
mdpi.com/journal/materials

Special Issue Reprint

Recent Researches in 
Polymer and 
Plastic Processing

Edited by 

Joanna Izdebska-Podsiadły



Recent Researches in Polymer and
Plastic Processing





Recent Researches in Polymer and
Plastic Processing

Guest Editor

Joanna Izdebska-Podsiadły

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editor

Joanna Izdebska-Podsiadły

Department of Printing

Technology

Warsaw University of

Technology

Warsaw

Poland

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Materials (ISSN 1996-1944),

freely accessible at: https://www.mdpi.com/journal/materials/special issues/284ANJ6B15.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-5997-9 (Hbk)

ISBN 978-3-7258-5998-6 (PDF)

https://doi.org/10.3390/books978-3-7258-5998-6

Cover image courtesy of Joanna Izdebska-Podsiadły

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Gregor Primc and Miran Mozetič
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Preface

In the face of rapid technological advancement and growing environmental challenges, polymer

science has emerged as a vital interdisciplinary field. This Reprint entitled “Recent Research

in Polymer and Plastic Processing” was conceived to bring together and showcase the latest

developments in polymer engineering, functionalization, and sustainable applications. The guiding

theme of this volume, Polymers Reimagined—From Surface Engineering to Sustainable Recycling,

reflects both the breadth of topics covered and the innovative spirit driving contemporary research.

This collection of ten peer-reviewed articles published in the journal Materials spans a wide

range of subjects, including plasma-based surface modification to improve coating adhesion, the

printability of biodegradable starch-based films, the optimization of injection molding processes

using artificial intelligence, and the mechanical performance of lightweight 3D-printed PLA

structures. It also explores novel approaches to reinforcing polymer composites, the use of industrial

by-products in fiber production, and the development of hydrogels for internal curing in cementitious

materials. Finally, this volume addresses the degradation and recycling of widely used polymers such

as PET, EVA, and PVDF, with a strong emphasis on circular economy principles.

This Reprint will be a useful resource for researchers, engineers, doctoral candidates, and

students in the technical and natural sciences who seek up-to-date knowledge and inspiration for

further scientific and industrial work. We hope that the insights presented here will contribute to

the advancement of innovative technologies and foster a more responsible approach to designing the

materials of the future.

Joanna Izdebska-Podsiadły

Guest Editor
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Abstract: In this study, recent advances in tailoring the surface properties of polymers for the
optimization of the adhesion of various coatings by non-equilibrium gaseous plasma are reviewed,
and important findings are stressed. Different authors have used various experimental setups
and reported results that scatter significantly and are sometimes contradictory. The correlations
between the processing parameters and the adhesion are drawn, and discrepancies are explained.
Many authors have explained improved adhesion with the adjustment of the surface free energy or
wettability of the polymer substrate and the surface tension of liquids used for the deposition of thin
films. The adhesion force between the polymer substrate and the coating does not always follow
the evolution of the surface wettability, which is explained by several effects, including the aging
effects due to the hydrophobic recovery and the formation of an interlayer rich in loosely bonded low
molecular weight fragments.

Keywords: polymers; gaseous plasma; wettability; adhesion; coatings

1. Introduction

The adhesion of various coatings on polymer substrates has attracted significant
attention from the scientific community due to the need to invent reliable, inexpensive, and
ecologically benign methods for optimizing the adhesion force and durability of products
made from adhered materials. The interaction between the substrate and the coating
has also been studied, and numerous mechanisms have been proposed [1]. Briefly, the
mechanisms could be categorized as mechanical coupling and chemical interaction. The
mechanical coupling will be enhanced for substrates of appropriate roughness, while the
chemical interaction will be optimized if the deposited material forms covalent or other
strong bonds with the functional groups on the polymer surface. A crucial property that
affects both mechanical and chemical interaction is the ability of a coating to fill any gaps
or pores on the surface of materials to be joined. The effect is illustrated in Figure 1.

Figure 1a illustrates the case of optimal adhesion. The materials stick well because all
gaps or other morphological features are filled. The optimal adhesion is rarely achieved
since the coating does not wet the substrate thoroughly, i.e., does not fill tiny pores or gaps.
The inadequate adhesion is illustrated in Figure 1b. In this case, the interface between the
two materials is minimal because the coating does not wet the substrate. This effect is
often observed when the substrate is hydrophobic and rough on the sub-micrometer scale,
and the coating is hydrophilic. The effect illustrated in Figure 1b could be suppressed by
pressing the substrate and the coating together to force the filling of at least some gaps
or pores. An alternative solution is the application of ionic liquids for coating various
substances onto the polymer surfaces [2]. Yet another alternative is the hydrophilization of
the substrate. Hydrophilization can be achieved by chemical methods, often by depositing
an intermediate layer that balances the substrate’s surface free energy and the coating’s
surface tension. These chemicals are usually various primers, which may form a very thin
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film on the substrate. An alternative to chemical methods for balancing the substrate’s
surface properties and/or coating is the application of gaseous plasma. Gaseous plasma
is a source of particles with considerable kinetic or potential energy and radiation, of
which the photon energy often exceeds the binding energy of atoms in solid materials.
Numerous authors have reported beneficial results when using gaseous plasma. Selected
recent scientific articles are briefly reviewed, and the results are interpreted in the view of
plasma science.

Figure 1. Influence of morphology on the optimal (a) and inadequate (b) adhesion between
two materials.

2. Gaseous Plasma

Gaseous plasma is often called the fourth state of matter, but it is actually gas with a
significant concentration of free electrons and positively charged ions. Polymer materials
are usually treated with non-equilibrium gaseous plasma, a state of the gas in which the
temperature of different particles deviates significantly. The translational temperature
of heavy particles (all plasma particles except electrons) is usually just above the room
temperature, while the electron temperature is often of the order of 10,000 K. The rotational
temperature of molecules is often close to the translational temperature, but the vibrational
temperature could be several 1000 K. The degree of ionization and dissociation is much
larger than calculated from the Boltzmann distribution, taking into account the translational
temperature.

The electron temperature is usually much larger than the translational temperature
of other gaseous particles, like molecules and ions [3]. The translational temperature of
molecules in plasmas suitable for the treatment of polymer materials is often close to
room temperature, and the electron temperature usually exceeds 10,000 K. Such a large
electron temperature enables inelastic collisions with gaseous molecules, which leads to
the excitation, dissociation, or ionization of the molecules [4]. The degrees of excitation,
dissociation, and ionization in non-equilibrium gaseous plasma are much larger than
predicted by the Boltzmann equation, taking into account the translational temperature
of molecules. Some plasmas exhibit vibrational temperatures of several 1000 K, almost
irrespective of the gas translational temperature [5]. The electronically excited molecules
and atoms may be de-excited by radiation, usually in the vacuum ultraviolet range, i.e.,
with the photon energy between 6 and 12 eV [6]. Therefore, the major factors governing the
interaction of non-equilibrium gaseous plasma with polymer materials will be the fluxes of
plasma species on the polymer surface: positively charged ions, neutral radicals, including
atoms in the ground state, molecules and radicals in metastable excited states, and photons
in the UV or VUV range, and not the gas translational temperature or the temperature of
the polymer surface. The kinetic energy of ions impinging on the polymer surface is also
essential if the polymer surface is biased against the plasma.

The interaction of plasma species (charged particles, molecular radicals, and excited
species) with solid surfaces is always exothermic. It often leads to the modification of
the surface composition and structure, so it is suitable for tailoring surface properties of
various materials [7]. Non-equilibrium plasmas are often used on an industrial scale to
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modify polymer wettability [8]. The exact mechanisms of plasma–polymer interaction
are still inadequately understood, and recent theoretical articles have enlightened the
phenomenon’s complexity [9,10]. In general, the plasma treatment causes at least one (more
frequently several) of the following effects:

• Heating;
• Substitution of surface atoms with atoms from plasma (often called functionalization);
• Breaking polymer chains, depolymerization, and formation of polymer fragments;
• Etching;
• Modification of polymer morphology;
• Modification of the elasticity of the polymer surface film;
• Breaking bonds in the surface film and possible cross-linking;
• Modification of surface wettability.

The latter is particularly interesting when studying the adhesion of coatings on poly-
mer materials. The wettability reflects the ability of the coating to penetrate gaps and pores
(Figure 1). Suppose the surface is highly wettable (hydrophilic). In that case, the soft or
melted materials, let alone liquids, will enter the pores because of the capillary forces, so
the effect illustrated in Figure 1a is feasible. If the wettability is poor, the effect illustrated
in Figure 1b will likely occur.

3. Review of Recent Literature

Numerous authors have reported using plasma treatment to increase the adhesion of
various coatings on polymer materials. Only selected recent papers published since 2022
are here reviewed, and the observations are explained and illustrated.

3.1. High-Pressure Plasmas

A large frequency of collisions between gaseous particles governs the atmospheric
pressure plasmas. The foundations of atmospheric pressure plasmas have been presented
by Bruggeman et al. [11]. Briefly, the collision frequency (average number of collisions per
unit of time) increases linearly with the increasing density of gaseous particles, which is
proportional to the gas pressure and inversely proportional to the translational temperature
of colliding particles. The collision frequency between molecules, atoms, and ions is roughly
1 MHz, and the electron-neutral collision frequency is as large as about 1 THz [11]. Such a
large frequency of collisions causes intensive kinetic energy exchange between the colliding
particles, so the electron temperature in atmospheric pressure non-equilibrium plasma is
rarely above 1 eV. The kinetic energy of positively charged ions impinging on the surface of
a plasma-treated material is often negligible, i.e., below 1 eV. Furthermore, the probability
of three-body collisions increases as the square of the density of colliding species [12]. The
loss of molecular radicals in the gas phase occurs predominantly by three-body collisions,
so the lifetime of radicals such as atoms is as low as about 1 μs at atmospheric pressure.
Thus, the molecule dissociation fraction is much lower at atmospheric pressure than in
low-pressure plasmas, and a homogeneous plasma in a large volume is very difficult
to achieve.

Li et al. [13] treated polytetrafluoroethylene (PTFE) with helium plasma and added
ammonia water to the processing gas. The optimal pressure in the processing chamber
was 0.5 MPa, and the total gas flow rate was 4 L/min. The wettability was evaluated by
measuring the static water contact angle (WCA), while the adhesion of the epoxy glue was
evaluated by peel strength experiments. The plasma generator operated at the frequency
of 60 kHz, with a maximal voltage of 5.12 kV. The ammonia water and helium mixing ratio
varied between 0 and 2.5 vol.% of ammonia water. The plasma-treated samples were also
characterized by X-ray photoelectron spectroscopy (XPS), and roughness was evaluated by
atomic force microscopy (AFM). The PTFE treatment with pure helium plasma improved
wettability because the WCA dropped from 110◦ to 40◦ after 15 s and 30◦ after about
120 s. After that, the WCA remained constant. Although the authors did not mention it,
the increased wettability is attributed to the absorption of vacuum ultraviolet radiation,
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which causes structural changes in the PTFE surface film [14]. The addition of ammonia
water caused a further decrease in the WCA to about 20◦, and the optimal admixture
was about 1 vol%. XPS results revealed the formation of oxygen-containing functional
groups even on the sample treated with pure helium plasma, and the concentration of these
groups increased significantly with a small admixture of ammonia water to the plasma
gas. The authors even recognized some C–N bonds in de-convoluted high-resolution
C1s spectra. AFM did not reveal noticeable morphological changes, but the pristine
samples were relatively rough, so any changes might have been hidden. Namely, OH
and O radicals (from water) always cause laterally non-homogeneous etching of the PTFE
materials, as explained in [15]. Plasma-treated PTFE samples were glued with epoxy
adhesive, and the peel strength was measured. The adhesion was found to be enhanced
significantly. Even for samples treated with pure He plasma, the peel strength increased
by a factor of 5.1, and with the addition of 1 vol.% of ammonia gas by a factor of 6.6.
Interestingly, the authors attributed increased adhesion to the formation of amine groups
despite the marginal concentration of C–N groups compared to O–C=O determined from
the XPS high-resolution C1s spectra. A feasible explanation of the observations reported by
Li et al. [13] is illustrated in Figure 2. Helium plasma sustained at high pressure (Li et al. [13]
reported 5 bar) is a significant source of VUV radiation (Figure 2a), which arises from the
resonant relaxation of the He2* excimers [16]. The absorption depth of such low-wavelength
radiation is of the order of 10 nm [17], so the photons cause radiation damage and, thus, the
formation of dangling bonds (Figure 2b). Dangling bonds interact chemically with oxygen
upon exposure to air to form polar oxygen-containing functional groups (Figure 2c). The
addition of ammonia water (or any other molecules) suppresses the radiation from the
He2* excimers [16]. Still, it causes the dissociation and excitation of radicals (Figure 2d), so
the PTFE surface is simultaneously treated with VUV radiation arising from H, H2, O, and
the radicals (including NHx) which interact chemically with the dangling bonds and cause
extensive surface functionalization with polar functional groups (Figure 2e).

Figure 2. Illustration of the interaction between plasma sustained in pure helium (a–c) or a mixture
of helium with ammonia water (d,e) with the surface of the PTFE.

Antipova et al. [18] probed another fluorine-rich polymer widely used in some in-
dustries and for tissue engineering, polyvinylidene fluoride (PVDF). They used helium
plasma at atmospheric pressure and at a discharge power of 9 W for the treatment of the
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PVDF samples in order to increase their wettability. Unlike Li et al. [13], Antipova et al.
found a significant increase in surface roughness after the plasma treatment. AFM imaging
taken on the surface area of 2.5 μm × 2.5 μm revealed the increased roughness from about
2.5 to 15 nm after treating the samples for 90 s. Intriguing, the WCA dropped from 82◦
to only 59◦ and 53◦ after 60 s and 90 s treatments. They characterized the samples by
X-ray diffraction and concluded that plasma treatment does not induce any structural
modifications, as the positions and relative intensities of the diffraction peaks remained
identical for untreated and plasma-treated samples. Antipova et al., however, found a
significant modification in Young’s modulus. While it was about 450 MPa for untreated
samples, it dropped to 70 and 40 MPa for samples treated for 60 and 90 s, respectively.
The interaction of helium plasma with PVDF is similar to that illustrated in Figure 2a–c,
except that the relatively low discharge power did not assure extensive bond breakage by
absorption of VUV radiation. The authors attributed such a significant reduction in the
substrate surface elasticity to chemical etching induced by the He plasma, which disrupted
the cross-linking in the polymer matrix. The authors used plasma-treated samples to study
the adhesion and viability of stem cells. They found a significant increase in the density of
adhered cells in samples treated for 90 s, while the differences between untreated samples
and samples treated for 60 s were marginal. On the other hand, cell viability increased by
10 and 12% for samples treated for 60 and 90 s, respectively. The main improvement was
observed qualitatively by examining cells with an optical microscope. While cells were
overstressed when grown on untreated PVDF, they were adopted well on plasma-treated
substrates and formed aggregates.

