]), with low vapor pressure. Thus, the temperature for the
experiment testing TY release was set to 50 °C. Unlike TY, EU is liquid at room temperature,
enabling the above test to be performed at 40 °C in an acceptable time frame; hydrogel_lyo
was also analyzed at 40 °C.
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Figure 4. Static TGA of free TY performed at 40, 50 and 60 °C. Each point represents an average
of two measurements; the error bars represent the upper and lower values. Inset—zoom-in of the
measurements at 40 °C.

Figure 5a—c shows the static TGA measurements of the studied samples. Figure 5a
depicts the weight loss % of Hydrogel _lyo at 40 °C. Neither thermal degradation nor
evaporation occurred at this temperature, therefore the weight loss observed can be fully
attributed to moisture absorbed on the cellulose surface (corresponding to the amount
observed in Figure 3 and listed in Table 2). After 10 min, 50 min, and 100 min, 76, 90,
and 94% of the moisture content had evaporated, respectively, and a plateau was reached
within 150 min. For the lyophilized samples, the initial weight loss (during the first
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150 min) includes both water and EO evaporation. Therefore, in this time frame, the
weight loss of water was considered to be equal to the water weight loss % observed in
the Hydrogel_Lyo, Figure 5a (raw data and water-subtracted data are given in Tables S1
and S2, respectively). The water-subtracted weight loss of lyophilized samples was further
normalized by dividing with the EO content of the respective lyophilized powders and
presented in Figure 5b,c (normalized data are given in Table S3 in SI).
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Figure 5. Static TGA; % weight loss over time for (a) Hydrogel_lyo performed at 40 °C, (b) free
EU and EU-1:8-10k_lyo performed at 40 °C, and (c) free TY and TY-1:8-10k_lyo performed at 50 °C.
An average of two measurements is presented. The error bars connect the measured values, when
shown, otherwise the measurements were identical. In (b,c), for comparison purpose with free EO,
the weight loss of lyophilized samples is presented after water subtraction and normalization to EO
content, as explained in the text and SI.

The main quantitative analysis was made within a time frame of 400 min, but to
further understand the release rates at much longer times, weight loss was monitored for
900 min at the predefined temperature. Free EU and EU-1:8-10k_lyo exhibited a linear rate
of weight loss (R? = 0.99, slope = 0.1%/min and R? = 0.99, slope = 0.05% /min, respectively).
Weight loss of free EU measured 43% after 400 min and 83% after 900 min, while EU-1:8-
10k_lyo exhibited only 19% weight loss after 400 min and 48% weight loss after 900 min.
Taken together, the encapsulated EU exhibited a significantly lower weight loss rate than
free EU (by about 45% after 400 and by 58% after 900 min). Free TY also exhibited a
linear rate of weight loss (R? = 0.99, slope = 0.3%/min), with 99% of the total weight
lost within 400 min. Unlike neat TY, TY-1:8-10k_lyo presented a non-linear release rate,
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with two successive nearly linear release processes: first, a quick release stage within a
time interval of 0-150 min (R? = 0.93, slope = 0.2%/min) with a total weight loss of 33%,
and a second stage, characterized by a much slower release rate after 200 min (R? = 0.95,
slope = 0.03%/min), ending with a weight loss of 57% after 900 min.

Such forms of weight loss and the difference between the release profiles of the encap-
sulated EU and TY can be explained by consideration of the components’ thermodynamic
properties and the capsule structure. The higher boiling point of EU compared to TY
(254 °C and 233 °C, respectively) [69,70] implies that TY possess a higher vapor pressure
in the liquid form in comparison to EU. Thus, the initial release rate TY is higher than
that of EU at the tested temperatures (50 °C and 40 °C, respectively). Additionally, the
encapsulating shells of the initial emulsions present another barrier for EO diffusion. Ow-
ing to breakage of a certain portion of the capsules during lyophilization, free EO can be
considered to be present in the lyophilized powder in addition to encapsulated EO, which
affects the release profile. The static TGA results complement thermal analysis performed
by dynamic TGA and further demonstrate the successful encapsulation of EOs in the
powder form. The release rate of EOs is a function of their volatility (i.e., vapor pressure);
by increasing EO resistance to evaporation by their encapsulation (as shown in Figure 3),
their release rate is slowed as EO diffusion through the capsule shell is slower than its
diffusion in the free form. Such decreased release rates improve EO retention, which is a
particular benefit for certain applications, e.g., incorporation of EO-loaded capsules into
polymeric materials for enhanced antimicrobial activity of plastic films.

4. Conclusions

In this work, emulsions of EU and TY encapsulated in cellulose were successfully
dried by lyophilization. The combination of the previously reported EO encapsulation
method, with a subsequent lyophilization process resulted in high encapsulation efficiency
and fabrication of well-dried emulsions, with extremely low moisture content, as well
as maintenance of the porous structure. The lyophilized powder exhibits a “flake-like”
structure, significantly different from that of the emulsified microcapsules. The chemically
unmodified cellulose shell material increased thermal stability and decreased the release of
the encapsulated EOs. When compared to the liquid emulsions, the dry form of encapsu-
lated EOs extends potential industrial applications, such as EO incorporation into products
that are subjected to intense thermal treatment, including compounding with polymer
melts and fabrication of plastic articles. This can provide prolonged antimicrobial activity
in household and agricultural applications with a reduced harmful impact on health and
the environment.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym16101422/s1, Figure S1: HR-SEM micrographs of hydrogel_lyo at
different magnifications. Dashed yellow circles indicate the area focused in the subsequent image;
Figure S2: HR-SEM micrographs of EU-1:8-10k_lyo at different resolutions magnifications. Dashed
yellow circles indicate the area focused in the subsequent image; Figure S3: HR-SEM micrographs of
TY-1:8-10k_lyo at different resolutions magnifications. Dashed yellow circles indicate the area focused
in the subsequent image; Table S1: TGA Raw data for weight loss; Table S2: TGA water-reduced data
for weight loss: Eugenol @ 40 C, Thymol @ 50 C; Table S3: TGA normalized data for weight loss.
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Abstract: Microbial exopolymers are gaining attention as sources for the development of biodegrad-
able materials. Milk kefir, a fermented dairy product produced by a symbiotic community of
microorganisms, generates milk kefir grains as a by-product, consisting of the polysaccharide kefiran
and proteins. This study develops two materials, one from whole milk kefir grains and another from
purified kefiran. Film-forming dispersions were subjected to ultrasonic homogenisation and thermal
treatment, yielding homogeneous dispersions. Kefiran dispersion exhibited lower pseudoplastic
behaviour and higher viscous consistency, with minimal effects from glycerol. Both films exhibited
continuous and homogeneous microstructures, with kefiran films being transparent and milk kefir
films displaying a yellowish tint. Analysis revealed that milk kefir films comprised approximately
30% proteins and 70% kefiran. Kefiran films demonstrated stronger interpolymeric interactions,
as evidenced using thermogravimetric and mechanical tests. Glycerol increased hydration while
decreasing thermal stability, glass transition temperature, elastic modulus, and tensile strength in
both films. However, in kefiran films, elongation at the break and water vapour permeability de-
creased at low glycerol content, followed by an increase at higher plasticiser contents. This suggests
an unusual interaction between glycerol and kefiran in the absence of proteins. These findings
underscore differences between materials derived from the whole by-product and purified kefiran,
offering insights into their potential applications.

Keywords: polysaccharide-based films; biomass-based films; milk kefir; kefiran; plasticisation;
antiplasticisation; glycerol

1. Introduction

Natural polymers have been continuously explored for applications in materials sci-
ence due to their biodegradable nature and renewability, which makes them attractive in the
context of the development of more environmentally friendly materials and processes [1-3].
Despite their hydrophilicity, which presents challenges in certain applications, biopoly-
meric materials derived from proteins and polysaccharides have been extensively studied.
These investigations have shown them to be promising alternatives, particularly in the field
of food packaging, to helping develop eco-friendly solutions [4-6]. Materials derived from
microbial exopolysaccharides, either purified or combined with the biomass components
from which they originate, have garnered significant attention due to their versatility and
potential to replace conventional non-biodegradable materials [7-10]. This growing interest
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reflects a continuing shift towards packaging solutions that are not only functional, but are
also sustainable, helping to reduce the use of traditional plastic packaging.

Plasticisers are essential for enhancing the integrity and mechanical properties of
biopolymeric films [1,4,6]. Typically, plasticisers are small molecules, with glycerol—a
single triol compound—being the most commonly used in biopolymer-based films due to
its good miscibility and low cost [1,11]. It has been suggested that plasticisers destabilise
interpolymeric hydrogen bonds, reducing intermolecular forces, and thereby increasing
the mobility and the space between polymer chains [6,7,11]. Consequently, plasticisers
can modify mechanical properties, such as reducing tensile strength and hardness, while
increasing the elongation at break and the flexibility and fracture resistance of the poly-
mer matrix [6,9]. In contrast, plasticisers usually increase the hydration of the film and
decrease the water vapour barrier properties [7,12]. Despite these general trends, further
investigation is needed to fully understand the complex interactions between biopolymers
and plasticisers, which could clarify unresolved questions regarding film behaviour [11],
including the mechanisms behind antiplasticisation [13-15].

Exopolysaccharides are extracellular polysaccharides produced by many bacteria and
secreted by specific membrane proteins [16,17]. These exopolysaccharides typically have
a high average molecular weight and high polydispersity, accumulating extracellularly
and imparting a gelatinous appearance to the culture [17]. Milk kefir, a fermented dairy
beverage produced by a symbiotic community of bacteria and yeasts, generates a by-
product known as milk kefir grains, primarily consisting of kefiran exopolysaccharide with
a secondary fraction of proteins [10,18]. Kefiran is a branched heteropolysaccharide, slightly
yellow, water-soluble, and composed of approximately equal amounts of D-glucose and
D-galactose [8,10,19,20]. It is typically produced by several Lactobacillus species including L.
kefiranofaciens, L. kefirgranum, and L. parakefir, as well as by other unidentified Lactobacillus
species [19]. These bacteria excrete kefiran polysaccharides with elevated molecular weights
and polydispersity [8,18], ranging from 50 to 15,000 kDa [8]. Kefiran has attracted significant
attention due to its unique properties, including rheological and mechanical behaviours,
antioxidant and biocide activities, and health-promoting effects [20].

Kefiran is a neutral polysaccharide with numerous hydroxyl groups, which gives it
a polar and hydrophilic character [21]. Previous research has demonstrated the capac-
ity of kefiran to form films with promising functional properties, making it suitable for
applications such as food packaging [21-26]. However, several aspects regarding the
development and properties of kefiran-based films require further improvements and
clarification. For instance, these films were produced from dilute kefiran dispersions of
1 wt% [21,22] and 2 wt% [23-26], which may lead to excessively thin films or high drying
energy demands [27]. Furthermore, kefiran-based films have been reported to exhibit
unexpected behaviours, such as a decrease in water vapour permeability with the addition
of glycerol [22] and an increase in elastic modulus at low glycerol concentrations [26]. More-
over, the question of utilising the whole biomass of milk kefir grains for film production
remains unexplored. This is relevant, as using the integral by-product of fermentations for
film production could prove to be cost-effective, eliminating the need for separation and
purification, and may result in films with remarkable physical-chemical properties and the
retention capacity of natural bioactive substances [7,9,10].

To address these challenges, this study aimed to develop films using both the integral
biomass of milk kefir grains and purified kefiran. The films were obtained from film-
forming dispersions containing 5 wt% of milk kefir grains and 5 wt% kefiran, which
were subjected to sequential physical treatments including ultrasonic homogenisation
and thermal processing. To study the role of the plasticiser, both types of films were
produced with varying glycerol concentrations. The rheological properties of the film-
forming dispersions were studied, and the resulting films were characterised in terms of
colour, microstructure, spectroscopy, thermal properties, mechanical strength, hydration,
and water vapour permeability.
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2. Materials and Methods
2.1. Materials

Milk kefir grains LOMCEM SMK1 were acquired from a household in La Plata,
Argentina, and stored frozen at —20 °C. Homogenised commercial milk with a standardised
fat content of 3% (Ilolay, Santa Fe, Argentina) and pharmaceutical-grade ethanol 96% v/v
(Bialcohol, Cérdoba, Argentina) was purchased at a local market. Silica gel, analytical
grade glycerol, and analytical-grade salts used for the preparation of saturated solutions
were acquired from Biopack (Zarate, Argentina). Kjeldahl and thin-layer chromatography
(TLC) reagents were obtained from Sigma (St. Louis, MO, USA).

2.2. Milk Kefir Grains and Culture Conditions

Milk kefir grains were reactivated through successive subcultures at 22 °Cin 1 L
of milk cultivation medium containing around 100 g of kefir grains. The medium was
exchanged daily with fresh culture medium to sustain grain viability. This process was
repeated multiple times to increase the biomass of milk kefir grain, resulting in a fivefold
increase after ten subcultures. For film preparation and kefiran purification, the grains were
separated from the fermented liquid by filtration using a plastic sieve, and were washed
five times by immersion in 2 L of distilled water. The grains were then lightly pressed to
remove excess water. The dry matter (d.m.) content of the washed and pressed milk kefir
grains was 0.15 g per g, determined by drying at 105 °C. The protein content in the dried
milk kefir grains was 30 =+ 1%, measured with the Kjeldahl method [28] using a Kjeltec®
8100 distillation module (Foss, Hillered, Denmark) coupled with a DT2508 digestor module
and a SR210 scrubber (Foss, Hillerad, Denmark).

2.3. Kefiran Isolation and Purification

Kefiran was extracted from the washed and pressed milk kefir grains, and was pu-
rified using a procedure based on the method developed by Rimada and Abraham [29],
with slight modifications. Briefly, the washed and pressed milk kefir grains were treated
in boiling water at a ratio of 1:10 w/w for 45 min with continuous stirring. The mixture
was then cooled and centrifuged (Avanti J-26 XP centrifuge, Beckman, Brea, CA, USA) at
10,000% g for 20 min at 20 °C to precipitate microbial cells and proteins. The supernatant
was collected, and two volumes of ethanol cooled to —20 °C were added to precipitate the
polysaccharide. The entire mixture was stored overnight at —20 °C. Then, the precipitated
polysaccharide was separated by centrifugation at 10,000x g and 4 °C for 20 min. The
resulting pellets were dissolved in hot distilled water, and the precipitation procedure
was repeated twice. Finally, the precipitate was dissolved in hot distilled water, and the
resulting kefiran solution was freeze-dried. The absence of other simple sugars (mono or
di saccharides) in the samples was confirmed using qualitative thin-layer chromatography
(TLC) following the methodology published by Piermaria et al. [18]. The protein concentra-
tion in the freeze-dried kefiran, determined using the Kjeldahl method [28], was found to
be less than 0.1%.

2.4. Preparation of Film-Forming Dispersions of Milk Kefir and Kefiran

The washed and pressed milk kefir grains were used to prepare a dispersion containing
5 wt% d.m. in distilled water. The procedure for obtaining the milk kefir film-forming
dispersion was similar to that previously developed in our laboratory for the production
of water kefir film-forming dispersions [7,30]. Briefly, the dispersion was subjected to
high-speed homogenisation at 18,000 rpm for 5 min using an Ultraturrax T-25 device
(IKA Works, Inc., Staufen, Germany) to disrupt the grain structure. This was followed
by ultrasonic homogenisation at 80 W with an Ultrasonic processor VCX-750 (Sonics and
Materials, Inc., Newtown, CT, USA) for 15 min, using cycles of 30 s of pulsing and 30 s
of rest to ensure complete disintegration of the grains. Thermal treatment at 90 °C in a
water bath was then applied for 20 min to unfold the biopolymers and deactivate any
residual enzymes and microorganisms. Following this, the dispersion underwent a second
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high-speed homogenisation at 15,000 rpm for 1 min to break down any aggregates formed
during the thermal treatment. Finally, a second ultrasonic homogenisation was performed
under the same conditions as the first to ensure the production of a fine dispersion.