Plasma polymer treatment has helped increase the tensile shear strength between
aluminum and polymer sheets after hot pressing at 320 ◦C. Takenaka et al. [19] used
atmospheric pressure plasma sustained in argon with an RF generator that operated at the
frequency of 60 MHz. The plasma plum extended outside of the quartz tube, so admixing
of the effluent air most likely occurred. Polyether ether ketone (PEEK) was selected as
the polymer, and the aluminum strip was made from an A1050 grade alloy (containing at
least 99.5% Al). The tensile shear strength for untreated materials was about 7 MPa. When
the aluminum strip was treated with plasma and the polymer was untreated, the shear
strength was as low as 1 MPa, so the treatment of the Al materials with plasma worsened
their adhesion capability with the polymer upon hot pressing. When both aluminum and
PEEK strips were treated, the shear strength increased to about 9.5 MPa. The best results,
however, were reported when only the polymer strip was treated by plasma because the
shear strength, in this case, was as large as 13 MPa. This value is higher than when the
authors used an adhesive to join both materials. Cohesive and interfacial delamination
were reported when the PEEK was treated by plasma and aluminum was untreated. The
beneficial results were reported only for the prolonged plasma treatment of PEEK because
the shear strength stabilized only after 5 min of plasma treatment. Before, the shear stress
was pretty linear with the plasma treatment time. The results Takenaka et al. [17] reported
are illustrated in Figure 3. The selected discharge frequency causes significant heating of
the gaseous plasma at high pressure. Oxygen from the effluent air dissociates in the jet
of Ar plasma (Figure 3a), and the O atoms cause the formation of a relatively thick and
rough oxide film on the aluminum surface (Figure 3b). The authors showed scanning
electron microscope (SEM) micrographs and EDX and XPS results, which firmly confirmed
the formation of the rough oxide film on the aluminum surface. The adhesion of a PEEK
foil on such an oxidized aluminum surface is illustrated in Figure 1b. When only the
PEEK sheet was treated by plasma (Figure 3c), the adhesion with an Al strip was optimal
because the oxygen atoms formed in plasma caused the formation of polar functional
groups on the polymer surface (Figure 3d). After hot pressing, some oxygen from the
polymer surface interacted with the aluminum strip to ensure highly improved adhesion.
When both materials were treated with plasma, the effect of polar groups was marginal
since the aluminum had already been oxidized by plasma treatment.
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Figure 3. Interaction of 60 MHz atmospheric pressure argon plasma with aluminum (a,b) and
PEEK (c,d).

Kosmachev et al. [20] studied the influence of plasma treatment on the interlayer sheer
strength of laminates consisting of carbon fiber tapes and interlayers of polyphenylene
sulfide (PPS), which served as a thermoplastic binder. The surface of the carbon fiber tapes
was treated with pulsed discharges sustained in the air. The maximum voltage of the power
supply was 56 kV, and the pulse duration of 10 ns was selected. The treatment times were
varied between 5 and 20 min. XPS revealed 23 at.% oxygen even for untreated carbon fibers,
and it increased to 33 at.% after 15 min of plasma treatment. High-resolution XPS C1s
peaks revealed almost three times larger concentrations of the carbonyl groups after plasma
treatment, but the concentration of C–O bonds remained relatively intact. The laminates
were prepared in a mold heated to 340 ◦C at a pressure of 6.5 MPa. The interlaminar shear
stress was measured systematically versus the plasma treatment time of the carbon fibers,
and the ultimate values were 37, 41, 47, 50, and 52 MPa for untreated samples and samples
treated for 5, 10, 15, and 20 min, respectively. The relative increase in the shear stress at the
optimal conditions was 40%. SEM micrographs of the cleaved surfaces revealed that the
failure occurred strictly along the binder–fiber interface for untreated samples, whereas
for those treated with plasma for 15 min, some adhered fragments of the fractured binder
were evident on the surface of the carbon fibers.

The same team also probed the adhesion between PEEK polymers and carbon fiber
tapes. In the paper [21], the authors studied the mechanical properties of laminates using
0.25 mm thick PEEK foils as thermoplastic binders. The discharge parameters were the
same as in [20], and so were the selected treatment times. SEM micrographs showed the
localized etching of carbon fibers after prolonged plasma treatments. The temperature
during hot pressing was 400 ◦C, the pressure was 6.5 MPa, and the pressing time was
30 min. The ultimate shear strength increased with increasing plasma treatment time and
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assumed 48, 52, 68, 73, and 72 MPa for untreated samples and samples treated for 5, 10, 15,
and 20 min, respectively. The uniaxial tensile tests (in the direction of reinforcement) were
also reported in [21]. Interestingly, the uniaxial tensile strength for samples treated with
plasma for 15 min was 20% lower than for laminates synthesized without plasma treatment
of the carbon fibers. The team [21] did not probe plasma treatment of PEEK, which was
found beneficial by Takenaka et al. [19].

The effect of plasma treatment in the configuration adopted by Kosmachev et al. is
illustrated in Figure 4. Ambient air contains significant concentrations of water vapor
and carbon dioxide. All molecules are partially dissociated, preferentially those with the
lowest dissociation energy (O2, H2O, CO2), and nitrogen is excited to metastable electronic
states and also vibrational states (Figure 4a). The excited nitrogen molecules are likely to
form nitric oxides. The nitric oxides and radicals (predominantly O, OH, and H) interact
chemically with the carbon fibers and form polar surface functional groups (Figure 4b).

Figure 4. Interaction of air plasma with carbon fibers (a) and resulting surface finish (b).

Jung et al. [22] treated a carbon fiber-reinforced thermoplastic polymer with atmo-
spheric pressure plasma sustained in nitrogen by a dielectric barrier discharge operating
at the frequency of 13.56 MHz and voltage of 13.5 kV. The treatment time was 2 min. No
wettability measurements were performed, but high-resolution XPS C1s spectra revealed a
significant increase in the concentration of the hydroxyl and carboxyl bonds. Intriguingly,
no nitrogen bond was observed after treatment with a plasma sustained in nitrogen. The
polymer substrate was then coated with an epoxy-based adhesive, covered with an alu-
minum strip, pressed, and cured. The lap shear stress was about 10 MPa for untreated
polymer substrates and 22 MPa for plasma-treated ones. An even larger shear stress
of 27 MPa was observed when the plasma-treated carbon fiber-reinforced thermoplastic
polymer was covered with a monolayer of mercapto silane. The improved adhesion was
explained by the chemical interaction between the adhesive and oxygen-containing func-
tional groups on the polymer surface. The large concentration of oxygen and no nitrogen
on the polymer surface after the plasma treatment indicates that the effluent ambient air
caused quenching of the nitrogen molecular metastables, similar to the experimental setup
used by Kosmachev et al. [20], who also found a minimal concentration of nitrogen on the
polymer surface after treatment with air plasma, so the treatment adopted by Jung et al. [22]
is illustrated in Figure 4.

Kim et al. [23] treated polypropylene (PP) strips with air plasma sustained at atmo-
spheric pressure and a discharge power as large as 1000 W. The distance between the
plasma nozzle and the polypropylene samples was 1 cm, and the transverse speed was
0.25 m/s. The WCA of the untreated samples was about 87◦ and dropped to about 61◦
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after the plasma treatment. Plasma treatment did not cause a significant modification of
the PP morphology, and XPS showed an increase in the oxygen concentration from 7 to
12 at.%. The high-energy tail of the high-resolution XPS C1s spectra showed significant
oxidation of the polypropylene sample even before plasma treatment. The authors found
the cleavage of C–C bonds in the PP by radicals generated during plasma treatment. The
artificial leather made from polyurethane (PU) fabrics was pressed onto the PP samples
using PU-based water adhesive as a glue. The sample temperature during pressing at
the pressure of 5 bar was 65 ◦C. There was no adhesion between the PP substrate and the
artificial leather before the plasma treatment. After plasma treatment, however, the force
needed to separate the two materials with a width of 25 mm was as large as 50 N. The
adhesion strength was about the same as in the parallel test using commercial primers for
pre-treatment of the PP substrates. The nitrogen concentration on the PP surface after the
plasma treatment was just above the detection limit of the XPS instrument, i.e., 0.9 at.%.
The surface effects upon plasma treatment, as adopted by Kim et al. [23], are illustrated in
Figure 4.

Some authors reported only a marginal increase in the adhesion after plasma treatment
of the substrates. Ondiek et al. [24] studied the influence of plasma treatment on the adhesion
properties of wood–polypropylene composites. The wood fibers were pre-coated with PP, and
the fibers, PP granules, and a compatibilizer (maleic anhydride graft polypropylene) were
compounded in a kneading device, pulverized, and finally molded at 200 ◦C in order to obtain
specimens for mechanical tests according to the JIS K7139-A32 standard [25]. The composites
were treated with gaseous plasma. No details about the plasma or discharge parameters were
disclosed, but the treatment reduced the WCA from 108 to 25◦. The composite was, therefore,
highly hydrophilic, taking into account some other reports about the hydrophilization kinetics
of polypropylene [23]. Different concentrations of wood fibers were added to the composite,
and acrylic resin was used as a binding material. The ultimate tensile strength increased from
35 to 35.8 MPa for neat polypropylene, 40.5 to 41.1 MPa for the composite with 25% wood
fibers, and 50.7 to 52.4 MPa for the composite with 25% wood fibers.

3.2. Low-Pressure Plasmas

Low-pressure plasmas have been used for treating solid materials on the industrial
scale for decades [7]. The main advantage of low-pressure plasmas over atmospheric
pressure is a much lower collision frequency and a negligible frequency for three-body
collisions, which is as low as 1 Hz at the pressure of 100 Pa. Indeed, the loss of molecular
radicals in the gas phase is marginal, so the dissociation fraction of molecules is large even
at low discharge power per plasma volume. The properties of low-pressure plasmas are
governed by surface and not gas-phase reactions. The short mean free path at low pressure
enables a moderate electron temperature and high kinetic energy of ions impinging on
the surface. The kinetic energy of ions bombarding the surface of a treated material can
be adjusted by biasing the samples in a broad range up to a few keV. Due to the marginal
loss of reactive plasma species in the gas phase, the low-pressure plasmas expand in large
volumes, so the uniform plasma is sustained in chambers with a volume of several m3 [26].

Piskarev et al. [27] treated polyethylene naphthalate foils with a low-pressure plasma
sustained in the air by a direct current (DC) glow discharge—the discharge operated at
800 V and a current of 50 mA. The foils were placed either on the anode or the cathode.
A few seconds of plasma treatment caused increased wettability, and the water contact
angle stabilized at about 10◦ after several 10 s of plasma treatment. Polymer foils treated
for 60 s were glued with a solution of polyurethane rubber in acetone and ethyl acetate
(PU) or an ethylene vinyl acetate copolymer (EVA). They were heated at 100 ◦C, and then
the peel resistance was determined according to the ASTM 1876-2001 standard [28]. The
peel resistance was poor for untreated polyethylene naphthalate foils at 40 and 110 N/m
for EVA and PU, respectively. The plasma-treated foils exhibited a much larger peel
resistance of about 900 N/m for samples placed on the anode of the DC glow discharge. A
significant difference in the adhesion force for samples placed on the cathode was reported.
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Namely, the force was about 750 N/m for EVA and 400 N/m for PU. The authors found
the only difference between the samples treated on the anode and cathode in the roughness
evaluated from the measured AFM images, which was 2.1 and 2.5 for samples on the anode
and cathode, respectively. Still, another difference is the heating of the electrodes. The DC
glow discharge is characterized by the large voltage drop in the cathode sheath between the
bulk plasma and the cathode surface [29]. Positively charged ions move randomly in the
bulk plasma but are accelerated within the sheath, where they bombard the cathode with a
high kinetic energy corresponding to the discharge voltage, so heating is unavoidable. The
positive ions suffer some collisions within the sheath since the mean free path of gaseous
particles at 15 Pa is roughly 1 mm. Positive ions thus bombard the polymer edge with
moderate kinetic energy, but the rest of the polymer foil is at floating potential, so the kinetic
energy of ions bombarding the polymer is only about 10 eV, as illustrated in Figure 5a.
On the other side, the anode is not heated significantly due to the minimal voltage drop
across the anode sheath. The dissociation fraction of oxygen molecules in the air plasma
sustained at 15 Pa is considerable (Figure 5b), which explains the quick functionalization of
the polymer surface with polar oxygen functional groups and, thus, appropriate wettability,
as illustrated in Figure 5c.

Figure 5. Illustration of the low-pressure DC glow discharge (a); radicals and ions from the air
plasma sustained by the DC glow discharge (b) interact with the polymer surface and cause rapid
functionalization (c).

Liu et al. [30] treated 5 μm carbon fibers with a low-pressure inductively coupled
radio frequency (RF) plasma in the E-mode sustained in the air at the pressure of 30 Pa.
The discharge power varied between 100 and 400 W. The high-resolution XPS C1 spectra
revealed that the composition of the carbon fibers was similar to that of the polyamides. The
high-resolution C1s spectra of the plasma-treated samples at 100 W caused the appearance
of O–C=O groups at a concentration as large as 11%. Further treatment caused a decrease
in the intensity of the O–C=O group to 10, 9, and 2% for discharge powers of 200, 300, and
400 W, respectively. No apparent correlation between the concentration of other groups
and the discharge power was evident from the C1s spectra. The interlaminar shear strength
of composites prepared from the fibers and polyimide resin was 61 MPa for untreated
samples and increased to 64 and 68 MPa for 100 and 200 W discharge powers, respectively.
However, the shear strength decreased with a further increase of the discharge power and
assumed 63 and 62 MPa at 300 and 400 W, respectively. The decrease in the shear strength
at elevated powers could be explained either by heating the fibers during plasma treatment
and thus fast hydrophobic recovery or the formation of loosely bonded low molecular
weight fragments at higher powers. Specifically, AFM showed a significant increase in the
roughness: 110 nm for untreated samples and 130, 210, and 330 nm for samples treated
at 100, 200, and 400 W, respectively. A peculiarity of electrodeless discharges sustained in
glass tubes is a considerable dissociation fraction of molecules, particularly oxygen [31].
As mentioned earlier, the surface reactions are always exothermic, so samples with small
dimensions like fibers of diameter 5 μm quickly heat to elevated temperatures. Highly polar
functional groups are unstable at elevated temperatures [32], so the etching of polymer
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materials prevails over functionalization at large discharge powers. Adequate surface
functionalization and adhesion of a coating is thus achieved only at a relatively small
discharge power. Liu et al. [30] chose a treatment time as long as 900 s, so the fibers of small
diameter heated to prohibitively high temperatures, especially at large discharge powers.
The thermal effects explain the low oxygen concentration on the fiber surface and the loss
of adhesion forces at large power. The effect is illustrated in Figure 6.

Figure 6. Illustration of inductively coupled plasma (a), the surface finish at low discharge power (b),
and at high discharge power (c).