The freeze-dried kefiran was used to prepare a dispersion containing 5 wt% d.m. in
distilled water. This dispersion was subjected to the same ultrasound-temperature-ultrasound
treatments as the milk kefir dispersion to obtain the kefiran film-forming dispersion.

Both film-forming dispersions were exposed to a complete degassing process for
30 min using a vacuum pump. Subsequently, pure glycerol was added to dispersions at
levels of 0, 10, 20, and 30 wt% with respect to d.m., followed by stirring for 15 min.

2.5. Preparation of Milk Kefir Films and Kefiran Films

To achieve films with a thickness of approximately 0.15 mm, 20 g of the film-forming
dispersion were placed in each plastic Petri dish of 86 mm in diameter. Water evaporation
was performed at 40 °C and 40% relative humidity (r.h.) by casting in a ventilated oven
(Sanyo MOV 212F, Moriguchi, Japan) until the water content in the films reached between
10 and 15%, a process that took around 12 h. Subsequently, the films were stored at 22 °C
and 43% r.h. For experimental purposes, the films were then equilibrated at 22 °C in
desiccators at various r.h. levels, achieved using saturated solutions of NaOH, MgCl,,
K,CO3, Mg(NOs),, NaBr, NaCl, and BaCly, to generate atmospheres of 10, 33, 43, 52, 57, 75,
and 90% r.h., respectively. Dried atmospheres were created using silica gel.

2.6. Characterisation
2.6.1. Rotational Rheology Measurements of the Film-Forming Dispersions

Flow curves were acquired through rotational experiments utilising an AR-G2 rheome-
ter (TA Instruments, New Castle, DE, USA) fitted with a 2° steel cone geometry (40 mm
in diameter and 55 um of truncation gap). Measurements were conducted in triplicate
at 22 °C using 0.6 mL of film-forming dispersions, with shear rates ranging from 0.005 to
1000 s~1. Shear stress T (Pa) as a function of shear rate ¢ (s~!) was recorded, and the
resulting curves were fitted with the Herschel-Bulkley model as described in Equation (1):

T=1+K9y" 1)

where 1) (Pa) is the yield stress, representing the maximum value of T for a strain rate equal
to zero, K is the fluid consistency index, linked to the apparent viscosity of the dispersion,
and n is the flow behaviour index indicating the deviation to Newtonian flow type (n > 1
for dilatant and 7 < 1 for pseudoplastic fluids). The experimental data were fitted using
OriginPro 8 (OriginLab Corporation, Northampton, MA, USA).

2.6.2. Visual Appearance, Quality Evaluation, Thickness Measurements, and Density
of the Films

The visual examination of the films was conducted using a Samsung SM-A145M
camera, capturing photographs of the sample surfaces from a height of 20 cm under natural
light. The quality assessment of the films, focused on handleability, homogeneity, and
continuity, was evaluated in three independent replicates [30,31]. The thickness of the
films was measured with a digital calliper (:I:lO’6 m; 3109-25-E, Insize Co., Suzhou, China).
Measurements were taken at 20 distinct positions on each film, resulting in an average
thickness of around 0.15 mm per specimen. For density determination of the dried films,
circular samples with an area of 58 cm? were dehydrated in containers with silica gel for
10 days. The films were then weighed using an analytical balance (=10~* g). The density
of the dried film pg . (g m~3) was calculated using Equation (2):

pa.f. = m/(AL) )

where m is the dry mass (g), A the area (m?), and L is the thickness (m).
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2.6.3. Colour Determination (CIELab Coordinates) of the Films

The colour of the samples was assessed with a Konica Minolta CR-400 colourime-
ter (Tuscaloosa, AL, USA) using illuminant C and a 2° observer following the CIE 1931
standard [32]. The films were placed on a white background, and the CIELab colour space
was utilised to determine the parameters L* (lightness), a* (green to red), and b* (blue to
yellow). The total colour change AE was calculated using Equation (3):

AE = \/(L* — Lo)* + (a* — ag)” + (b* — by)” ®)

where Ly, ag, and by represent the coordinates corresponding to the unplasticised kefiran
film, considered the reference to determine the colour change. Measurements were taken
at five different points for each formulation.

2.6.4. Microstructural Characterisation Using Scanning Electron Microscopy (SEM)

The microstructure of the films was investigated by observing the surfaces and cross-
sections using a scanning electron microscope FEI-Quanta 200 (Fei Co., Hillsboro, OR, USA)
operated at 15 kV. Cross-sections were prepared by cutting the samples at —20 °C with a
sharp blade. Subsequently, all of the samples were placed in the specimen holder and stored
at 22 °C and 43% r.h. To enhance visibility under the microscope, the samples were coated
with a layer of gold. Images of the surfaces (magnification 3000 x ) and cross-sections (mag-
nification 1000x and 20,000 x ) of the films were acquired under high-vacuum conditions.

2.6.5. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectroscopy
Analyses of the Films

Infrared spectra of films were recorded in the range of 4000-500 cm ! using a Fourier-

Transform Infrared Analyser (FTIR) Shimadzu IR-Affinity (Shimadzu Co., Kyoto, Japan)
equipped with an attenuated total reflectance monolithic diamond crystal module (Glad-
iATR, Pike Technologies, Madison, WI, USA). The spectra were obtained by averaging
48 scans with a resolution of 4.0 cm ! and Happ-Genzel apodisation. A blank spectrum
was recorded before each test to account for humidity and carbon dioxide in the air by
subtracting their effects from the spectra. Each measurement was performed in triplicate.

2.6.6. Thermogravimetric Analyses (TGA) of the Films

To investigate the thermal degradation of the films, the weight loss of the samples as a
function of temperature was recorded using a TA Instruments Q-500 thermogravimetric
analyser (New Castle, DE, USA). Before the experiment, the samples were equilibrated
at 22 °C and 52% r.h. Approximately 3 mg of each sample was placed in a platinum
sample pan and heated from 40 to 800 °C at a rate of 10 °C per minute. The experiments
were carried out in triplicate under a nitrogen atmosphere with a flow rate of 60 mL
per minute. The initial degradation temperature (Tj) was defined as the temperature at
which 15% of the weight had been lost. The temperature corresponding to the maximum
degradation rate (T'max) was obtained from the peak of the derivative of the weight loss with
respect to temperature using the TA Universal Analysis software (v4.5, TA Instruments,
New Castle, DE, USA).

2.6.7. Differential Scanning Calorimetry (DSC) Studies of the Films

The thermal behaviour of films under controlled heating was analysed using a differ-
ential scanning calorimeter (TA Instruments Q200, New Castle, DE, USA). Film samples
were placed into Tzero® aluminium pans (TA Instruments, New Castle, DE, USA) and
dehydrated at 22 °C in containers with silica gel for 10 days. Subsequently, the pans were
rapidly sealed with hermetic lids, each containing approximately 3 mg of dried samples.
Thermograms were obtained within a range from —80 °C to 180 °C, with an initial equi-
libration step at —80 °C for 1 min, followed by a temperature increase at a rate of 10 °C
per minute. Glass transition temperatures (Tg) were determined at the midpoint using
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the TA Universal Analysis software (v4.5, TA Instruments, New Castle, DE, USA). The
experiments were conducted in triplicate.

2.6.8. Mechanical Uniaxial Tensile Experiments of the Films

Uniaxial tensile tests of the films were performed using a Universal Testing Machine
(TC-500 II-Series, Micrometric, Buenos Aires, Argentina) equipped with a 300 N cell.
Rectangular samples of 50 mm in length and 10 mm in width were prepared. The samples
were equilibrated in an atmosphere at 52% of r.h. and then placed between the machine’s
jaws with an effective gauge length of 25 mm. The testing speed was set at 5 mm per minute,
and ten specimens of each composition were tested at 22 °C. Elongation at break (es,, %),
maximum tensile strength (TSmax, MPa), and elastic modulus (Y, MPa) were calculated
from the resulting stress—strain curves, with averages taken from ten replicates, following
the guidelines of ASTM D882 1997 [33].