Wang et al. [33] studied the adhesion of copper layers on polyimide and PEEK resins
and proposed an illustration of the bonds responsible for better adhesion on plasma-treated
polymers. Various pre-treatments by chemical methods and sandblasting were used before
the plasma treatment. The interlayer between the polymer substrate and the copper film
was a thin titanium layer deposited by magnetron sputtering. The polymers were first
treated with argon plasma at the pressure of 0.2 Pa and biased against the plasma potential.
The treatment times were 10, 30, 80, and 150 s. After activating the polymer surfaces with
argon plasma, the samples were coated first with titanium and then copper using sputter
deposition without breaking vacuum conditions. No apparent correlation between the
roughness on the nanometer scale and tensile strength was found for polyimide substrates,
but the authors reported an excellent correlation for PEEK—a larger surface roughness
resulted in a higher tensile strength, as illustrated in Figure 1a. Many polymer samples
were treated with Ar plasma at the fixed bias of −100 V. For the polyimide substrates, the
tensile strength at −100 V did not depend on plasma treatment time since it was always
around 1 MPa. On the other hand, PEEK samples exhibited tensile strengths of 4, 7, 15, and
6 MPa for samples treated for 10, 30, 80, and 150 s, respectively. The thermal effect explains
the drop in the tensile strength for the longest treatment. As mentioned earlier, biasing
causes the acceleration of positively charged ions, bombarding the polymer surface with
significant kinetic energy. The authors selected pressure as low as 0.2 Pa, where the mean
free path is well below 1 cm, so the sheath next to the polymer sample is collisionless—at
biasing to −100 V, the kinetic energy of positively charged ions bombarding the polymer
surface is 100 eV. Sandblasting before plasma treatment caused a significant increase in the
tensile strength for polyimide samples at 4.2, 5.8, 5.7, and 6.2 MPa for samples treated for
10, 30, 80, and 150 s, respectively. On the contrary, the sandblasting of PEEK substrates
before plasma treatment caused an insignificant increase in the tensile strength; it was 8,
10, 8, and 11 MPa for samples treated for 10, 30, 80, and 150 s, respectively. The influence
of the bias voltage was examined as well. The tensile strength decreased monotonously
with the absolute value of the bias voltage for polyimide, while for PEEK, it peaked at the
bias voltage of −100 V. The experimental system adopted by Wang et al. [33] is illustrated
in Figure 7a. The residual atmosphere in hermetically tight low-pressure systems always
consists of water vapor, which fully dissociates in Ar plasma, so the polymer sample is
subjected to neutral and positively charged OH, O, and H radicals (Figure 7b). The velocity
of the charged particles is perpendicular to the polymer surface, while neutral radicals move
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randomly in the gas phase. The radicals cause surface functionalization (Figure 7c) and
improved wettability, but prolonged treatment time results in a high polymer temperature,
which explains the loss of adhesion at the longest treatment time.

Figure 7. The schematic of the device useful for polymer activation and deposition of a thin metal
film (a), interaction of plasma species with polymer surfaces (b), and resulting surface finish at
moderate treatment times (c).

Wu et al. [34] used a low-pressure plasma sustained in the air by a capacitively coupled
RF discharge operating at the frequency of about 50 kHz and a nominal power of 200 W
to modify the surface of PP films. Plasma treatment caused a gradual increase in the
wettability with the water contact angles of 107, 67, 64, 62, and 8◦ after plasma treatment
for 0, 15, 30, 60, and 120 s, respectively. No explanation for a dramatic decrease in the WCA
between 60 and 120 s of plasma treatment was provided, but it could be explained by the
degradation of the polymer surface film due to the bombardment with moderately energetic
plasma ions. A relatively thick film of polyurethane adhesive of 5 mm was deposited on
the PP substrates, and the lap shear stress was measured according to the ASTM D3136
standard [35]. The shear stress increased monotonously with plasma treatment time and
correlated well with wettability. The maximal load was 35, 64, 75, 80, and 110 N/cm2

for samples treated for 0, 15, 30, 60, and 120 s, respectively. The improved adhesion was
stable because, after a week of storage, the maximal load remained practically the same
as for freshly synthesized samples. Furthermore, the annealing of samples treated with
plasma for 30 s for one day caused a further increased shear strength to 120 N/cm2. The
authors explained the improved adhesion by chemical interaction between the hydroxyl
groups formed on the PP surface during plasma treatment and the isocyanate group from
the adhesive to form a urethane bond. The experimental system used by Wu et al. [34]
is illustrated in Figure 8a. Low-pressure capacitively coupled discharges are renowned
for DC self-biasing of the electrodes [36], and the smaller electrode (powered electrode in
Figure 8a) assumes larger biasing. A polymer sample is placed on the grounded electrode.
The powered electrode is subjected to extensive bombardment with positively charged
ions, while the larger electrode (usually grounded, as shown in Figure 8a) is subjected
to moderately energetic ions. As long as the electrically non-conductive samples like
polymer foils are thin compared to the sheath thickness, the surface of the treated material
assumes the same DC biasing as the backing electrode. The synergy of bombardment
by positively charged ions and absorption of VUV radiation modifies the properties of
the PP surface film, as illustrated in Figure 8b. The prolonged treatment causes further
surface film modification and nano-structuring, as illustrated in Figure 8c. A theoretically
spotless description of the modification of the polymer surface film by ion treatment is
provided in [37]. The combination of rich surface morphology and functionalization with
polar functional groups, as illustrated in Figure 8c, leads to the super-hydrophilic surface
finish [38], which explains the WCA as low as 8◦ at the longest treatment time.
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Figure 8. Illustration of capacitively coupled discharge for treatment of polymers with plasma (a)
and the surface finish after a short treatment of several 10 s (b) and treatment for 120 s (c).

Wu et al. [39] also treated PP films with oxygen plasma for 30 s and studied the
adhesion of 2 K polyurethane (PU) adhesion strength. The lap shear adhesion test was
performed according to the ASTM D3163 standard method [35]. No details about oxygen
plasma were provided, but they likely used the same configuration illustrated in Figure 8a.
The adhesion strength increased from 24 for untreated PP films to 29 N/cm2 for those
treated with oxygen plasma. The authors added amino silane and epoxy silane to the
adhesive and reported marginal differences in the adhesion strength.

4. Correlations and Paradoxes

The authors cited in Section 3 used different experimental systems and have not
reported plasma parameters (i.e., the fluxes and doses of plasma species, including the
positively charged ions, neutral reactive species, and energetic photons), so the reported
results seem incomparable. Still, some general correlations could be drawn based on results
reported by different authors for different polymer materials. Most authors reported the
plasma treatment time. Figure 9 represents a plot of the water droplet contact angle (WCA)
versus the treatment time. All probed polymers were moderately hydrophobic, with the
WCA for untreated samples between 80 and 110◦, and all became hydrophilic after the
plasma treatment. The decrease in the WCA with increasing treatment time varies for
different polymers, but the trend is evident: longer treatment times enable better wettability.
The WCA remains moderate in some cases, but some authors reported an almost super-
hydrophilic surface finish (WCA below 10◦). As mentioned earlier and explained in detail
elsewhere [38], the super-hydrophilic surface finish of polymers is only achieved if the
surface is rough on the sub-micrometer scale and functionalized with polar groups, as
illustrated in Figure 8c.

Longer plasma treatment times do not necessarily ensure better adhesion. Figure 10
is a plot of the adhesion increase versus the treatment time. The adhesion increase is
defined as the shear strength after the plasma treatment divided by the shear strength of
untreated samples. The reported results are scattered and are not sound with the evolution
of WCA (Figure 9). Namely, the higher wettability should enable better interaction of the
joined materials because it suppresses the effect illustrated in Figure 1b. The paradox is
explained by loosely bonded molecular fragments formed during prolonged treatment
with gaseous plasma. As mentioned above, plasma treatment always causes breaking
bonds between atoms in the polymer’s surface film. All authors who probed the surface
composition by XPS reported a significant increase in the oxygen concentration in the
surface film probed by this technique, whose probing depth is several nm. Oxygen may
replace hydrogen to form hydroxyl or epoxy bonds, which is supposed to be the first effect
of the plasma treatment [10,40,41], but they also break bonds in the polymer chain [42]
and trigger the degradation of polymer material [43]. The degradation leads to etching,
i.e., the release of volatile molecules, but incomplete oxidation leads to the formation of
molecular fragments that remain on the polymer surface [44]. Large agglomerates of such
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fragments were reported for plasma-treated PEEK and polyether sulfone [45,46]. These
molecular fragments are loosely bonded to the polymer surface and can be removed even
by gentle rinsing with water [47], although the surface of these fragments is well oxidized.
Thus, the well oxidized fragments of the original polymer substrate contribute to improved
wettability; they are weakly bonded to the surface to the extent that they are easily removed
during adhesion tests. The formation of the molecular fragments is likely to result from
the synergy of VUV radiation, positively charged ions, and perhaps also neutral radicals,
and is yet to be elaborated. The evolution of the molecular fragments is illustrated in
Figure 11, and their influence on the peeling test is illustrated in Figure 12. The appearance
of the fragments was not reported in the articles analyzed in Section 3 of this paper, so it is
impossible to quantify their influence on the adhesion properties.

Figure 9. Water droplet contact angle versus the plasma treatment time [13,18,23,24,27,34].

Figure 10. The ratio between adhesion after and before the plasma treatment (adhesion increase)
versus the treatment time [13,19–23,27,30,33,34,39].
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Figure 11. The formation of agglomerates of molecular fragments on the polymer surface. (a) The
polymer is exposed to plasma species, which cause functionalization (b). Moderate doses of plasma
species (prolonged treatment time and/or rather large discharge power) cause the formation of
well functionalized molecular fragments (c), which may agglomerate after large doses of plasma
species (d).

Figure 12. Illustration of the effect of molecular fragment agglomerates on the adhesion. (a) The
coating wets the substrates well, so the coating fills all gaps on the surface, but the area of good
adhesion is limited to the surface free from agglomerates. (b) The agglomerates are peeled from the
polymer surface after the adhesion test, so the shear strength is inadequate.

5. Recommendations and Conclusions

In this study, recent papers on the adhesion of plasma-treated polymers were reviewed.
Some authors reported the details about the experimental setup used to treat polymer
material, but most only mentioned the type of discharge used to sustain the gaseous
plasma, the gas pressure, the treatment time, and the increase in adhesion. Such an
incomplete description of the experimental conditions does not enable the reproducibility
of treatments at different laboratories. The authors are recommended to provide details
about the experimental setups because the plasma parameters depend significantly on the
dimensions and geometry of the plasma reactor, the coupling of the power supply, the
biasing of the polymers against the plasma potential, and so on.

Even if the details mentioned above are provided, the plasma parameters are still
challenging to deduce, so plasma characterization is recommended. A simple introduc-
tion to diagnostic methods for plasmas useful for polymer treatments is provided in [15].
Non-equilibrium gaseous plasma sustained in reactive or noble gases with an admixture of
reactive gas is rich in neutral radicals, such as neutral atoms in the ground state. The atom
density and, thus, the flux of atoms onto the polymer surface, depends enormously on the
peculiarities of the discharges used for sustaining non-equilibrium gaseous plasma [31].
However, the typical dissociation fraction is often around 10% in plasmas with the neutral
gas translational temperature close to the room temperature [7] as long as the plasma is
sustained in a chamber made from dielectrics. The dissociation fraction is significantly
smaller in metallic chambers [48]. The appropriate neutral radicals for tailoring the surface
wettability of polymers are O atoms and OH radicals [43]. Small doses cause functionaliza-
tion of the polymer surface without significant etching and degradation of the polymer
chains, and the OH radicals favor the formation of hydroxyl groups [49]. The first effect
of treatment with O atoms is also the formation of hydroxyl groups [10,41], but the doses

14



Materials 2024, 17, 1494

exceeding 1020 m−3 cause the formation of other oxygen-containing functional groups
when treating polymers both at atmospheric pressure [50] and in low-pressure reactors [51].

Other reactive species should be considered when interpreting the results of plasma
treatment. Plasma is a source of VUV radiation, with the photon energy exceeding the
binding energy of atoms in polymer materials. The effect of this radiation has been studied
for decades and was also found significant for treating polymers on an industrial scale [52].
As much energy absorbed by gaseous plasma as about 10% was found to be transferred
to VUV radiation [53], so it is of crucial importance for the hydrophilization of fluorine-
containing polymers [13].

The effect of positively charged ions on the surface wettability of polymers is regarded
as marginal when treating the samples with weakly ionized non-equilibrium gaseous
plasma, because the ionization fraction is orders of magnitude smaller than the dissociation
fraction [7]. Still, if the polymer surface is biased, as explained in [33], the ions play an
important role, since their high kinetic energy causes radiation damage to the surface
film. Large doses of energetic, positively charged ions will cause excessive heating of the
polymers since practically all ions’ energy is spent on the heating of the polymer surface.
The elevated surface temperature causes rapid loss of surface wettability [32].

Finally, it is worth stressing again that high hydrophilicity, as indicated by a low water
droplet contact angle, does not necessarily result in optimal adhesion. The formation of
agglomerates of well-oxidized molecular fragments on the polymer surface explains the
paradox. The fragments add to the wettability but are easily removed from the polymer
surface, so the adhesion of any coating on a polymer, rich with molecular fragments, will
be inadequate.
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Abstract: Starch-based films are a valuable alternative to plastic materials that are based on fossil
and petrochemical raw resources. In this study, corn and potato starch films with 50% glycerol as a
plasticizer were developed, and the properties of films were confirmed by mechanical properties,
surface free energy, surface roughness, and, finally, color and gloss analyses. Next, the films were
overprinted using ink-jet printing with quick response (QR) codes, text, and pictograms. Finally, the
print quality of the obtained prints was determined by optical density, color parameters, and the visual
evaluation of prints. In general, corn films exhibit lower values of mechanical parameters (tensile
strength, elongation at break, and Young Modulus) and water transition rate (11.1 mg·cm−2·h−1)
than potato starch film (12.2 mg·cm−2·h−1), and water solubility is 18.7 ± 1.4 and 20.3 ± 1.2% for
corn and potato film, respectively. The results obtained for print quality on starch-based films were
very promising. The overprinted QR codes were quickly readable by a smartphone. The sharpness
and the quality of the lettering are worse on potato film. At the same time, higher optical densities
were measured on potato starch films. The results of this study show the strong potential of using
starch films as a modern printing substrate.

Keywords: starch films; ink-jet printing; print quality; QR code; packaging

1. Introduction

There is a growing demand for ecologically sustainable alternatives to traditional
plastic packaging. The researchers seek novel, functional, environmentally friendly, or
biobased materials. The research on biodegradable and renewable materials follows the UE
directive [1]. Starch is abundant, biodegradable, biocompatible, cheap, and renewable. Also,
it should be highlighted that it can be harvested without destroying the plant [2,3]. Due to
their excellent filmogenic properties, low cost, and biodegradation, thermoplastic starch-
based films are great alternatives for plastics that are based on fossil and petrochemical
raw materials. The number of research papers in the field of starch-based materials for
packaging purposes is gradually increasing. The starch-based composite or blend has great
potential for commercialization in the food packaging field due to it being pollution-free
and its simple preparation, desirable functionality, degradability, and low digestibility [4].