2.6.9. Water Sorption Isotherms of the Films

Water sorption isotherms were determined gravimetrically at 22 °C, following the
standard procedure previously described [20]. Dried film samples, each with a superficial
area of 58 cm?, were placed in 3 L desiccators at different water activities (a;,). The samples
were periodically weighed using an analytical balance (+10~* g), and the moisture content
was monitored at each condition until a constant weight was achieved. The water content,
or hydration (%), was expressed in units of g of water per g of d.m. and was evaluated as a
function of a;, (2 = % r.h./100). Experiments were conducted in triplicate, and the resulting
isotherms were fitted using the Guggenheim—Anderson-De Boer (GAB) model [34], as
shown in Equation (4):

Nckay,

h(aw) = [(1+ (¢ —1)kay) (1 — kay)]

(4)

where N represents the monolayer water content (g of water per g of d.m.), which is
associated with the primary binding sites of hydration water molecules; c is a parameter
related to the sorption heat of the monolayer, reflecting the binding force of water to the
monolayer; while k is related to sorption heat multilayer, which is linked to the ability of
water to bind to the multilayer. For each sample formulation, one water sorption isotherm
was obtained, and the water content / corresponding to each a,, was determined as the
mean of three experimental measurements, including their respective errors. The values
of the parameters N, ¢, and k, along with their associated errors, were derived by fitting
the experimental data points to the GAB model using OriginPro 8 (OriginLab Corporation,
Northampton, MA, USA).

2.6.10. Experimental Water Vapour Permeability Measurements

The experimental water vapour permeability (P,*7) of the films was determined
using the cup method described in ASTM-E96 2016 [35], with some modifications [12]. The
films were sealed on the top of cups containing a saturated salt solution of BaCl,, providing
a high r.h. of 90%. The test cups were placed in 7 L desiccators maintained at a constant
temperature of 22 °C and 10% r.h. To ensure uniform conditions inside the desiccators and
over the films, a fan was installed, as previously recommended [36]. The weight loss of the
test cups, indicative of water vapour transport through the film, was monitored using an
analytical balance (1073 g). Weight loss m (g) versus time  (min) was plotted, and once
the steady state (indicated by a linear trend) was established, data were recorded for 40 h
further. P,,**F was determined as displayed in Equation (5):

1 Am L
exp _
P <A At > Apy ®)
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where A = 2.2 x107% m? is the effective area of the exposed film, Am/At denotes the
slope of a linear regression of the weight loss versus time, L (m) is the film thickness,
Apw = (pw2 — pw1) is the differential water vapour pressure across the film, and py, and
pw1 are the partial pressures (Pa) of water vapour at the film surfaces inside and outside
the cup, respectively [37]. P,,%? is given in units of g s~! m~! Pa~!. Experiments were
performed in triplicate.

2.6.11. Determination of Effective Water Solubility and Effective Water Diffusion
in the Films
When there are no pores, faults, or punctures in the film, P;,**? can be expressed as
Equation (6) [38,39]:
P = D/ sif! ©)

where S,% (g m3 Pa~) is the effective water solubility coefficient over the concentration
range cyp to cyp1, corresponding to water vapour pressures py and py1, respectively, and
D4 (m? s71) is the effective diffusion coefficient over the water concentration range
cw2 to cyp1. Water sorption isotherms were used to evaluate the water concentration ¢y,
(cw = h(aw) X pgf) of each film specimen surface in the permeability experiment. Suwff,
corresponding to the pressure gradient or a,, interval [ayp = 0.9; a1 = 0.1], was obtained
using Equation (7) [37]:

S = [(h(aw2) — h(aun))/ (Pw2 — Pat)] X pas. 7)

where h(a,2) and h(ay1) are the water content of the film (g H,O per g d.m.) at its underside
surface at py2 and its surface outside the cup at py1, respectively. According to Equation (6),
D% was then calculated using Equation (8):

DY — pet s ®

2.7. Statistical Analyses

Statistical analyses were performed using OriginPro 8 (OriginLab Corporation) and
R software (version 3.4.4, R Foundation for Statistical Computing, Vienna, Austria). All
results are expressed as means with standard deviation. An analysis of variance was
performed on the data, and a post hoc test (Tukey HSD) was used to compare the means.
Differences were deemed significant at p < 0.05. The errors in the parameters from the
Herschel-Bulkley and GAB models, derived from the flow curves and water sorption
isotherms, respectively, were estimated using a fit analysis.

3. Results and Discussion
3.1. Rotational Rheology of Film-Forming Dispersions

Understanding the rheological properties of film-forming dispersions is crucial, as
they dictate the processing conditions and machinability necessary for large-scale film
production [22]. The flow behaviour of milk kefir and kefiran film-forming dispersions is
shown in Figure 1. All of the studied dispersions were homogeneous, exhibiting no phase
separation. The Herschel-Bulkley model (Equation (1)) was used to analyse the shear stress
T versus the shear rate 7y data, and the resulting model parameters are summarised in
Table 1. High values of the statistical parameter R? indicate a good fit of the model to the
experimental data.

All of the studied dispersions exhibited pseudoplastic behaviour (n < 1) beyond
their yield stress 7y. As illustrated in Table 1, this shear-thinning behaviour was more
pronounced in dispersions prepared from milk kefir grains. Milk kefir dispersions dis-
played significantly lower shear stress values compared to kefiran dispersions, as shown
in Figure 1a,b. The consistency index K, directly related to the apparent viscosity, was at
least three times higher for kefiran dispersions (Table 1). Additionally, kefiran dispersions
exhibited higher Ty compared to milk kefir dispersions (Figure 1 and Table 1). Fluids with
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7o > 0 display solid-like behaviour until the yield stress is surpassed, after which they
transition to liquid-like behaviour when T > 7 [40]. The higher 7 values suggest stronger
interpolymeric interactions within the dispersion, consistent with observations reported in
polysaccharide dispersions [30,32,41]. These results imply that the presence of proteins in
milk kefir samples weakens the interactions between kefiran chains, leading to dispersions
with a lower consistency index and yield stress.

a 7 L T L T L T . T x T
Milk Kefir film-forming dispersions
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Figure 1. Rotational rheology of film-forming dispersions with different contents of glycerol. (a) Flow
curves of milk kefir dispersions. (b) Flow curves of kefiran dispersions. Flow curves were fitted
using the Herschel-Bulkley model (Equation (1)). Fitted parameters are shown in Table 1. The
low-shear-rate region is shown in the insert of the figures.

As observed in Table 1, the incorporation of glycerol into the dispersions had minimal
effects on the K and n parameters of both dispersions. Previous studies on 1 wt% kefiran
dispersions reported that the parameters K and #n remained unchanged upon the addition
of glycerol at concentrations of 0, 25, and 50 wt% relative to d.m. [22]. Similarly, other
researchers reported no change in the apparent viscosity for a 2 wt% kefiran dispersion
after the addition of glycerol or sorbitol at 25 wt% relative to d.m. [42]. Interestingly, the
effect of glycerol content on 7 differed between milk kefir and kefiran dispersions (Table 1):
Tp increased with increasing glycerol content for kefiran dispersions, whereas it decreased
for milk kefir dispersions.
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Table 1. Parameters obtained from fitting the Herschel-Bulkley model (Equation (1)) to the flow
curves of Figure 1. MK denotes milk kefir and KEF. Errors in the parameters were estimated from the
fit analysis.

Sample 79 (10-3Pa) K (103 Pa's) n R?
MK 0% Glycerol 4242 109 £0.2 0.916 + 0.002 0.9999
MK 10% Glycerol 32+2 9.6 4+ 0.2 0.928 + 0.003 0.9999
MK 20% Glycerol 33+2 9.4 +02 0.932 4 0.003 0.9999
MK 30% Glycerol 30 +2 9.3 +0.2 0.933 + 0.003 0.9999
KEF 0% Glycerol 54+3 348 + 0.2 0.988 + 0.001 0.9999
KEF 10% Glycerol 84 +5 36.3 +0.3 0.972 4+ 0.001 0.9999
KEF 20% Glycerol 73+ 4 348 £0.2 0.980 + 0.001 0.9999
KEF 30% Glycerol 79 +4 347 + 0.2 0.987 + 0.001 0.9999

A more pronounced shear-thinning behaviour (lower n-values) was observed in 1 wt%
kefiran dispersions studied by other authors [22] compared to the kefiran dispersions
investigated in the present work. However, these authors reported consistency index K
values similar to those shown in Table 1 for 5 wt% kefiran dispersions. While K typically
increases with polymer concentration [43], it is important to note that the 5 wt% kefiran
dispersions studied in the present work were subjected to sonication. Sonication is known to
break polysaccharide chains and reduce their molecular weight [44,45], thereby weakening
their gelling ability and enhancing dispersibility [46]. As a result, the ultrasound treatments
likely reduced K in the 5 wt% kefiran dispersions, bringing it in line with that of non-
sonicated 1 wt% kefiran dispersions.