Unfortunately, starch materials exhibit some disadvantages that limit their usage as
packaging films: moisture sensitivity and low mechanical strength and stability [5]. To
improve the properties of thermoplastic starch films, the starch can be modified prior
to film preparation by combining it with other biodegradable materials or reinforcing it
with active or natural nanoparticles. The enzymatic hydrolysis using α-amylase from
Bacillus amyloliquefaciens can be used successfully to improve corn starch-based film’s
mechanical properties, such as greater elasticity, strength, and stiffness [6]. Adding various
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natural extracts improves the mechanical properties of the starch-based films, i.e., Thymus
vulgaris essential oils (TEOs) combined with ethanolic extract of propolis (EEP) increases the
elongation at break up to 13.5% [7]. The combination of starch with other polymers, such as
polyvinyl alcohol, improves the mechanical and barrier properties of film packaging [8–10].
Cellulose nanofibers and nanocrystals can be successfully applied to enhance starch-based
materials’ properties [11]. Zeleke et al. have reported the usage of rice straw cellulose
fibers to reinforce thermoplastic starch-based films for better industrial applications [12].
According to [12], 10 wt% cellulose nanofibers were the optimum concentration for the
composite film, compromising the properties and the transparency. Above 10 wt%, the fiber
aggregation in the polymer matrix was observed. Finally, blending plasticized starch with
low-density polyethylene allows material development with greater mechanical properties
and improved biodegradation for effective environmental pollution control [13].

The packaging materials must fulfill some criteria. The primary function of packaging
is to protect the product against external factors. However, the packaging should also
communicate accurate information through printed texts and graphics on relevant features
of the product, such as ingredients, weight, etc. [14]. Good transparency allows the
consumer to see the product packed inside the packaging. Moreover, transparency can be a
desired factor for film printing and a legible inscription reading. Therefore, apart from the
basic properties of starch films, such as mechanical, barrier, surface, etc., the possibility of
printing is crucial. Our previous work showed the potential of overprinting starch films
with water-based inks for flexographic technology [15]. The packaging can be overprinted
with various techniques, including flexographic, digital, and many more.

Today, ink-jet printing technology is one of the simplest and most popular digital
printing techniques, allowing printing on the scale of “short runs” [16]. In the ink-jet
printing process, there is a controlled ejection of the liquid on the substrate in a very
precise and controlled way [17]. The printing process is contactless, so there is no need
for an intermediate carrier to transfer the ink to the substrate. There is no limitation on
the substrate type—it can be flexible or rigid—so this technique is suitable for printing on
many substrates, including paper, cardboard, textiles, films, glass, metals, etc. In addition,
ink-jet printing enables the usage of many different colors and large-format prints. Ink-jet
printing has been found to be a widespread technology with broad applications: printing on
textiles, production of printing plates, and, finally, functional printing such as 3D printing
or printing of so-called printed electronics [18–22]. Ink-jet does not require the usage of
expensive printing forms or screens. After a print, the design can be quickly sent to a
printing machine and printed on various substrates.

In theory, ink-jet is simple—a print head ejects tiny drops of ink onto the substrate [19].
In practice, ink-jet printing is a complex problem, where implementation of the ink-jet
technology needs multidisciplinary skills. The final print quality is influenced by several
parameters, mainly the properties of the ink, the substrate, and the printing process
parameters. The properties of the ink, such as viscosity and rheology, influence the ink
flow in the printhead [16,23]. Next, the surface tension, ink flow, and viscosity influence
the drop formation in the printhead [24]. Finally, the properties of the printing substrate
affect the final print quality [25,26].

A quick response (QR) code can be used as a data carrier for smart packaging. A QR
code is a 2D variant of a barcode, which encodes valuable information. The QR code can
be generated simply by using various free tools. A sample QR code (see Figure 1a) was
generated using Adobe Express’s QR code creator [27]. The typical QR code is composed
of black and white blocks, where they refer to 1 and 0, respectively, representing the bit
of information [28]. The white and black squares form a square-shaped grid. Three large
squares in the corner allow position detection, size, angle, and shape recognition [29]. This
kind of QR code has a poor visual effect. However, by using an appropriate scanning
algorithm, a more aesthetic, colorful, and visually pleasant QR code can be generated [30],
as shown in Figure 1b–d.
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Figure 1. Samples of QR codes, (a) basic QR code with conventional square blocks; (b–d) QR codes
with aesthetic blocks.

The QR code can be scanned using a scanner or a smartphone with an installed QR
code scanner app. The QR code can code useful information about the product in the pack-
aging. QR codes are widely used on a daily basis, and they have been successfully adopted
in mobile payments [28], in logistics sorting to allow package tracking and sorting [30], in
in situ air analyses [29], and, finally, in food traceability systems to obtain information on
the freshness and quality of food products [31–33]. Moreover, a QR code can be used to
deliver a known amount of a drug [34].

Smart packaging can be developed by combining various printing techniques, ma-
terials, and QR codes. An individual QR code label is in a large-scale, rapid, low-cost
fabrication process, whereas a unique QR code is overprinted, i.e., one item–one code [35].

This study aims to analyze the print quality of overprinted starch-based films. We
have developed two kinds of starch films based on corn and potato starch as a printing
base for developing smart, biodegradable packaging to achieve this goal. The properties
of starch films were confirmed through mechanical, surface, water vapor transition rate,
water solubility, and film color analyses. The developed materials were overprinted with
an ink-jet technique with various pictograms and QR codes. Finally, the print quality of the
prints was assessed. The starch material with an overprinted QR code giving information
about the product forms a unique, smart, and biodegradable packaging for food.

2. Materials and Methods

2.1. Materials

Corn (NaturAvena, Piaseczno, Poland) and potato (Bio Planet, Leszno, Poland) food-
grade starches were used. Glycerol (purity ≥ 99%, CAS 56-81-5) and diiodomethane
(purity ≥ 99%, CAS 75-11-6) were purchased from Sigma-Aldrich (Poznań, Poland) and
used as received. For the contact angle measurement, water was purified by electrodeion-
ization with the MilliporeSigma Elix Water Purification System (Burlington, MA, USA).

2.2. Film Preparation

We previously showed the procedure in our works, for example, see [36]. The reagents
(10 g of starch, 5 g of glycerol in 200 g of water) were heated up to 95 ◦C upon stirring with
a mechanical stirrer and cast onto Teflon® plates placed on a K Paint Applicator (RK Print,
Royston, UK) equipped with an adjustable micrometer spreader gap set to 3 mm with a
constant coating speed (6 m·min−1). The starch films were dried in the climate room for
one week in controlled conditions (23 ± 0.5 ◦C; 50 ± 1% RH).

2.3. Film Properties Determination

ATR FT-IR spectra were recorded at room temperature in the 400–4000 cm−1 range
with a resolution of 4 cm−1, using a Nicolet iS5 spectrometer equipped with a Platinum
single-reflection diamond ATR module. The FT-IR spectra were analyzed with OMNIC
Spectra™ software (series 9.12.968).
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The mechanical properties were determined by using a Z010 tensiometer (Zwick-
Roell, Ulm, Germany). The measurement was performed according to the ISO 527-1
standard [37]: 15 mm in width, 100 mm in length; the initial distance of the clamps was 50
mm; the stretching speed was 100 mm·m–1. The thickness for the mechanical measurements
was performed with a handheld micrometer, with a 0.001 mm resolution and error of ±0.5
mm. The parameters (tensile strength, elongation at break, and Young’s Modulus) were
obtained from the stress–strain curves. The measurements were repeated ten times, and
the average values were taken as the result.

The surface free energy was calculated using the Owens–Wendt–Rabel–Kaelbe ap-
proach [38], based on the contact angle measurement results of water and diiodomethane.
The static contact angle was measured with the Drop Shape Analysis System (DSA 30E,
Krüss, Hamburg, Germany) in agreement with the ISO 15989 standard [39].

A digital microscope (Keyence VHX-7000, Keyence Corporation, Osaka, Japan) was
used to observe the surface structure and the surface roughness determination of developed
films. The film’s linear roughness (Ra and Rz) was subsequently evaluated on the Keyence
VHX-7000.

The water vapor transmission rate (WVTR) measurements were performed using the
MA 210.R (Radwag, Radom, Poland) moisture analyzer. A 54 mm ± 2 mm diameter film
sample was placed on an aluminum-sealed probe with 5 g of water and weighed. The
WTVR was determined at 45 ◦C at constant room temperature (23 ± 0.5 ◦C) and relative
humidity (50 ± 1% RH). The measurements were performed manually, and the samples
were weighed at 0, 1, and 2 h intervals. The WVTR was calculated using Equation (1):

WVTR =
Δm
t·S (1)

where Δm is the difference between the mass of water after 2 and 1 h of measurement, t is
the time of measurement (2 h), and S is the area of the film sample.

The Karl Fisher volumetric titration method (Mettler V30, Beersel, Belgium) was
applied for the determination of water content. The sample (approx. 200 mg) was added
to a sealed vial. Two component reagents Aquastar®-Solvent and Aquastar®-Titrant 2
(Supelco, Sigma-Aldrich, Poznań, Poland) were used as a solvent and titrant, respectively.

The solubility of starch-based films was determined according to [40]. Samples of
films (approx. 20 mm × 20 mm) were solubilized for 24 h in 50 mL of distilled water (at
25 ◦C). The solubility was expressed as the percent weight loss of the film strips on soaking,
according to Equation (2):

Solubility (%) =

(mi − m f

mi

)
·100 (2)

where mi is the initial dry mass of the sample and mf is the final dry mass of the sample
after solubilization.

The measurement of WVTR, solubility, and moisture content was repeated in triplicate.
The gloss (in the gloss units, GU) of the prints was measured at 20◦, 60◦, and 85◦ ge-

ometry conditions with the use of a Micro-Tri-Gloss gloss meter (BYK-Gardner, Geretsried,
Germany). Data collection was performed at six different positions of the samples in both
directions: cross and machine direction. The reported values are the average of these
measurements.

The color of the films was measured using an X-Rite eXact spectrophotometer (Grand
Rapids, MI, USA) under the following conditions: D50 luminant, 2◦ colorimetric observer,
and M2 (UVC) filter. The white ink-jet paper was used as the white standard (L* = 93.73,
a* = 0.79, and b* = −3.98). The measurement was repeated three times.

2.4. Printing

The printing was performed with an eZcolorJet (Graph-Tech, Ft. Pierce, FL, USA)
industrial printer equipped with an EPSON I3200 printhead. The printing was performed
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at 600 dpi with magenta and black UV LED ink (Graph-Tech, Ft. Pierce, FL, USA) printing
with 6 pl per 1 drop with max. 42 kHz jetting.

2.5. Print Quality Analyses

Optical densities and color values were determined with a SpectroEye spectropho-
tometer (GretagMacbeth, Zürich, Switzerland). The measurement was performed with the
following settings: D50 luminant, 2◦ colorimetric observer, without polarization filter. The
measurement was repeated three times.

The prints were evaluated with a digital portable microscope model Dino-Lite AM
4113T-FVW Premier Handheld Digital Microscope (Dino-Lite Europe, Almare, The Nether-
lands), to assess print quality, edge sharpness, and microlevel non-uniformity. The selected
parts of the prints were captured with 200× magnification and 1280 × 1024 resolution,
using DinoCapture 2.0 v 1.5.48 (Dino-Lite Europe, Almare, The Netherlands).

A QR scanning application on a smartphone was used to scan the QR code. In this
study, a Mobile Barcode Scanner (v. 5.0.9 (175), Cognex, Natick, MA, USA) and a camera
app (Galaxy S21, Samsung, Seoul, Republic of Korea) were used.

All the results are presented as a mean ± SD, where a mean was calculated as an
average and SD as a standard deviation using Excel (ver. 2312, Office 365, Microsoft,
Redmond, WA, USA).

3. Results and Discussion

3.1. Properties of Films

Starch films based on potato and corn with 50% glycerol as plasticizers were developed
as a printing base. To confirm the quality of starch films, the basic properties were deter-
mined, i.e., mechanical properties, surface free energy, water solubility, etc. The measured
properties are summarized in Table 1. The mechanical properties, water vapor transition
rate, and water solubility determine the use of starch-based materials for packaging pur-
poses. Surface-free energy is the crucial factor influencing the printability of starch-based
films. Figure 2 shows the FTIR spectra of both films and the image of the films’ surface.

The ATR-FTIR analyses show no changes in absorption bands, whether corn or potato
starch was used for the film development (see Figure 1a). The spectrum shows typical peak
characteristics for starch materials: broadband at approx. 3300 cm−1, corresponding to
O–H stretching vibrations in the hydroxyl group at approx. 2900 cm−1, a characteristic
peak for CH2 stretching vibration, and at approx. 1020 cm−1, characteristic of C–O–C
stretching vibration [41].

Table 1. Properties of developed films.

Property Starch Film

Corn Potato

Young’s Modulus (MPa) 42.6 ± 1.2 53.4 ± 1.6
Tensile strength (MPa) 3.47 ± 0.68 4.05 ± 0.60
Elongation at break (%) 33 ± 13 43 ± 6

Thickness (μm) 201 ± 7 80 ± 8
SFE (mJ·m−2) 58.67 ± 4.28 59.71 ± 2.39

Polar component of SFE (mJ·m−2) 18.89 ± 2.38 17.02 ± 1.15
Surface roughness, Ra (μm) 1.92 ± 0.16 1.27 ± 0.69
WVTR (%); (mg·cm−2·h−1) 39; 11.1 43; 12.2

Water content (%) 7.16 ± 0.57 6.48 ± 0.41
Water solubility (%) 18.7 ± 1.4 20.3 ± 1.2

Gloss (◦) 4.1 ± 0.9 11.0 ± 3.1

Color
L* 90.64 ± 0.23 90.72 ± 0.40
a* 0.52 ± 0.01 0.84 ± 0.01
b* −2.24 ± 0.08 −3.60 ± 0.04

Values are means ± SD.
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Figure 2. (a) FTIR spectrum of corn (blue line) and potato (orange line) film; (b) surface images of
films at 900× magnification.

The tensile strength and elongation values at break are comparable to those reported
in our previous work [42] and higher than those reported by Dai et al. [43]. The values of
mechanical parameters were lower for corn than potato starch films.

The surface roughness, together with the value of surface free energy (SFE) and the
polar component of SFE, indicates the possibility of printing. The values of SFE and the
polar component of SFE for corn and potato starch films are comparable. At the same time,
surface roughness, Ra, is slightly higher for corn starch film.

The barrier properties of films indicate their packaging application. In general, the
hydrophilic nature of starch films plasticized with glycerol influences the water vapor
permeability [44]. High affinity of glycerol to water promotes the diffusion of water
molecules through the films [45]. Potato starch exhibits higher values of WVTR and higher
water solubility.

The values of gloss and color properties such as lightness (L*) and hue parameters (a*,
b*) are listed in Table 1. For the gloss measurement, geometry with an angle of 85◦ was
used because the gloss of starch materials exhibits lower values than 10 gloss units using a
geometry of 60◦ [46].

The L* values are similar for corn and potato films. It should be noted that when
comparing potato and corn films, both the a* value and the b* value for the potato became
smaller. Hence, the potato starch is “greener” and “bluer” compared to corn starch film.
The color difference between both starch films can be observed with the naked human
eye, which is confirmed by the value of the color difference (calculated from the equation:

ΔE∗
ab =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2, where ΔL*, Δa*, and Δb* are the differences between

the values of color parameters on corn and potato film), ΔE = 1.4.

3.2. Printing and Print Quality Assessment

The “print quality” has no strict definition [47], and the assessment depends on the
customer’s expectations. The quality of the prints can be assessed by spectrophotometric
measurements of color coordinates, the optical density of full-tone coverage, gloss mea-
surement, and adhesion tests [48]. This study determined print quality by determining
color parameters L*, a*, b*, and optical densities. The naked human eye control reveals that
the prints on the potato starch film are of poorer quality than the overprinted corn or paper
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samples. The overprinted QR codes and pictograms are shown in Figure 3. The prints were
also visually evaluated (Figures 4 and 5).

Figure 3. (a) Overprinted pictograms on starch-based film; (b) overprinted QR-codes; (c) screenshot
of a smartphone after scanning the QR code.

Figure 4. The printed QR codes with magenta and black ink on corn starch: overprinted with
magenta ink at magnification 50× and 225× (a); overprinted with black ink at magnification 50×
and 225× (b).

The print on the paper substrate was used as a reference. Images of the standard QR
code and selected pictograms were printed with an ink-jet printer with black and magenta
ink. The QR code was printed directly on the surface of the starch film and was scanned
using a QR code scanner app installed on a smartphone. The QR code image’s scale, color,
and quality critically influence the possibility of scanning. To analyze the deformation of
the prints, the digital microscope was used to capture the selected areas on the printouts.
To study the difference between images, specific areas on images were selected. Figure 4
shows the deformations of a QR code overprinted on corn starch with magenta and black
ink. The overprinted QR code (Figure 3b) was read easily by a smartphone, as shown
in Figure 3c. The brighter and less clear QR code block elements (see Figure 4) did not
negatively affect its readability. This result was expected because QR codes can still be
scanned even with a 30% error [49].

Figure 5 compares the quality of reproduction of printed images and fonts. The letter
‘R’ and the arrow from the compostable logo were analyzed and printed; line width was
measured for the image analyses. As it is shown in Figure 4b, the line width depends on
the printing substrate, and it is narrower on corn film. The width of the overprinted lines
on the starch films is close to the values measured on the paper substrate. The properties
and composition of the substrate influence the printed line width [50], which is related
to the penetration of the substrate by the ink [51]. Furthermore, it is evident that the ink
spread on potato film; therefore, the sharpness and letter quality are worse on potato film.
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Figure 5. (a) Appearance of specific area at 50× magnification; (b) appearance of ‘R’ letter in word
‘Recyclable’ at 250× magnification; (c) appearance of arrow in word compostable logo at 250×
magnification.

Table 2 summarizes the L*, a*, b* color parameters and optical density (OD) values.
The print color can be assessed by measuring L*, a*, b* (lightness L*, green–red coordinate
a*, and blue–yellow coordinate b*). The value of L* is lower for the overprinted potato and
corn starch film than for the overprinted paper. This indicates that the print on starch films
is darker than on paper. Moreover, the values of the a* and b* parameters are higher.

Table 2. Specific ink color components, L*, a*, b*, and optical densities, OD, of ink layers printed on
corn film.

Sample L* a* b* OD

Paper 40.52 ± 1.31 0.80 ± 0.04 2.08 ± 0.26 0.92 ± 0.02
Corn 21.14 ± 2.78 2.05 ± 0.26 4.29 ± 0.80 1.46 ± 0.06

Potato 16.17 ± 1.81 2.23 ± 0.35 4.08 ± 0.72 1.61 ± 0.09

The optical density of overprinted starch-based films varied from 1.46 to 1.61. The
similar values are comparable with the results determined for starch material [15] or other
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biodegradable polymers, such as PLA [52]. Higher optical density means higher print
quality. It is visible that higher density was achieved when printing on the potato film; this
may be related to the films’ properties, such as surface free energy and surface roughness.
Lower surface roughness and/or higher values of surface free energy of the substrate are
related to a higher density due to homogenous ink film formation without the formation of a
thicker amount of ink staying in the micro valleys of the substrate surface [53]. Furthermore,
the color parameters (L*, a*, b*) exhibited lower values than those for overprinted.

4. Conclusions

Printability is one of the significant functional properties of modern materials for
packaging purposes. This paper was aimed at the printing performance of starch-based
films as a packaging material. To evaluate the printing properties of starch films, corn, and
potato starch films with 50% glycerol as a plasticizer were developed. The basic properties
of films were measured, i.e., mechanical properties, surface free energy, water solubility,
color gloss, etc.

The developed films were used as printing bases and overprinted with ink-jet in
technological conditions. The basic print quality of films was assessed with image analyses,
color parameters, and optical density. The print quality of overprinted QR codes allows for
scanning with a smartphone. Furthermore, the overprinted text and pictograms are legible
to the naked human eye. The sharpness and the quality of the lettering are worse on potato
film. The line width of selected overprinted elements was wider on potato starch films. At
the same time, higher optical densities were measured on potato starch films (1.61 ± 0.06)
than on corn starch films (1.46 ± 0.06).

The findings of this study confirm that starch-based films can be used as modern,
environmentally friendly packaging and can be overprinted with good quality. The results
shown in this paper continue our previous works on the printing and packaging perfor-
mance of starch-based materials. Our results expand the research on starch-based materials
as a source of packaging material. The possibility of good-quality ink-jet printing supports
the use of starch-based films for packaging, which makes visible necessary information
regarding the packed product.
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Abstract: (1) Background: Optimizing infill density in 3D-printed PLA parts reduces material usage,
cost, and waste. This study examines mechanical behavior in the initial and hydration stages. The
findings provide valuable data for numerical simulations and engineering applications in additive
manufacturing. (2) Methods: PLA specimens were printed with infill densities of 100%, 75%, and 25%.
Mechanical tests, including tensile and compression tests, and one-hour stress-relaxation at 2% strain
were conducted. The digital image correlation method was used to obtain the strain fields on the
samples’ surface under tensile loading. Mechanical properties, including the elastic modulus, strength
values, and Poisson’s ratio, were assessed. Hydrolytic degradation effects over one month were also
evaluated. (3) Results: Lowering the PLA infill density reduced the ultimate tensile strength (from
60.04± 2.24 MPa to 26.24 ± 0.77 MPa), Young’s modulus (from 2645.05 ± 204.15 MPa to 1245.41 ±
83.79 MPa), compressive strength (from 26.59 ± 0.80 MPa to 21.83± 1.01 MPa), and Poisson’s ratio
(from 0.32 to 0.30). A 40% mass reduction (form 100% to 25% infill density) resulted in a 56% decrease
in tensile strength and a 53% decrease in Young’s modulus. A 31% mass reduction was observed for
compression samples. Stress relaxation decreased significantly from 100% to 75% density, with further
reductions having minimal impact. Hydrated samples showed no mechanical changes compared
to baseline specimens. (4) Conclusions: Optimizing infill density in 3D-printed PLA parts helps to
balance mechanical performance with material efficiency. The best mechanical properties are typically
achieved with an infill density of 100%, but results show that decreasing the mass of the part by a
reduction in infill density from 75% to 25% does not significantly affect the ability to transfer tensile
and compression loads. PLA’s biodegradability makes it a viable alternative to stable polymers. By
minimizing material waste and enabling the efficient use of resources, additive manufacturing aligns
with the principles of a closed-loop economy, supporting sustainable development.

Keywords: polylactide; 3D printing; mechanical properties; digital image correlation;
stress relaxation

1. Introduction

Plastics production exceeded the level of 400 million tons in 2023, and the trend of yearly
production increases observed since 1950 suggests further growth [1]. Increasing production
of plastic goods has led to the generation of around 350 million tons of plastic waste each
year [2]. This shows the critical need to implement a circular plastic economy. The circular
plastic economy promotes the flow of plastics in a closed cycle, in which plastic goods at the
end of life will turn into resources, minimizing plastic pollution. A circular plastic economy
can fall into several models: (1) reuse and extend service life through repair or remanufacture;
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(2) recycling—turning old goods into new resources; (3) reducing the use of plastic or replacing
petroleum-based materials with biobased and biodegradable polymers [3,4].

Substituting plastics derived from fossil resources with polymers from renewable
resources brings several benefits related to the reduction of greenhouse gas emissions and
obtaining polymers that are easier to recycle at the end of their life through the process of
biodegradation [5]. The most commonly produced bioplastics are polylactic acid (PLA),
polyhydroxyalkanoates (PHAs), starch, cellulose, and protein-based polymers [6]. Such
polymers can be recycled through a degradation process in water, soil, and industrial
composting systems, especially in cases where plastics become highly contaminated and
are difficult to recover. Industrial composting systems meet the ISO 17088 [7] requirements
for degradation (temperature, humidity, and microbial blends), the percentage of CO2 emit-
ted from bioplastics, and any toxic residues remaining. Among biodegradable polymers,
polylactic acid draws the most attention. PLA is a biodegradable and biocompatible ther-
moplastic polyester, derived from renewable resources such as cornstarch and sugarcane.
The use of natural raw materials means that PLA can degrade to carbon dioxide and water
or lactide acid oligomers, reducing the environmental impact associated with plastic waste.
The production of PLA through fermentation process in controlled polymerization of lactic
acid monomers decrease carbon emission. Thus, it has become a promising alternative
to conventional oil-based plastics [8,9]. In the context of a circular economy, PLA can be
considered as a special polymer, because it can be treated at all levels of the waste man-
agement hierarchy including source reduction (reuse), recycling (mechanical or chemical),
incineration with energy recovery, and composting at the end of its life [10–12].

The increased interest in PLA is due to its competitive prices, ease of processing, and
biodegradability. These features also contribute to its industrial applications, which can
be divided into two groups for economic reasons based on its useful life: long-lasting
(useful life > 3 years) and short-lasting (useful life < 3 years) [10]. The PLA’s properties
and performance make it suitable for food packaging application, and in this aspect, it is
widely used (except for carbonate beverage bottles) [13]. Another application area for PLA
is the automotive sector, with the majority of PLA applications in automotive components,
including items such as front panels, floor mats, car seats, pillar covers, door trims, and
headliners [14]. Another field of application for biodegradable polymers, including PLA,
is plasticulture, where the waste handling of conventional oil-based plastics carries risks
of pesticide contamination and can limit their recycling. Thus, the use of biodegradable
materials in this area is becoming increasingly popular [10]. PLA is also widely used in
many different areas of medicine [10,15,16], such as orthopedics [17], dentistry [18,19], and
ophthalmology [20]. Depending on its intended use, it can act as a temporary implant to
support the healing process, e.g., as a cellular scaffold for bone reconstruction [21], as an
attachment for ruptured ligaments or tendons [22], or in vascular stents [23], and, most
importantly, in surgical sutures [24], which can biodegrade and be bioresorbable as the
body takes over their function. The popularity of PLA in medicine is related not only to its
biodegradability (decomposed into CO2 and H2O) and versatility of application but also to
its biocompatibility (compatible with living tissues) and good strength properties [15]. PLA
is also used in prosthetics as an alternative to the traditional composite socket in femoral
stem prosthesis [25,26], and in upper limb orthoses and prostheses [27].

Despite the great promise of using PLA, there are still many challenges related to its
unsatisfactory properties (e.g., mechanical, thermal) for given applications [28,29] and the
design of cost-effective processing into intended forms and structures [10,30].

An equally important circular economy issue is the process of converting PLA into fin-
ished products. One of the methods of processing PLA is fused deposition modeling (FDM),
an additive technology that can be used to create complex structures with great precision.
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A circular plastic economy also addresses additive manufacturing as a technology used in
biodegradable polymer processing [4] and can be an option for polymer recycling processes
by using 3D-printing filaments derived from plastic waste [31,32]. The 3D printing of PLA
is associated with many parameters that should be optimized to obtain a good performance
of produced parts. Many studies show the influence of 3D-printing parameters on the
mechanical behavior of parts made from PLA [4,33,34]. Authors have demonstrated that
the mechanical performance of printed samples is influenced by infill density, infill pattern,
raster angle, layer thickness, nozzle temperature, and bed temperature.

The results of the investigation conducted on 3D-printed PLA by Rodríguez-Panes
et al. [33] showed that increasing the infill density improves mechanical strength, but a
larger layer height had the opposite effect. A higher layer thickness reduces the strength
of the component but, on the other hand, results in a shorter printing time. Orienting the
layers perpendicular to the load direction had a negative effect on the tensile strength.
Among the three-dimensional printing parameters analyzed, the authors identified filling
density (the quantity of material with which the component is 3D-printed) as the key
parameter. Albadrani compared the mechanical properties of 3D-printed PLA with 15◦

and 30◦ raster angles and reported that by selecting raster angles in the desired directions
for printed objects, it is possible to enhance their strength and stiffness [35]. Alhazmi
et al. [34] analyzed PLA printed dog bone specimens with three different raster orientations
(±45◦, 45◦, and 0◦) and infill densities (20%, 40%, 60%, 80%, and 100%). The optimal
mechanical performance for PLA was achieved with a raster orientation of ±45◦, showing
higher values of tensile strength and Young’s modulus in comparison to other orientations.
Considerable variation in Young’s modulus and tensile strength was observed at 40%, 60%,
and 80% infill densities, showing the crucial role of this parameter. Kuclourya et al. [4]
estimated that the tensile strength of 3D-printed PLA had a direct relationship with infill
density. When moving from 30% infill to 60% infill, the tensile strength increased by 15%.
It was also observed that at a 0◦/90◦ raster angle orientation, the tensile strength was the
highest, with a decrease at a ±45◦ raster angle.

Knowing the load capacity that 3D-printed PLA parts can transfer leads to a reduction
of the infill density, and thus the amount of material used. This approach has several
advantages during production, such as less material use and reduced manufacturing time.
These factors influence cost reduction and decrease end-of-life waste. Therefore, in order to
achieve a low weight and high strength of the product, it becomes necessary to obtain an
optimal infill density. Recent studies on lightweight design in fused deposition modeling
(FDM) have highlighted diverse strategies to reduce part mass without compromising struc-
tural integrity. Researchers have explored the role of variable infill densities in optimizing
mechanical performance, while advances in biopolymer materials have introduced new
sustainability dimensions to lightweight fabrication [4,33,34,36]. Additionally, topology
optimization algorithms have become instrumental in distributing material more efficiently
within printed components.

However, despite these developments, the literature insufficiently addresses the influ-
ence of mass reduction on load transfer behavior. The article concentrates on the influence
of infill density on the mechanical properties of PLA printed specimens under tensile and
compression load to indicate the optimal relationship between the mass of printed parts
and the capacity for load transfer. This gap is critical, as changes in weight distribution
can significantly alter how loads are transmitted through a part, potentially leading to
unanticipated stress concentrations or failure modes. Further investigation is necessary to
understand this relationship and ensure reliable design in weight-sensitive applications.
An additional aspect was to carry out stress-relaxation tests, as well as to determine the
Poisson’s ratio using the digital image correlation method. This comprehensive approach
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to assessing the mechanical properties for different stress states provides data that can
be useful for numerical analyses under different load states. The effect of hydration on
mechanical properties was initially assessed by testing samples exposed to the liquid for
one month. In our work, we analyze tensile and compressive loads for the samples with
the same printing parameters, whereas other works focus on a single load scheme, which
makes comparison of the results difficult.