High viscosity in film-forming dispersions can hinder air bubble removal, resulting in
film defects such as pores and holes [4,47]. Conversely, low viscosity in dilute dispersions
can lead to excessively thin films or require higher drying energy [27]. This study aims to
strike a balance by formulating a dispersion with a high biopolymer concentration, yet a
consistency index K comparable to that of a low-concentration dispersion, thus minimising
these issues.

3.2. Assessment of Quality, Visual Appearance, and Microstructure of the Films

Visual inspection revealed homogeneous, continuous, and smooth films with uniform
surfaces, free of air bubbles, cracks, and pores (Figure 2a,b). Plasticised films containing
10, 20, and 30 wt% of glycerol (relative to d.m.) displayed similar visual appearances
compared to unplasticised films. However, film flexibility increased with rising glycerol
content. Unplasticised milk kefir films were brittle, difficult to handle, and required careful
removal from the Petri dish. Conversely, milk kefir films with added glycerol, as well
as both unplasticised and plasticised kefiran films, were flexible and easy to peel and
manipulate. This enhanced flexibility is likely due to the effective dispersion of the small
glycerol molecules. It has been reported that glycerol intercalates between polymer chains,
disrupting interpolymer interactions and increasing chain separation, leading to a more
flexible film [7,48].

Milk kefir films displayed a yellow tint while remaining translucent (Figure 2a),
whereas kefiran films exhibited high transparency (Figure 2b). Transparency and colour
are crucial attributes of packaging materials, as they influence consumer perception of the
product. Transparent films allow for product visibility, while coloured films could offer
protection from radiation [30]. The CIELab colour parameters and colour representations
for unplasticised milk kefir films and kefiran films are shown in Figure 2¢,d, respectively.
The addition of glycerol did not significantly alter these parameters in either film type. High
L* values, particularly in kefiran films, indicated excellent clarity and transparency. Milk
kefir films showed a slight reduction in L*, exhibiting a trend towards yellow (increased b*
values), likely due to Maillard reactions between milk kefir proteins and carbohydrates.
Milk kefir films had AE values greater than 6, indicating that the colour difference with
kefiran films is perceptible to the human eye [30], which matched visual observations.
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Notably, the remarkable transparency of the kefiran films in this study exceeded that
reported for films made from non-sonicated 2 wt% kefiran dispersions [23,24]. This suggests
that sonication of the kefiran film-forming dispersion before casting resulted in a highly
translucent matrix.

C d

L* ax* b* AE L* a* b* AE
87.5+0.4 (-1.84+0.07 | 9.2+0.7 | 75.9 |[90.9+0.3 | 1.69+0.01 |-2.1+£0.1| =

20000 x

Figure 2. Visual appearance, colour, and microstructure of the unplasticised films. Photographs of
(a) milk kefir film and (b) kefiran film; CIELab colour parameters and colour representation of (c)
milk kefir film and (d) kefiran film; SEM micrographs of the surface of films at 3000 x of (e) milk kefir
film and (f) kefiran film; SEM micrographs of the cross-sections of films at 1000 of (g) milk kefir
film and (h) kefiran film; SEM micrographs of the cross-sections of films at 20,000 x of (i) milk kefir
film and (j) kefiran film.

SEM was utilised to analyse the microstructure of the films, as shown in Figure 2e—j.
The micrographs revealed continuous and homogeneous surfaces and cross-sections in
both film types, devoid of pores or punctures. However, notable morphological differences
were observed. Milk kefir films exhibited a rougher texture, possibly due to the presence
of proteins, indicating a more rubber-like character. In contrast, kefiran films displayed
a smoother surface and a more uniform structure. The concentration of glycerol did not
appear to influence the microstructure as observed in SEM, indicating good compatibility
between the plasticiser and both film matrices. This observation is consistent with findings
from previous studies which reported no significant microstructural differences in kefiran
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films containing different amounts of glycerol or sorbitol [23,24]. Furthermore, X-ray
diffraction analyses reported similar amorphous structures with crystallinity below 3%
for both plasticised and unplasticised kefiran films [21,22]. It has been suggested that the
amorphous nature of kefiran likely contributes to its excellent miscibility with glycerol
within the film matrix [42].

3.3. Infrared Spectroscopy of the Films

ATR-FTIR spectroscopy was employed to identify characteristic functional groups
within the films. Figure 3 shows the ATR-FTIR spectra of unplasticised milk kefir film and
kefiran films. For clarity, the spectra have been normalised to the major peak at 1028 cm 1.
Both films displayed common bands, but significant differences were observed in the
1800-1200 cm ! range, likely due to proteins present in the milk kefir films. Plasticisation
with 10, 20, or 30 wt% glycerol resulted in similar features for both unplasticised milk kefir
and kefiran films, with only increased band intensities observed. This aligns with findings
for glycerol-plasticised kefiran films [21,42] and water kefir grain-based films [7], attributed

to both increased water content and the presence of glycerol itself [7,8].
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Figure 3. ATR-FTIR spectra of unplasticised films.

The kefiran spectrum shown in Figure 3 is similar to those reported for purified
kefiran [26,49], kefiran films [21,42], and kefiran electrospun nanofibre materials [49]. This
observation confirms the integrity of the kefiran units” chemical structure throughout the
ultrasound treatment, casting, and electrospinning processes.

Analysis of the ATR-FTIR spectra (Figure 3) revealed several key features. The broad
peak at 3271 cm !, assigned to the O-H stretching of water and polysaccharides [7], spanned
the 3700-3000 cm ! region. Milk kefir films exhibited a slightly sharper peak in this region,
due to the presence of N-H bonds from proteins [30]. The bands observed at 2923 and
2879 cm ™! correspond to the symmetric and anti-symmetric stretching of C-H bonds in the
methyl (CH3) and methylene (CHj;) groups [21]. The differences observed between kefiran
films and milk kefir films in the 3700-2700 cm ! region can be attributed to the presence of
proteins in milk kefir films. Similar observations have been reported in water kefir/yeast
biomass blend films, suggesting that protein—polysaccharide interactions alter the chemical
environment in this region, thereby affecting the stretching vibrations [30].

The most significant spectral differences were observed between 1800 and 1200 cm !,
primarily due to proteins in the milk kefir films. These films displayed bands at 1623 and
1541 cm~!, characteristic of amide I and II in proteins [30]. Additionally, peaks at 1750 and
1230 cm ! were attributed to organic acids remnants of the fermentation, phospholipids,
and nucleic acids from residual cell material in milk kefir films. Conversely, the kefiran film
spectrum lacked these protein and cell-related peaks, but displayed a peak near 1640 cm !,
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likely due to O-H bending vibrations in water molecules [50]. Both films exhibited small
peaks and shoulders between 1400 and 1300 cm ™!, assigned to variations in C-H bond
angles [42,49].

The region between 1200 and 900 cm~! displayed a prominent peak at 1028 cm ™!
in both samples, a characteristic feature of kefiran [21]. Additional peaks corresponding
to carbohydrate ring vibrations and functional groups (C—-O-C, C-OH, C-H) were also
detected. These peaks likely originate from the vibrational modes of glucose and galactose
units within the kefiran structure, which is the primary component of milk kefir grains.
Specifically, peaks at 1153 and 897 cm ™! were identified and assigned to vibrational modes
of glucose, galactose, and f3-linkages, indicative of the pure kefiran structure [21,26,51].