2. Materials and Methods

2.1. Materials

The test specimens (for compression and tensile tests) were made using the FDM (fused
deposition modeling) method. The 3D printer MarketBot SKETCH (MarketBot Industries,
LLC, New York, NY, USA) was used with a working area of 150 × 150 × 150 mm and a layer
resolution of 100–400 μm with UltiMaker Cura Cloud software V5.2 (UltiMaker, Zaltbommel,
The Netherlands). The PLA Starter filament (ROSA PLAST SP. z o.o., Hipolitow, Poland),
odorless, with a white color, a diameter of 1.75 mm, a density of 1.24 g/cm3, and a heat
distortion temperature of 55 ◦C, was used. The printing parameters are presented in Table 1.

Table 1. Basic printing parameters.

Printing Parameters Value

speed of monolithic layers, mm/s 35
speed of non-monolithic layers, mm/s 50

working table temperature, ◦C 50
speed of extruder travel over areas where material was

not applied, mm/s 80

thickness of the invisible layers of the upper part of the
sample, mm 0.36

thickness of the outer top layer, mm 0.72
filament withdrawal distance, mm 5

printing temperature (print head), ◦C 220
infill type Diamond Fill Fast

layer height, mm 0.2
number of contours 2

raster angle, ◦ 0/90
density of infill, % 100, 75, 25

The Diamond Fill Fast pattern is a type of lattice with a geometric arrangement of
diamonds. It features a repetitive layout of rhombuses or diamonds, which can be filled
with various textures or left open, creating a mesh-like effect. Two types of specimens
with infill densities of 100%, 75%, and 25% (Figure 1) were printed: dumbbell-shaped
samples (Figure 1a) for tensile tests and two types of cylindrical specimens differing in
their height-to-diameter ratio, i.e., 1.5× and 3× (Figure 1b) for compression tests. Tensile
test samples were made in accordance with ISO 527-2 [37] with regard to cross-sectional
dimensions and gauge length, and the width and length of the grip section of the specimen
were reduced. The samples were printed in a single build orientation, known as the flat
printing orientation, relative to the plane of the printer table in the Cartesian reference
system, where XY determines the plane of the table and Z direction is perpendicular to
the printer table. Each printed sample had two bottom/top layers with a thickness of
0.72 mm for outer layer and 0.36 mm for invisible layer. Every layer of infill pattern had
the thickness of 0.2 mm.
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(a) (b) 
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(e) (f) 

Figure 1. Printed specimens: (a) for tensile test, (b) for compression test, (c) internal structure of the
sample with an infill density of 25%, (d) internal structure of the sample with an infill density of 75%,
(e) internal structure of the sample with an infill density of 100%, (f) actual printed samples without
outer layer.

2.2. Methods
2.2.1. Mechanical Tests

An MTS Insight 50 (MTS InsightTM, Eden Prairie, MN, USA) universal testing machine
with a ±50 kN load cell and the Test Works 4.0 software was used for tensile (in accordance
with ISO 527 standard [37]) and compression tests. The compression speed was 0.5 mm/min.
The specimens (n = 5) were compressed until their height was shortened by 2.0 mm. The
tensile test speed was 5 mm/min and the gauge length was 60 mm. Samples (n = 5) were
subjected to tension until destruction. One-hour stress-relaxation tests were also performed at
2% of tensile strain for PLA samples with three different infill densities (100%, 75%, and 25%).
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All tests (compression, tensile, and stress relaxation) were carried out at a room temperature
of 20 ± 1 ◦C and 40% humidity. After mechanical tests, the values of ultimate tensile strength
(UTS) and compressive strength (σc) were determined and the values of elastic modulus
(Young’s modulus (E) and compressive modulus (Ec)). The tensile strength-to-weight ratio,
and the tensile stiffness-to-weight ratio (both in MPa/g), of each specimen was determined
by dividing the peak tensile stress (UTS*), and Young’s modulus (E*) by the specimen mass,
m (g), respectively. The value of residual stress (in MPa) after 1 h relaxation was obtained
in initial and after incubation stage, and the normalized stress (-) curve were calculated by
dividing the stress-relaxation data point by the peak tensile stress corresponding to 2% of
stretching and mass of each specimen.

In addition, the effect of one-month hydrolytic degradation on the mechanical proper-
ties was considered.

2.2.2. Digital Image Correlation (DIC)

In order to assess the deformation capacity of the specimens across the entire surface
during stretching and obtain values of Poisson’s ratio, the method of digital image correla-
tion (DIC) was used (Figure 2). The DIC method is an optical, non-contact measurement
tool used to assess displacement and strain in three-dimensional space. The DIC system
(Dantec Dynamics GmbH, Ulm, Germany) consisted of two 2 MPx cameras and the DIC
data processing system Istra4D V4.8.2.248 (Dantec Dynamics GmbH, Ulm, Germany). All
samples were covered with a speckle pattern (base surface—matte white acrylic paint,
dots—spraying matte black acrylic paint). Calibration was performed before the tests using
a proprietary calibration target (Al11-BMB-9 × 9, Dantec Dynamics GmbH, Ulm, Germany).
The size of the camera’s field of view was limited to the region of interest (ROI) (about
80% of sample surface) to avoid edge effects. During the tensile test, the cameras tracked
the movement of the speckle pattern and then during the analysis, the recorded images
were transformed into a 3D surface mesh using stereo-triangulation. By correlating the
reference surface mesh (for the unloaded specimen) and the subsequent generated meshes,
a map of the displacement and deformation on the specimen surface in three directions was
obtained. The Poisson’s ratio was calculated and the base of strain values for longitudinal
and transversal directions to force direction.

(a) (b) 

Figure 2. Two-dimensional digital image correlation: (a) system configuration, (b) in-plane displace-
ment field calculation.
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2.2.3. Hydration Test

From the group of specimens of each infill density intended for tensile and compression
tests (15 mm height), five specimens were placed in Ringer’s solution (Serumwerk Bernburg
AG, Benburg, Germany): sodium chloride 8.6 g, potassium chloride 0.3 g, calcium chloride
dihydrate 0.33 g 96 (ˆmmol/L: Na+ 147.2, K+ 4, Ca++ 2.25, Cl− 155.7), pH value 5.0–7.5, acidity
(titration to pH 7.4) <0.1 mmol/L, theoretical osmolarity 307 mOsm/L at 37.0 ± 0.1 ◦C in a
thermal chamber (AL01-02-100 Advantage Lab, Schilde, Belgium) for 30 days. The volume of
the solution was 100 mL for the compression tests specimens (cylindrical shape) and 500 mL for
the tensile tests specimens (dumbbell-shaped). The mass of the samples was controlled using
an analytical balance (AS 160/C/2, Radwag, Radom, Poland) with an accuracy of 1 × 10−4 g,
before and after the incubation period. The degree of mass change was assessed as the quotient
of the post-incubation mass change (the difference between the initial and post-incubation
mass) and the initial weight. The initial mass of the dumbbell-shaped specimens was 4.2979
± 0.7499 g, 3.9889 ± 0.6294 g, and 3.6786 ± 0.0862 g, and that of the 15 mm high cylindrical
specimens was 0.2339 ± 0.042 g, 0.2087 ± 0.0023 g, and 1.685 ± 0.0059 g for infill densities of
100%, 75%, and 25%, respectively. After the 30-day incubation process, the degree of absorption
was determined.

2.2.4. Statistical Analysis

The data presented in this study were the mean values ± standard deviation determined
by testing five samples for each case considered. Significant statistical differences between
groups of data were determined using Student’s t-test. The level of significance used was
95 per cent (i.e., p ≤ 0.05). The basic assumptions of Student’s t-test were checked, i.e., equality
of groups (same number of observations) and homogeneity of variance (Fisher’s test).

3. Results

The change in mass of dumbbell-shaped samples and cylindrical samples after 30 days
of hydration is shown in Figure 3. Evaluation of the effect of the short-term hydration of
the samples showed that, regardless of the level of filling, the samples showed stability and
their weight changes were not significant. This was confirmed in the mechanical properties
tests, where the tested parameters for hydrated samples did not change compared to the
base samples.

  
(a) ( ) 

Figure 3. The mass change for (a) dumbbell-shaped samples, (b) cylindrical samples (3× ratio).

The use of different levels of infill density resulted in a mass redaction of 40% between
samples with a 100% and 25% infill density (for samples used for tensile and relaxation
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tests), and for cylindrical samples a reduction of 28% of the mass for triplicate samples and
33% for 1.5× samples.

3.1. Tensile and Compression Tests

During the tensile test, all samples (regardless of infill density) were characterized by a
nonlinear response of the material to loading (Figure 4). The highest values of the breaking
force were obtained for samples in their initial state with 100% filling (2401.4 ± 89.7 N).
Samples with a 75% infill of density obtained 1386.3 ± 63.7 N, while the group with the
lowest infilling density obtained 1049.8 ± 30.9 N. The recorded extension (corresponding
to the maximum force) was at the level of 2.5 ± 0.2 mm, 2.2 ± 0.2 mm, and 2.0 ± 0.1 mm
for samples with a 100%, 75%, and 25% density of infill, respectively. In each group (100%,
75%, and 25%), the 30-day incubation caused a decrease in the value of the maximum force
by 8%, 5%, and 1%, respectively, and in the corresponding elongation by 32%, 27%, and
20%, respectively. The infill density of the specimen had a significant effect on the tensile
curve, whereas the effect of hydration was only significant for specimens with a 100% infill.

 
Figure 4. Average tensile curves for PLA specimens.

The tensile tests of PLA samples with different infill densities showed a decrease in
tensile strength and modulus of elasticity values along with a decrease in infill density
(Table 2). In relation to a 100% infill density, the UTS values decreased by 42.27% (PLA_75)
and 56.29% (PLA_25) for a corresponding mass reduction of 7.18% and 14.41%, respectively.
The effect of hydration on tensile strength was statistically significant only for a 100% infill
density. As shown in Figure 5, the tensile-strength-to-weight ratio (UTS*) and the tensile
stiffness-to-weight ratio (E*) relating the obtained parameters to the mass of the samples
resulted in a significant decrease in their values when the filling density was reduced to
75%. A further reduction in infill density from 75% to 25% did not significantly reduce the
analyzed values. The values of specific strength were 9.8 ± 0.3 MPa/g, 6.8 ± 0.3 MPa/g,
and 7.4 ± 0.3 MPa/g for the 100%, 75%, and 25% filling densities, respectively.

Table 2. Mechanical properties obtained in tensile test.

UTS [MPa] E [MPa]

PLA_100 60.04 ± 2.24 a,b 2645.05 ± 204.15 a

PLA_100i 55.50 ± 1.16 b 2693.63 ± 123.01

PLA_75 34.66 ± 1.59 a 1635.93 ± 149.27 a

PLA_75i 33.17 ± 1.20 1756.61 ± 87.87

PLA_25 26.24 ± 0.77 a 1245.41 ± 83.79 a

PLA_25i 25.98 ± 0.47 1329.15 ± 97.23
Note: PLA_100/PLA_75/PLA_25–100%/75%/25% of infill density, i—specimens after hydration. Note: The same
lowercase letters within the columns indicate a statistically significant difference between the groups (p ≤ 0.05).
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(a) ( ) 

Figure 5. Comparison of the influence of infill density of PLA dumbbell-shaped specimens on the
tensile properties in relation to the mass: (a) ultimate tensile strength (UTS*), (b) Young’s modulus (E*).

Analyzing the shapes of the average compression curves (Figure 6), linear and nonlin-
ear regions can be seen. The test specimens were characterized by linear stiffness up to a
force level of about 300 N and then deformed plastically. The infill density clearly affects
the material’s response during compression, whereas the load exceeded the yield strength.

  
(a) ( ) 

Figure 6. Comparison of the influence of infill density of PLA cylindrical specimens on the compres-
sive characteristics: (a) average compressive curves before and post incubation (3× ratio samples),
(b) average compressive curves of 1.5× ratio samples.

The character of fracture under tensile strain was brittle without delamination between
the layers of printed samples (Figure 7). In contrast, during compression, regardless of the
multiplicity of the specimens, the plastic nature of the failure was observed (the specimens
assumed a barrel shape) with no signs of cracks between the layers. This is also confirmed
by the shape of the compression curve.

By evaluating the results of the compression tests (Table 3), it can be noted that in the
group of 1.5× specimens, the difference between values of compressive modulus was not
statistically significant (p ≥ 0.05). Similarly, in the group of 3× specimens, the differences in
modulus values were not statistically significant. The one-month incubation of the samples
did not significantly affect the variation of the compressive modulus values. Reducing the
filling density of the samples, both 1.5× and 3×, resulted in a reduction in the compressive
strength values (statistically significant differences between the groups). The reduction in
the UTS also depended on the height of the samples used in the tests. For 1.5× samples,
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the UTS varied from 28.42% (PLA_75) to 46,42% (PLA_25), and for 3× samples, it varied
from 6.39% (PLA_75) to 17.90% (PLA_25) for a corresponding mass reduction of 7.22% and
14.45%, respectively. This showed the significant influence of the ratio of specimen height
to diameter during the compression test on the results obtained. The effect of incubation
on the compressive strength was statistically significant (p ≤ 0.05) only for specimens with
100% fill density.

  
(a) (b) 

 
(c) 

Figure 7. Comparison fracture of the specimen view: (a) fracture of the sample with an infill density
of 25%, (b) fracture of the sample with an infill density of 75%, (c) fracture of the samples with an
infill density 100%.

Table 3. Mechanical properties obtained in compression tests.

σc [MPa] Ec [MPa]

1.5_PLA_100 36.24 ± 3.32 a,d 504.60 ± 9.20
1.5_PLA_75 25.94 ± 1.82 a 513.60 ± 11.91
1.5_PLA_25 19.42 ± 0.44 a,e 516.60 ± 7.12

3_PLA_100 26.59 ± 0.80 b,c,d 513.2 ± 9.68
3_PLA_100i 28.92 ± 0.96 c 513.2 ± 4.87

3_PLA_75 24.89 ± 0.88 b 515.00 ± 7.01
3_PLA_75i 25.32 ± 1.62 515.00 ± 8.74

3_PLA_25 21.83 ± 1.01 b,e 514.60 ± 3.61
3_PLA_25i 22.22 ± 1.24 517.40 ± 3.14

Note: PLA_100/PLA_75/PLA_25–100%/75%/25% of infill density, i—specimens after hydration, 1.5/3—height
to diameter ratio. Note: The same lowercase letters within the columns indicate a statistically significant difference
between the groups (p ≤ 0.05).
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Relating the value of Young’s modulus to the mass of the specimens tested showed
that a reduction in the infill density did not reduce the compressive stiffness of the specimen
(Figure 8a,c). For tensile strength, a decrease in tensile modulus was observed when the
infill density was reduced from 100% to 75% (Figure 8b,d). A further reduction in infill
density to 25% did not reduce the compressive strength in relation to mass.

  
(a) ( ) 

  
( ) ( ) 

Figure 8. Comparison of the influence of infill density of PLA cylindrical specimens on the
compressive properties in relation to mass: (a) compressive strength, (b) compressive modulus,
(c) compressive strength of 1.5× ratio specimens, (d) compressive modulus before and post incuba-
tion (3× ratio samples).

3.2. Digital Image Correlation (DIC)

Deformations in the longitudinal (Y) and transverse (X) directions were recorded by
the digital image correlation (DIC) system. The results of the uniaxial tension tests coupled
with their corresponding DIC tensile displacement contours at frames captured just before
fracture are presented in Figures 9–11. Based on the displacement maps, the strains for
the two main directions were determined and the Poisson’s ratio values were calculated
(Figure 12). Determination of the Poisson’s ratio using a digital image correlation system
is possible through the use of a virtual gauge element. This analysis uses a virtual gauge
element in the form of a polygon, within a predefined region of interest (ROI)—the area in
which the Istra4D software V4.8.2.248 collects and averages the principal strains. Reducing
the infill density of the PLA samples resulted in the same decrease in the Poisson’s ratio
value for both infill densities, i.e., from 0.32 to 0.30 (Table 4).
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(a) ( )

Figure 9. Results of tensile test: (a) tensile curves for specimens of 100% infill density, (b) digital image
correlation displacement distribution maps in the longitudinal (Y) and transverse (X) directions.

(a) ( )

Figure 10. Results of tensile test: (a) tensile curves for specimens of 75% infill density, (b) digital image
correlation displacement distribution maps in the longitudinal (Y) and transverse (X) directions.

(a) ( )

Figure 11. Results of tensile test: (a) tensile curves for specimens of 25% infill density, (b) digital image
correlation displacement distribution maps in the longitudinal (Y) and transverse (X) directions.
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(a) ( )

Figure 12. The curves obtained from DIC method for PLA sample materials with different infill
densities: (a) Poisson’s ratio vs. longitudinal strain, (b) transverse strain vs. longitudinal strain.

Table 4. Comparison of Poisson’s ratio for PLA samples determined by DIC.

Poisson’s Ratio [-]

PLA_100 0.32 ± 0.01 a,b

PLA_75 0.30 ± 0.01 a

PLA_25 0.30 ± 0.01 b

Note: PLA_100/PLA_75/PLA_25–100%/75%/25% of infill density. Note: The same lowercase letters within the
columns indicate a statistically significant difference between the groups (p ≤ 0.05).

3.3. Stress Relaxation

The trend in stress relaxation was similar for all the specimens tested, with rapid
relaxation in the first 100 s, followed by a slow slope to a stabilized stress value (Figure 13).
Preliminary tests of stress relaxation at 2% strain highlighted differences between samples
with 100% infill density and those with 75 and 25% infill (Table 5). As with tensile and
compressive loading, a noticeable decrease in stress relative to the mass of the specimens is
observed when the infill density is reduced from 100% to 75%, whereas further reductions
in density do not result in a decrease in stress values.

(a) ( )

Figure 13. Stress-relaxation curves for PLA with different infill density: (a) stress relaxation vs. time,
(b) stress relaxation related to mass vs. time.
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Table 5. Values of maximal σmax, residual σ∞, and normalized σnormalized stress relaxation for PLA
samples with different infill densities.

σmax [MPa] σ∞ [MPa] σ*
max [MPa/g] σ*

∞ [MPa/g] σnormalized [-]

PLA_100 43.53 ± 1.54 a,b 36.80 ± 3.33 a,b 7.11 ± 0.25 6.02 ± 0.28 0.85 ± 0.01
PLA_100i 43.16 ± 0.40 35.55 ± 0.29 7.03 ± 0.03 5.79 ± 0.02 0.82 ± 0.00

PLA_75 33.60 ± 1.31 a 26.26 ± 1.10 a 5.93 ± 0.23 4.64 ± 0.20 0.78 ± 0.00
PLA_75i 30.09 ± 1.16 23.20 ± 1.32 5.32 ± 0.21 4.10 ± 0.24 0.78 ± 0.08

PLA_25 30.62 ± 0.76 b 23.72 ± 1.02 b 6.04 ± 0.15 4.83 ± 0.05 0.78 ± 0.02
PLA_25i 28.11 ± 0.90 21.94 ± 0.04 5.55 ± 0.18 4.33 ± 0.01 0.79 ± 0.03

Note: PLA_100/PLA_75/PLA_25–100%/75%/25% of infill density. i—specimens after hydration. Note: Same
lowercase letters within the columns indicate statistically significant difference between the groups (p ≤ 0.05).

4. Discussion

Reports on the influence of infill density on the mechanical properties of 3D-printed
PLA are thoroughly documented by several authors [38–40]. The mechanical properties
under tensile loading were of main interest in these publications. The result of this study
concentrated on a more complex approach and provided data for tensile and compressive
behavior, as well as stress relaxation under constant strain in PLA. Decreasing the infill
density of 3D-printed PLA specimens resulted in a reduction in mass but also mechan-
ical properties under tensile loading, including tensile strength and Young’s modulus,
indicating deteriorated stiffness. Significantly, a comparison of these parameters to the
weight of the specimens showed that a reduction in infill density from 75% to 25% did
not significantly reduce them. In the case of compression specimens, only the strength
decreased with a reduction of infill density, whereas the values of the elastic modulus
did not change significantly between the test groups. While tensile testing data is fairly
common in the literature for 3D-printed specimens, the current work presented here re-
veals full-field longitudinal and transverse displacement contour plots highlighting the
different displacement patterns observed for the various infill densities. DIC was also used
to measure Poisson’s ratio. The DIC method complements traditional testing approaches
by offering a more comprehensive view of material behavior under stress.

Pandzic and Hodzic [41] indicated that the infill pattern has an influence on the tensile
mechanical properties (tensile strength and elastic modulus), and they referred to values
of ultimate tensile strength in the range from 38.40 to 45.57 MPa and Young’s modulus in
the range from 2.10 to 2.4 GPa, for 60% infill density. In another work [38], the authors
considered the density of the infill and its gradient, and also noted the dependence of
the strength properties on these parameters. The compressive strength increased with
the increase in the degree of filling. Considering the change in the printing density of
cylindrical specimens in the range of 80% to 10%, they recorded compressive strength
values ranging from 41.2 MPa to 0.8 MPa and modulus of elasticity values from 1500 MPa
to 10 MPa, respectively. On the other hand, by isolating two printing zones (the outer one at
a constant density level of 80% and the inner one varying from 60% to 20%), they recorded
a decrease in compressive strength from 31.7 MPa to 10.7 MPa, and a decrease in modulus
of elasticity values from 1200 MPa to 500 MPa, respectively [38]. Dave H. et al. compared
the effects of three infill density levels of 80%, 70%, and 60% and three layer heights (0.1,
0.2, and 0.3 mm) on compressive strength, obtaining values in the range of 33.13–52.93 MPa,
34.85–43.62, and 26.46–33.54, respectively [39]. Hodzic D. and Pandzic A. [40] emphasized
that the mechanical properties of 3D-printed PLA material depend heavily on the type of
infill pattern. They compared different infill patterns—concentric, grid, gyroid octet, and
triangle—as well as their densities (20%, 40%, 60%, and 80%). Their findings indicate that
the grid pattern at an 80% infill density exhibited the highest compressive strength and
modulus values. Specifically, for 20% infill, they recorded 29.1 MPa and 0.49 GPa; for 40%,
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38 MPa and 0.54 GPa; for 60%, 44.6 MPa and 0.67 GPa; and for 80%, 54.1 MPa and 0.66 GPa.
The tensile test described in the paper [42] examines 3D-printed PLA material with a infill
density of 30%, comparing various infill patterns—Hilbert, gyroid, 3D honeycomb, stars,
and honeycomb. The results indicate that the honeycomb infill exhibits the highest tensile
strength, reaching 29.4 MPa.

The ratio of the printed part’s density to the bulk material’s density is directly propor-
tional to the change in Poisson’s ratio, especially in orthotropic (directionally dependent)
materials. Poisson’s ratio in 3D-printed materials is highly tunable and depends on a com-
bination of material selection, microstructural design, print path, orientation, and density.
Print direction and raster orientation can introduce anisotropy, making Poisson’s ratio
vary depending on the direction of loading relative to the print layers [43]. The measured
Poisson’s ratio value for 100% infill density of 0.32 is in good agreement with the data
provided by Wang et al. [44] in the range of 0.32 to 0.33 depending on the raster orientation
and reported in the paper [45] for printed PLA at 0.33. The slight differences in the variation
of Poisson’s ratio values observed in our study, as well as in the literature, may be due
to the dominant influence of the outer layers on the printed samples’ deformation in the
longitudinal and transversal directions compared to the core deformation for the given
density and infill pattern.

As the results from the literature analysis show, the infill density [4,38,39], type of
infill pattern [41,42], and the direction of 3D processing [34,35,46,47] of the specimens
influence their mechanical behavior. The processing (printing) direction leads to significant
anisotropy in properties such as strength, stiffness, ductility, and failure modes. Specimens
printed with layers aligned along the loading direction show much higher strength and
stiffness compared to those printed upright or at higher angles (e.g., 90◦) [48]. Tüfekci
et al. showed that the printing direction has a major impact on the tensile strength. The
obtained tensile strength values were at the level of 42, 36, and 25 MPa for PLA samples
with 100% infill density and 0◦, 45◦, and 90◦ infill orientations, respectively [46], whereas
the stress-relaxation results presented in [46] focused on the change in initial stress values
from 16.33, 13.48, and 9.55 MPa, for the 0◦, 45◦, and 90◦ infill orientations to 13. 89, 11.81,
and 8.21 MPa, after two hours of relaxation.

The stress relaxation of PLA material was the subject of the paper [47], in which the authors
referred to Young’s modulus values of 3045 ± 3 MPa, 2914 ± 3 MPa, and 2932 ± 3 MPa for a 0◦,
45◦, and 90◦ infill orientation and normalized creep modulus values in the range of 0.85–0.89,
0.9–0.92, and 0.85–0.92 after about 10 min of relaxation for a 0◦, 45◦, and 90◦ infill orientation,
respectively.

Systemic evaluation of how 3D-printed PLA performs under different load conditions
can contribute to optimizing processing parameters, ensure material quality, and enable
the reuse of PLA in new products, thus reducing waste and resource consumption. The
results of this study can be used to evaluate how recycled and reprocessed PLA perform.
Repeated PLA recycling can lead to decreases in tensile strength (from 20.58 MPa for virgin
to 12.04 MPa for 10% virgin/90% recycled) and Young’s modulus (from 5.86 GPa for virgin
to 4.74 GPa for 10% virgin/90% recycled) [49]. Some studies report that adding recycled
PLA to virgin PLA can improve its mechanical properties, from 44.2 ± 2.18 MPa for virgin
PLA to 52.61 ± 2.28 MPa for 25% virgin/75% recycled PLA [50].

Overall, increasing the infill density of 3D-printed PLA components enhances their
mechanical properties, including tensile strength, Young’s modulus, fatigue resistance, and
impact strength [51–53]. These improvements make high-density infill settings preferable
for applications requiring robust and durable components. However, higher infill densities
result in increased mass because more material is used to fill the internal structure of the
printed object. The experimental data obtained in this study can be used in the design
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of 3D-printed components with consideration of different infilling densities in order to
optimize the mass and mechanical properties of the printed components.

5. Conclusions

The closed-loop economy, which aims to improve sustainability, is turning the atten-
tion of manufacturers toward the thoughtful use of plastics throughout the value chain,
forcing a different approach to product design and manufacturing. One such path may
be to reduce the weight of the product. It may lower mechanical performance but can
still provide environmental benefits by reducing the volume of plastics on the market and
consequently plastic waste. The results obtained in this study show that reducing the
mass of the samples by reducing the infill density from 100% to 75% reduces mechanical
properties, but a further reduction to 25% does not significantly decrease the strength
properties. When decreasing the infill density from 100% to 25%, a 40% mass reduction
was observed, which resulted in a 56% decrease in tensile strength and a 53% decrease in
Young’s modulus. A 46% and 20% decrease in compressive strength was also observed,
depending on the sample multiplication factor (1.5× and 3×, respectively). This shows
that adjusting the infill density and appropriate design strategy for 3D-printed PLA can
minimize material use while maintaining mechanical strength. This provides sustainabil-
ity benefits by reducing material consumption, energy use, and production time. Using
less material aligns with circular economy principles and supports the use of recycled or
biodegradable feedstocks, further reducing environmental impact. PLA is biodegradable
and, when sourced sustainably, has a lower carbon footprint than petroleum-based plastics.
Incorporating recycled PLA in future studies can further reduce environmental impact. In-
creasing the infill density of 3D-printed PLA parts results in a heavier object with enhanced
mechanical properties, including tensile strength, stiffness, and fatigue resistance. However,
the optimal infill density may vary depending on the specific application requirements,
balancing material use and the desired mechanical performance. In addition, the ability of
PLA to slowly biodegrade is an advantage in favor of its use as a substitute for many stable
polymers, the use of which is temporarily defined or limited. Lightweight components
manufactured using 3D-printing technology are used as non-load-bearing structures in
many areas of engineering, e.g., as housings and covers, prototypes, and conceptual and
educational models, as well as everyday or decorative elements.

However, the methods of assessing the material parameters sought by the manufac-
turer should always be analyzed. In this work, attention was paid to the influence of both
the types of tests and the shapes of the samples used in the tests, as well as the level of
hydration and mass reduction, on the mechanical properties of PLA samples obtained by
3D printing. The data can be used for numerical analyses of objects manufactured using
3D printing with the application of various parameters, which can speed up the product
optimization process. Using fused deposition modeling can support the transition towards
a circular economy in the construction industry, particularly in medicine, which requires
product personalization. The study has several limitations such as focusing on a limited set
of printing parameters, limited time of water absorption, and lack of thermal and photo
aging. The search for the load transfer capacity of 3D-printed PLA should be completed by
testing under dynamic load. Future work on assessing the effect of mass reduction will
focus on obtaining an optimal set of 3D-printing parameters to increase the ability to carry
static and dynamic loads. Mechanical properties’ evaluation will be enhanced by analysis
of how the infill density, infill pattern, and raster orientation affect stress concentration,
fracture resistance, and the overall mechanical performance of 3D-printed parts.
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Abstract: Many factors affect the quality of the injection molding of plastic products,
including the process parameters, mold materials, type and geometry of plastic parts,
cooling system, pouring system, etc. A multi-objective optimization method for injection
molding process parameters based on the BP neural network and NSGA-II algorithm is
proposed to address the problem of product quality defects caused by unreasonable process
parameter settings. Taking the junction box shell as the object, numerical simulation was
carried out using Moldflow2019 software and a six-factor five-level orthogonal experiment
was designed to explore the influence of injection molding process parameters, such as the
mold temperature, melt temperature, injection pressure, holding pressure, holding time,
and cooling time, on the volume shrinkage rate and warpage deformation of the junction
box. Based on a numerical simulation, the BP neural network and NSGA-II algorithm
were used to optimize the optimal combination of injection molding process parameters,
volume shrinkage rate, and warpage deformation. The research results indicate that the
melt temperature has the most significant impact on the quality of the injection molding
of junction boxes, followed by the holding time, holding pressure, cooling time, injection
pressure, and mold temperature. After optimization using the BP neural network and
the NSGA-II algorithm, the optimal process parameter combination was obtained with
a melt temperature of 230.03 ◦C, a mold temperature of 51.27 ◦C, an injection pressure
of 49.13 MPa, a holding pressure of 69.01 MPa, a holding time of 15.48 s, and a cooling
time of 34.91 s. At this time, the volume shrinkage rate and warpage deformation of the
junction box were 6.905% and 0.991 mm, respectively, which decreased by 33.2% and 3.8%
compared to the average volume shrinkage rate (10.34884%) and warpage deformation
(1.030764 mm) before optimization. The optimization effect was significant. In addition,
the errors between the volume shrinkage rate and warpage deformation predicted by
BP-NSGA-II and the simulated values using Moldflow software were 1.9% and 3.4%,
respectively, indicating that the optimization method based on the BP neural network
model and NSGA-II algorithm is reliable.