3.4. Thermogravimetric Analysis of the Films

To investigate thermal degradation, a thermogravimetric analysis was conducted on
films that had been previously hydrated to equilibrium at 52% r.h. Figure 4 presents the
mass loss curves as a function of the temperature, revealing distinct thermal degradation
zones. The initial stage, occurring below 150 °C, was associated with dehydration [30] and
resulted in approximately 10% weight loss.
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Figure 4. Thermogravimetric analysis of previously hydrated films at 43% r.h. (a) Mass loss of milk
kefir (MK) films with different contents of glycerol. (b) Mass loss of kefiran (KEF) films with different

contents of glycerol. The onset degradation temperatures (Tj) are displayed in the insert of the
figures. (c) Derivative of mass loss of milk kefir films. (d) Derivative of mass loss of kefiran films.

A primary degradation zone (Zone I) was observed between 150 °C and 230 °C. Kefiran
films exhibited higher thermal stability than milk kefir films, with this trend reflected in the
initial degradation temperature (T). Glycerol incorporation reduced thermal stability in
both film types. Thermal degradation in this zone was intensified with increasing glycerol
content and was more pronounced for milk kefir films (Figure 4c,d). These results can be
attributed to the degradation in glycerol that occurs within this temperature range [7,32]
and to the onset of protein decomposition [30,52,53] present in milk kefir films.
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The second degradation zone (Zone II), spanning from 230 °C to 450 °C, marked
the maximum degradation rate of the samples. Trax values of 256 °C and 272 °C were
determined for the unplasticised milk kefir and kefiran films, respectively (Figure 4c,d).
The lower Tax of milk kefir films suggests the presence of weakened interpolymeric
interactions due to the presence of proteins, which favour thermal degradation. This type
of interaction between proteins and kefiran was also observed in the rheological tests of
the dispersions, as discussed in Section 3.1. Additionally, the Trmax value of unplasticised
kefiran film in the present study was lower than the reported Tmax values of 300 °C for
purified kefiran [54] and 306 °C for unplasticised kefiran film obtained from a film-forming
dispersion that was not sonicated [26]. It is noteworthy that the films in our study were
prepared from sonicated dispersions. Ultrasound treatment is known to induce chain
scission in polysaccharides [44], potentially leading to a decrease in polymer network
entanglement. This reduction in entanglement density could lead to a less-rigid film matrix,
thereby promoting thermal degradation and decreasing Tmax. On the other hand, the
incorporation of glycerol did not substantially affect Tmax. Following Tmax, both samples
exhibit minor and scattered peaks of thermal degradation, especially in the milk kefir films.
These secondary peaks were also reported for purified kefiran [54] and kefiran films [26].

A final weight loss occurred between 450 °C and 800 °C (Zone III), attributed to the
pyrolysis of carbohydrates [32,55] and massive protein degradation [30]. As illustrated in
Figure 4a,b, the final residue at 800 °C was influenced by the initial glycerol content. This
gradual decrease in final carbon with the glycerol content was more pronounced in kefiran
films and reflects the effect of glycerol on the film’s structure. As described previously, the
glycerol makes the film'’s structure more susceptible to thermal degradation under dynamic
conditions [7].

3.5. Differential Scanning Calorimetry of the Films

To investigate thermal transitions, dehydrated films were subjected to DSC analysis.
Figure 5a,b presents the DSC thermograms for milk kefir and kefiran films, respectively.
The thermograms of milk kefir films show two thermal transitions for the unplasticised
sample and three for the plasticised ones. All of the samples display two T values: one
ranging from 28 to —23 °C, corresponding to the protein-rich zone of the blend, and the
other from 54 to 48 °C, corresponding to the polysaccharide-rich zone. The decrease in
the Ty value with glycerol addition aligns with previous studies that show a reduction in
Tg when glycerol is incorporated into biopolymeric matrices [7,9,56,57]. The protein-rich
zone, which is absent in kefiran films (Figure 4b), seems to be more influenced by glycerol
addition. At higher temperatures, plasticised samples displayed an endotherm peak with
a low heat of fusion, corresponding to the melting point of the blend. This finding is
consistent with reports that kefiran has a small percentage of crystallinity [21,22]. The
presence of glycerol affects this transition. It has been proposed that plasticisers reduce
interpolymeric forces, increase segmental chain mobility, and improve polymer flexibility,
thereby decreasing the melting point [57].

The thermograms of kefiran films (Figure 5b) confirm that the glass transition in the
range from 58 °C to 46 °C corresponds to the polysaccharide fraction. In kefiran films,
the addition of glycerol decreased both the Ty and the endothermic peak observed at
higher temperatures. As previously described, this effect is attributed to the capacity of
the glycerol to reduce hydrogen bonding within the polymer network, thereby increasing
macromolecular mobility [7,57].

It is important to note that DSC experiments in the present study were performed in
hermetically sealed capsules, with samples fully dehydrated prior to the analysis. Therefore,
the plasticising effect of water was not expected to influence these results, unlike other
studies on kefiran films [23,26]. Many previous studies have reported an endothermic peak
at 84 °C for neat kefiran film and from 82 °C to 89 °C for plasticised samples [26]. Similarly,
endothermic peaks have been observed at 84.7 °C (neat kefiran films) and up to 86.6 °C for
y-irradiated kefiran films [25]. The higher temperatures of endothermic peaks observed
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in the present study are likely due to the sample’s preparation and the conditions of the
capsules used (hermetically sealed in the present work versus non-specified conditions).
Therefore, it is plausible that the endothermic transitions reported in other works were
influenced by the plasticising effect of water hydration and, possibly, by water evaporation
during the test.
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Figure 5. DSC thermograms and glass transition temperature of dried films with different contents of
glycerol. (a) Milk kefir films. (b) Kefiran films.

Furthermore, the Ty values of kefiran films in the present study were higher than
those reported in the literature [23,26]. Ghasemlou et al. reported a T¢ value around 5 °C
for kefiran films, which decreased to —20 °C when glycerol was added at 35 wt% relative
to d.m. [23]. Montoille et al. found a Ty around —20 °C for neat kefiran films, which
increased to —17 °C with the addition of 5 wt% of glycerol [26]. These differences may be
due to the presence of hydration water in those studies, which acts as a plasticiser, thereby
lowering the Ty [7,9].

3.6. Mechanical Properties of the Films

The mechanical properties of a material, specifically the elastic modulus (Y), maximum
tensile strength (TSmax), and elongation at break (ev,), are determined by its composition,
structure, and interpolymeric interactions. These parameters were determined from the
stress—strain curves (Figure 6) and are summarised in Table 2. Unplasticised milk kefir
films were too brittle to undergo testing under the specified conditions (22 °C and 52% r.h.).
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Figure 6. Representative stress—strain curves for one of ten replications of the mechanical test
performed for films with different contents of glycerol. (a) Milk kefir films. (b) Kefiran films. Elastic
modulus Y was calculated from the slope in the linear region (insert of the figure), maximum tensile
strength TSmax from the maximum value of the nominal stress, and e9, from the maximum value of
the nominal strain. Values of the mechanical parameters are shown in Table 2.

Table 2. Mechanical parameters of milk kefir films (MK) and kefiran films (KEF). The mean and
standard deviation are reported. The different letters assigned in each column refer to significant
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Sample Y (MPa) TS,10x (MPa) eq, (%)
MK 0% Glycerol n.d. n.d. n.d.
MK 10% Glycerol 443 +33° 14+2¢ 4+1f
MK 20% Glycerol 155 +194 7+14 204+4°¢
MK 30% Glycerol 63+9¢ 4+1¢ 3443P
KEF 0% Glycerol 567 + 612 34+3° 13+24d
KEF 10% Glycerol 544 + 482 20 +4P° g§+2¢
KEF 20% Glycerol 313 +25¢ 9+2d 38+ 8P
KEF 30% Glycerol 146 + 214 5+1¢ 72+10°

Table 2 shows that increasing glycerol content reduced both Y and TSmax in both
film types. The parameter Y reflects the strength of intermolecular bonds, while TSmax is
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associated with the quantity of these intermolecular bonds [9]. The observed reduction
in Y and TSmax with glycerol addition in both films demonstrates the plasticiser’s role in
decreasing interpolymer interactions. Conversely, glycerol addition led to a monotonic
increase in ey, in milk kefir films, whereas in kefiran films, e, initially decreased slightly
at 10 wt% glycerol before increasing significantly at 20 and 30 wt% glycerol. Although
biopolymeric materials typically show a correlation between the reduction in Y and Tmax
and the increase in e, with the addition of glycerol [9,58], kefiran films displayed a non-
monotonic increase in ey, response, suggesting a more complex mechanism.

Previous studies reported an unusual increase in Y for kefiran films at glycerol content
below 5 wt% [26]. The term “antiplasticisation” has been used to describe the mechanical
behaviour observed when low-molecular-weight compounds are added to certain polymer
materials, leading to an increase in Y or a decrease in e, [13]. Other studies demonstrated
the antiplasticisation effect in the mechanical properties of kappa-carrageenan films plas-
ticized with either glycerol or sorbitol [59]. In that work, the authors suggested that this
behaviour could be due to the strong interaction of the polymer chains with the plasticiser.
Accordingly, the mechanical performance observed in kefiran films suggests the presence
of an antiplasticisation effect at low glycerol concentrations. These findings indicate the
existence of anomalous interactions between glycerol and kefiran in the absence of proteins.

Milk kefir films displayed lower Y and TSmax compared to kefiran films (Figure 6,
Table 2) due to the weakening of interpolymer interactions induced by the presence of
proteins. This is consistent with the findings from the rheological and thermogravimetric
experiments discussed in Sections 3.1 and 3.4, respectively. Additionally, kefiran films
exhibited higher e, values.

Piermaria et al. reported values of Y, TSmax, and ey, of ~1300 MPa, 41 £+ 8 MPa,
and 3 & 1%, respectively, for unplasticised kefiran films prepared from a 1 wt% kefiran
dispersion without sonication [23]. Comparable values have been obtained by other
researchers for unplasticised kefiran films prepared under similar conditions [26]. A
comparison of these reported values with those of the unplasticised kefiran films displayed
in Table 2 suggests that the ultrasound treatment of the film-forming dispersions results
in a more ductile material. This could be due to the sonication-induced breakdown of
polysaccharide chains, resulting in a film matrix with reduced entanglement density. This
observation agrees with the findings from thermogravimetric studies (Section 3.4) and
translates to a more flexible material, potentially offering advantages for specific packaging
applications.

3.7. Hydration Properties of the Films

Biopolymer-based films are hydrophilic matrices that are susceptible to moisture up-
take, which significantly affects their storage conditions, shelf life, and overall performance.
Hydration water plays a crucial role in influencing the structural and functional proper-
ties of hydrophilic films. It acts as a plasticiser by inserting itself between the polymer
chains, increasing space between them, lowering the glass transition temperature Tg, and
enhancing flexibility [7,9]. Water sorption isotherms provide essential insights into the
interactions between water and the film, as well as the distribution of water within the
material [32,34,60]. Figure 7a,b presents the water sorption isotherms for milk kefir and
kefiran films with varying glycerol content. The experimental data were fitted to the GAB
model (Equation (4)), with the corresponding parameters summarised in Table 3.

Figure 7a shows that the water sorption isotherms of milk kefir films exhibit a slight
increase in hydration water content at low a,, values, followed by a pronounced rise for a,,
> 0.6. This pattern is typical for most hydrophilic films made from biopolymers [37,60-62].
Similar behaviour was observed in the glycerol-plasticised kefiran films, although it was
less prominent in the unplasticised kefiran film (Figure 7b). Unfortunately, no prior studies
on sorption isotherms for kefiran films have been found in the literature, with existing
research focusing only on the water content of the films after casting [21-24], which provides
limited information on hydration.
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Figure 7. Water vapour sorption isotherms of films with different content of glycerol. (a) Milk kefir
films. (b) Kefiran films. Experimental data were fitted with the GAB model using Equation (2). The
fitting parameters are shown in Table 3.

Table 3. Parameters obtained from fitting the GAB model (Equation (2)) to the water sorption
isotherms of Figure 7. Errors in the GAB parameters were estimated from the fit analysis. hggo,p
refers to hydration equilibrium values measured at 90% r.h. MK denotes milk kefir and KEF. The
different letters assigned to each column refer to significant differences (p < 0.05).

Sample omon (&g-1) GAB Parameters
’ N(gg™ c k R?
MK 0% Glycerol 0.26 +£0.012 0.056 + 0.002 9.6 £09 0.876 + 0.009 0.999
MK 10% Glycerol 0.39 £0.01¢ 0.064 + 0.001 42+04 0.937 + 0.003 0.999
MK 20% Glycerol 0.50 +0.02 ¢ 0.082 + 0.004 25+04 0.941 + 0.007 0.999
MK 30% Glycerol 0.61 £ 0.03 8 0.094 + 0.005 20+£03 0.954 + 0.006 0.999
KEF 0% Glycerol 0.26 +£0.012 0.104 + 0.009 10+1 0.690 + 0.008 0.996
KEF 10% Glycerol 0.35 4+ 0.01° 0.079 + 0.005 6.5+0.7 0.871 £ 0.007 0.998
KEF 20% Glycerol 0.46 4 0.01 9 0.080 + 0.003 54+05 0.925 + 0.006 0.999
KEF 30% Glycerol 0.55+0.02f 0.088 + 0.004 3.9 +05 0.941 + 0.007 0.999
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As demonstrated in Figure 7a, the addition of glycerol increased the water content & for
ay > 0.6, while maintaining the overall shape of the isotherms. This behaviour has also been
observed in films based on polysaccharides [62], proteins [61], and natural multicomponent
films such as integral water kefir grains biomass [7] and integral cellulosic Kombucha tea
by-product biomass [9]. On the other hand, the isotherms for the unplasticised kefiran
film were found to be more concave for a,, < 0.6 compared to the glycerol-plasticised films
(Figure 7b). A similar behaviour was observed in potato-starch-based films plasticised with
varying glycerol concentrations [14].

The observed convexity at a,, > 0.6 in all isotherms in Figure 7 suggests the predom-
inance of multilayer hydration within these films [37]. The increase in hydration as a
function of the glycerol content was particularly notable at a,, = 0.9, as evidenced by the
measured hggo,1, values (Table 3). Comparing the hggo,,, values for unplasticised milk kefir
and kefiran films reveals no differences. However, when plasticised with glycerol, milk
kefir films show significantly higher hgyo,,, values. This suggests that the interaction of
glycerol with proteins in milk kefir films enhances hydrophilicity compared to pure kefiran
films plasticised with glycerol.

The hydration equilibrium value at 90% r.h. (hgge,1,) for unplasticised milk kefir and
kefiran films was found to be lower than of other unplasticised biopolymeric films, such as
cellulose films [63], integral Kombucha tea by-product biomass films [9], starch films [60],
myofibrillar protein films [64], and sodium caseinate film [65]. This indicates that films ob-
tained from milk kefir grains and the purified kefiran exhibit less hydrophilicity compared
to other biopolymer-based materials. Consistent with these findings, other studies have
reported higher water contact angles for kefiran films compared to other polysaccharide-
based films, indicating greater surface hydrophobicity and reduced wettability [23].

Table 3 summarises the parameters obtained from fitting sorption isotherms to the
GAB model. The parameter N, representing the number of primary binding sites of hydra-
tion, increased with glycerol content in milk kefir films but decreased in kefiran films. On
the other hand, as the glycerol content increased in both milk kefir and kefiran films, the
parameter c, which reflects the strength of the water binding at primary sites, decreased,
while k, associated with the capacity of water binding to the multilayers, increased. Conse-
quently, since most of the hydration water forms multilayers, the hggo,1, values increased
with rising glycerol content in both types of films. Glycerol interacts with kefiran and
protein chains by forming hydrogen bonds with the reactive groups of these polymers. This
disrupts interpolymer interactions, reduces the attractive forces between polymer chains,
and increases the free volume available for water molecules, leading to an overall increase
in hydration water content.

3.8. Water Vapour Permeability of the Films

Hydration water is closely related to the water vapour transport properties of hy-
drophilic polymeric films [12,37]. The water vapour permeability of biopolymer-based
films is a critical property that determines their ability to regulate water vapour trans-
port between a system, such as food, and its environments. SEM studies on milk kefir
and kefiran films revealed a continuous and homogenous matrix, without pores, faults,
or punctures (Section 3.2) These findings indicate that water transport in milk kefir and
kefiran films does not occur through pores, but via a sorption—diffusion-desorption mecha-
nism [39]. Consequently, the water vapour permeability is influenced by the hydration or
water solubility within the film, as well as the mobility of water molecules in the matrix [37].

Water vapour permeability in biopolymer films is significantly influenced by ex-
perimental conditions, particularly film thickness [12,37] and water vapour pressure
gradient [37,39]. To ensure accurate comparisons, all of the films in this study were main-
tained at a consistent thickness (see Table 4) and identical water vapour pressure gradient
conditions. Table 4 presents experimental water vapour permeability values (P,“¥) for
milk kefir and kefiran films with varying glycerol content. It can be seen that for milk
kefir films, P,** increased with glycerol content. Glycerol addition typically increases
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water vapour permeability, as observed in various biopolymer-based films, including those
made from corn starch [60], myofibrillar protein [64], cellulose [66], 3-lactoglobulin [67],
water kefir grains biomass [7], and yeast biomass [12]. It has been suggested that the
addition of glycerol increases the permeability of the films mainly due to the increase in
hydration and solubility of water within the material [12]. Interestingly, as shown in Table 4,
unplasticised kefiran films exhibited the highest P,“¥ values among all kefiran samples.
Kefiran films containing 10 wt% glycerol presented the lowest P,,*? values. Subsequent
glycerol additions led to increased P,,“*, although values remained below those of the
unplasticised film.

Table 4. Experimental water vapour permeability (P;,“*), water solubility (Sweﬁr ), and water diffusion
(D). L and py . refer to the thickness and density measurements of the dried film, respectively. MK
denotes milk kefir and KEF. The same letters in the data reported in a column mean non-significant
differences (p < 0.05).

Sample (10715 fdf 3 ~10 pg,lextll 1 iw 1 7113)w2 1
g m) (10*g m3) 1010 gs im1Pa"1) (gm—3Pa~1) (10~ Bm*s—1)
MK 0% Glycerol 15.6 + 0.7 2b 113 £92b 324012 124+6P 26424
MK 10% Glycerol 15.1 +0.82b 121 4+ 102 46+0.1° 211+ 104 2+1¢
MK 20% Glycerol 145+ 0872 131+ 92 56+0.1°¢ 295 + 15 f 1941b
MK 30% Glycerol 141 +07° 139 £ 9P 6.14+0.1f 388 +198 164+12
KEF 0% Glycerol 16.0 £0.72 104492 5040149 105 + 82 48 +4f
KEF 10% Glycerol 15.4 4+ 0.8 2b 113 + 10 2P 40+01P 172 £10°¢ 23 42
KEF 20% Glycerol 149 +0.82b 121 + 1020 4740.1°¢ 247 +11°¢ 1941°
KEF 30% Glycerol 143 £0.8P 129 + 9P 48401 321 £ 12f 15412

Table 4 additionally presents S, and D,,% values, which independently contribute
to Py, as described in Equation (6). Both sample types exhibited a significant increase in
water solubility S, and a decrease in water diffusion D,,% with rising glycerol content.
Milk kefir films demonstrated a significantly greater increase in S,,% compared to the
decrease in D, with increasing glycerol content, resulting in an overall increase in P;,*®.
On the other hand, D, for the unplasticised kefiran film was found to be remarkably high
compared to the kefiran film plasticised with 10 wt% glycerol. However, with the addition
of more glycerol, the D, value decreased only slightly, similar to what was observed in
milk kefir samples. As a result, the unplasticised kefiran film exhibited the highest Py,*
value, while the film with 10 wt% glycerol had the lowest. With each subsequent addition
of glycerol, P,*F increased; however, it never reached the level observed in the absence of
the plasticiser.

This anomalous effect of glycerol on the water vapour permeability of kefiran films
was also observed by Piermaria et al. [22], who attributed this behaviour to the development
of a more compact structure in plasticised films. As shown in Table 4, the density values
(0a) of milk kefir and kefiran films exhibit a slight tendency to increase with the glycerol
content; however, the anomaly was observed only in the kefiran film. For kefiran films, this
anomaly could be the result of a stronger interaction between glycerol, water molecules,
and the available (-OH) groups of kefiran. Given the structure of the kefiran film, these
components can engage in multiple interactions via hydrogen bonds, thereby retarding
water movement. Once the (-OH) groups of kefiran are saturated at 10 wt% glycerol, the
addition of more plasticiser leads to a smaller decrease in Do, while S,,4 increases notably.
Consequently, the P,*? of kefiran film increased but did not reach the level observed in
the absence of plasticiser. In contrast, in milk kefir films, the protein—kefiran matrix may
inhibits these specific interactions between glycerol, water molecules, and the available
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(~OH) groups of the composite matrix. As a result, the anomalous behaviour observed in
kefiran films is not present in this sample.

Furthermore, the anomalous effect of glycerol on water vapour permeability was also
observed in potato-starch-based films, which exhibited water sorption isotherm behaviour
at varying glycerol concentrations similar to that of kefiran films [14]. It has been suggested
that plasticisers may either retard or facilitate moisture transmission depending on their
concentration [63]. The decrease in P, to a minimum value at low glycerol concentration,
followed by an increase at higher plasticiser levels, can be attributed to the antiplasticisation
effect at low plasticiser concentration described in Section 3.6. This effect arises from a
specific interaction between the polymer and the plasticiser molecules, which reduces the
molecular mobility of the polymer chains, as was observed in the mechanical properties
of kefiran films (Section 3.6). A similar antiplasticisation effect has been observed in the
mechanical behaviour and water permeability of cellulose acetate films [13].

Although the precise mechanism behind antiplasticisation at low plasticiser concen-
trations remains unclear, one hypothesis suggests that incorporating small amounts of
plasticiser into a polymer increases the free volume, allowing for the polymer chains to
rearrange into a more thermodynamically stable and compact structure [13]. Unfortunately,
the scanning electron microscopy images obtained in the present study do not offer suf-
ficient resolution to observe these structural changes. Further characterisation of these
polymeric structures is required, as it could enhance our understanding of plasticisation
and antiplasticisation phenomena, which would be of significant interest to the field of
materials science. In conclusion, the observed P, behaviour as a function of the glycerol
content in kefiran films is likely the result of structural modifications within the kefiran
matrix induced by the glycerol, which restrict water transport at low concentrations.

4. Conclusions

Films derived from both the integral biomass of the water kefir grains and from the
purified kefiran exhibited excellent continuity and homogeneity. While kefiran films were
transparent, milk kefir films had a yellowish tint. The application of ultrasonic treatments
to both film-forming dispersions allowed for the use of 5 wt% d.m. concentration, reducing
the energy required for drying during the casting process.

Kefiran films showed stronger interpolymeric interactions compared to milk kefir
films, as evidenced by thermogravimetric analyses and mechanical testing. These findings
suggest that the presence of proteins in the milk kefir matrix weakens interpolymeric
interactions. Glycerol increased ductility and hydration while decreasing the thermal
stability and glass transition temperature of the films.

Additionally, kefiran films exhibited an antiplasticisation effect at low glycerol content,
affecting elongation at break and water vapour permeability. This unexpected behaviour
suggests specific characteristics in the interactions between glycerol and kefiran. The
absence of this effect in milk kefir films indicates that the presence of proteins inhibits it.

Traditionally, biopolymeric materials are developed by purifying biopolymers from
their original biomass and subsequently modifying them physically or chemically to
enhance their film-forming properties. However, the results of this study highlight the
potential for using integral milk kefir grains directly in the development of novel biodegrad-
able materials. These findings emphasise the differences between materials derived from
the integral milk kefir grains and those from purified kefiran, providing insights into their
application potential.

The hydrophilicity and sensitivity to high humidity of these materials make them
most suitable for food packaging applications involving dry or fatty foods. However,
with further experimentation, this hydrophilicity could be exploited to develop delivery
packaging for instant products, where the packaging dissolves in hot water and potentially
modifies the rheology of the final product. While these materials may not fully replace
petroleum-based polymers, they provide a viable alternative for specific applications,
supporting a shift toward a more sustainable and circular economy.
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