Keywords: junction box; warping deformation; volume shrinkage rate; BP neural network;
multi-objective optimization; process parameters
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1. Introduction

Plastic has the advantages of stable performance and low density and is widely used
in the information industry, aerospace, transportation, and other fields of the national
economy [1]. It has become one of the important materials supporting the development of
China’s national economy and meeting people’s daily life needs. Plastic Injection molding
is widely used in the manufacturing of various plastic products due to its high production
efficiency, low cost, and good product flexibility [2]. Plastic injection molding is a complex
linear process with multiple parameters and interactions, which requires high requirements
for process parameter settings [3,4]. Similar to traditional metal processing, plastic-injection-
molded products also have defects, such as uneven shrinkage, weld lines, and warping
deformation [5]. At present, mold manufacturers mostly obtain qualified plastic products
by repeatedly repairing and modifying molds to address the problem of plastic product
warping and deformation. This method of improving the quality of injection molded parts
not only increases production costs but also takes a considerable amount of time, attention,
and resources. With the surge in the demand for plastic products and rapid advances in
the plastic industry, reducing the warping and deformation of plastic products during
production has become an urgent need to be addressed in the injection mold industry.

Domestic and foreign scholars have conducted extensive research on plastic part
warping deformation and have made significant progress. Li et al. [6] used Moldflow
software and orthogonal experimental methods to study the effect of process parameters
on the shrinkage rate of PFA (perfluoroalkoxy alkane) parts. The research results showed
that the injection rate had the most significant impact on the shrinkage of the pipe length.
In contrast, the melt temperature, holding pressure, and screw speed had the greatest
impact on the shrinkage of the pipe’s outer diameter. Guo et al. [7] used methods, such
as Moldflow, DNN, RSM, and NSGA-II, to study the effects of factors, such as the mold
temperature, solution temperature, packing pressure, packing time, injection molding time,
cooling temperature, and cooling time, on the forming quality of polymer–metal hybrid
(PMH) car front panels and obtained the optimal injection molding process parameters
to guide actual production. The research results show that the proposed method has
great potential in improving injection molding warpage deformation. Mukras et al. [8]
aimed to minimize product defects (warpage deformation and volume shrinkage) and
conducted actual injection molding experiments based on the face center composite de-
sign method. They analyzed the effects of seven process parameters, including the mold
temperature, melt temperature, holding pressure, holding time, cooling time, injection
speed, and injection pressure, on warpage deformation and volume shrinkage, and used
a genetic algorithm to achieve multi-objective optimization. Zhou et al. [9] proposed a
differential sensitivity fusion method (DSFM) that integrates a sampling strategy, numer-
ical simulation, meta-modeling method, and a multi-objective optimization algorithm
to achieve the multi-objective optimization of injection molding process parameters for
automotive front bumpers. Ding et al. [10] proposed a multi-objective optimization method
for the injection molding of thin-walled plastic parts based on tuna swarm optimization
using a support vector machine (TSO-SVM) and multi-objective sparrow search algorithm
(MOSSA), which solves the problems of warping deformation and volume shrinkage dur-
ing the injection molding process. Nguyen et al. [11] combined orthogonal experiments,
response surface methodology (RSM), and the NSGA-II method to optimize the quality
process parameters of centrifugal pump casings during injection molding. Cao et al. [12]
used simulation, the Latin hypercube sampling method, Bayesian optimized random forest
regression (BO-RFR), gradient enhanced regression (GBR), and support vector regression
(SVR) to construct a prediction model for process parameters, warpage, and volume shrink-
age. Wang et al. [13] proposed a hybrid multi-objective optimization method that combines
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gradient-enhanced kriging (GEK) with multi-population differential evolution (MPDE)
to minimize the warpage, volume shrinkage, and cycle time as optimization parameters.
Wu et al. [14] proposed a multi-objective optimization method for the nonlinear shrinkage
of micro-injection molded small modulus plastic gears based on a Moldflow simulation
combined with a second-order response surface model and non-dominated sorting ge-
netic algorithm II. The research results indicate that the most significant factor affecting
the shrinkage of small modulus plastic gears is the holding time, and there are complex
interactions between process parameters. Tan et al. [15] combined the Taguchi method with
grey relational analysis to study the effects of the melt temperature, mold temperature,
injection time, holding pressure/time, and cooling time on the size shrinkage and warp-
ing of wire harness connectors. Zeng et al. [16] proposed a multi-objective optimization
method for injection molding process parameters based on hierarchical sampling and the
comprehensive entropy weight to optimize the injection molding parameters of thin-walled
propeller blades. The results showed that it was more optimized in multi-objective opti-
mization than the response surface method. Hentati et al. [17] used the Taguchi method to
study the effects of different molding parameters, such as the material temperature, injec-
tion pressure, holding time, and mold temperature, on the tensile stress (σ) and Young’s
modulus (E) of PC/ABS blends. The research results showed that the injection pressure
and material temperature had the most significant impact on the mechanical properties
and microstructure of PC/ABS blends. Guo et al. [18] aimed to optimize the production
energy consumption, weight, and warpage. Based on Latin hypercube sampling, they
established an optimal neural network model to predict the complex relationship between
metal injection molding process parameters and the energy consumption, quality, and
warpage. They used the NSGA-II algorithm and fuzzy decision-making based on criticism
to achieve process parameter optimization. Liu et al. [19] took the warpage, clamping
force, and sink marks as optimization objectives, and five process parameters, including
the holding pressure, melt temperature, holding time, injection time, and melting time,
were analyzed. They used the Taguchi orthogonal experiment, PSO-BP neural network
model, improved particle swarm optimization algorithm, and TOPSIS method to achieve
multi-objective optimization. Lee et al. [20] used an artificial neural network model to
predict the nonlinear relationship between injection molding process parameters, such as
the melt temperature, mold temperature, injection speed, holding pressure, holding time,
cooling time, and product performance (quality, diameter, and height). Chang et al. [21]
used the Pareto optimization framework and injection molding process parameters to per-
form multi-objective optimization based on the quality of drone shell parts. The research
results showed that the injection time and pressure time are positively correlated with
the mold indicators, with the strongest correlation, while the mold temperature shows
a certain degree of a negative correlation. Li et al. [22] proposed an adaptive optimiza-
tion method that combines the Design of Experiments (DOE) method with the Kriging
surrogate model to reduce the warpage and residual stress of the bracket during injection
molding. Yang et al. [23] used Moldflow software, uniformity testing, and the GA-BP
neural network model to study the effects of five process parameters, including the mold
temperature, melt temperature, holding pressure, injection time, and holding time, on the
volume shrinkage rate and warpage variables of automotive plastic front frames. Gianluca
et al. [24] adopted a central composite experimental design with flash formation and the
component weight as optimization objectives, analyzing five process parameters, including
the melting temperature, holding pressure, mold temperature, injection speed, and holding
time. Regression equations and utility functions were used to achieve multi-objective
optimization. Chen et al. [25] optimized the injection molding process parameters of plastic
bottle preform parts based on the GA-BP-PSO algorithm. The research results showed that
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the warpage deformation obtained using the GA-BP-PSO algorithm differed little from the
simulated values of Moldflow software. Li et al. [26] established a Kriging model based
on orthogonal experiments and used numerical optimization algorithms, direct search
methods, and global exploration methods to optimize the model, to obtain the optimal
injection parameters with the minimum warpage deformation.

Based on the above literature, it can be concluded that using artificial neural network
models, the NSGA-II algorithm, and the particle swarm optimization algorithm to study
the optimization of plastic injection molding process parameters is reliable. To improve
the quality and work efficiency of plastic injection molding, this study proposes a multi-
objective optimization design method for the key process parameters of the plastic injection
molding product quality, which combines the BP neural network and NSGA-II algorithm.
The junction box shell is taken as the research object, and orthogonal experimental design
and Moldflow simulation software are used for numerical simulation to obtain the original
sample data. The parameters that have a significant impact on the quality of plastic parts
are determined through variance analysis of the signal-to-noise ratio. Based on the BP
neural network and NSGA-II, the injection molding process parameters of junction boxes
are optimized to reduce the amount of warping deformation generated during the molding
process and improve product quality.

2. Establishment of Finite Element Model and Process Analysis

2.1. Structural Analysis of Junction Box

The three-dimensional structure of the junction box housing is shown in Figure 1. As
the chart shows, the shape of the junction box housing is irregular, with protrusions and
holes. In the process of melt injection molding, it is necessary first to analyze the structure of
the plastic parts and adopt reasonable injection methods to obtain higher-quality products.
The plastic material is ABS, one of the widely used engineering plastics with excellent
molding and mechanical properties. The recommended melt temperature is 200–280 ◦C,
and the mold temperature is 25–80 ◦C [27].

Figure 1. Three-dimensional structural diagram of junction box shell (size unit: mm).
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2.2. Analysis of Mold Flow Under Initial Process Parameter Conditions

Grid division determines the accuracy of the discretization of finite element models
and plays a crucial role in the accuracy and reliability of finite element analysis results.
The neutral layer grid division speed is fast, but it cannot provide high accuracy; the Dual
Domain with double-layer mesh is suitable for most product solutions and can provide
a more accurate analysis and optimization; 3D solid meshes are often suitable for parts
with complex structures and uneven thicknesses. A large number of meshes can lead to
reduced efficiency and improved computational accuracy in finite element soft computing.
Considering that the shape of the wiring housing is relatively simple and the wall thickness
is relatively uniform in the overall structure, a double-layer mesh division method is
adopted. Import the 3D model of the junction box housing into Moldflow software for
automatic meshing. Pre-process the complex corners, sharp edges, and other structures of
the injection molded parts through mesh repair to ensure that there were no multiple edges,
free edges, intersecting elements, or completely overlapping elements. The mesh quality
used for the simulation calculation is shown in Table 1, indicating that the mesh quality is
good and there are no other defects. It is suitable for double-layer surface analysis and can
be used for the Moldflow mold flow analysis simulation calculation.

Table 1. Grid quality of junction box shell.

Item Actually Requirement

Mesh-type Triangles —
Maximum aspect ratio 16.0 <20
Average aspect ratio 2.96 <3

Fully overlapping elements 0 0
Match percentage 86% >85%

Total grids 51,388 —

The setting of the gate position of the junction box is related to the flow mode and
flow time of the plastic melt in the mold [28]. Determine the optimal gate position for the
junction box based on the Moldflow software, as depicted in Figure 2.

 
Figure 2. Optimal gate location.
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According to the optimal gate position of the junction box shown in Figure 2, it can be
seen that the blue area at the center of the plastic part has the best melt flowability and is
more suitable as the optimal gate position. Considering the simple structure of the junction
box plastic parts, to further reduce the number of defects, such as air pockets and weld
lines that may be encountered during the analysis process, the final number of gates is
determined to be 1.

The design of the pouring system has a significant impact on the forming quality of
the junction box. Based on practical engineering experience, the first mock examination
and two cavity pouring schemes are selected for the pouring system. To ensure the surface
quality of the junction box shell, the gate position is fixed on the outside of the product. The
cooling system can evenly cool the product after molding, reduce residual stress, maintain
the dimensional accuracy of the plastic parts, and improve quality. The cooling system of
the junction box adopts a simple and easy-to-process DC circulating cooling water channel,
with specific parameters: the diameter of the water pipe is 10 mm, and the distance between
the water pipe and the plastic parts of the parts is 20 mm. Establish a finite element model
of the junction box for the pouring system and cooling system as shown in Figure 3.

 

Figure 3. Overall finite element analysis model.

Determine the layout of the pouring and cooling system, conduct mold flow analy-
sis on the junction box, set the analysis window to cooling + filling + holding pressure
+ warping, and set the process parameters to default values, as follows: the melt tem-
perature is 240 ◦C, the mold temperature is 52.5 ◦C, the mold opening time is 5 s, the
injection + holding pressure + cooling time is specified as 30 s, filling control is automatic,
speed/pressure switching is automatic, the holding pressure control is filling pressure and
time, without considering mold thermal expansion and angular effects. The analysis shows
that the volume shrinkage rate and warpage deformation of the junction box are 10.35%
and 1.352 mm, respectively.

3. Orthogonal Experiments

Considering that many factors affect the quality of the injection molding of junc-
tion boxes, it is difficult to measure them through process experiments or finite element
simulation methods. To reduce computational costs and the number of experiments, the
orthogonal experiments were used to optimize the experimental design. To investigate
the influence of the injection molding process parameters on the warpage deformation
of junction boxes, the melt temperature (A), mold temperature (B), injection pressure (C),
holding pressure (D), holding time (E), and cooling time (F) were selected as factors for
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orthogonal experiments. Each factor was set at five levels to establish an orthogonal table
of L25 (56). The experimental factors and factor levels are shown in Table 2.

Table 2. Factors and levels of orthogonal experiments.

Level
Factor Melt

Temperature/◦C
Mold

Temperature/◦C
Injection

Pressure/MPa
Holding

Pressure/MPa
Holding
Time/s

Cooling
Time/s

1 230 50 40 50 10 15
2 240 60 45 55 15 20
3 250 70 50 60 20 25
4 260 80 55 65 25 30
5 270 90 60 70 30 35

Using Moldflow simulation software to simulate the six-factor five-level orthogonal
experiment described in Table 2, the evaluation indicators are the volume shrinkage rate
(X1/%) and maximum warpage (X2/mm). The results of 25 sets of experiments are as
described in Table 3.

Table 3. Results of orthogonal experiment.

Number
Experimental Factors Experimental Result

A/°C B/°C C/MPa D/MPa E/s F/s X1/% X2/mm

1 1 1 1 1 1 1 7.661 1.307
2 1 2 2 2 2 2 7.206 1.035
3 1 3 3 3 3 3 7.095 1.022
4 1 4 4 4 4 4 7.018 1.015
5 1 5 5 5 5 5 6.981 1.004
6 2 1 2 3 4 5 10.35 1.018
7 2 2 3 4 5 1 10.35 1.023
8 2 3 4 5 1 2 10.35 1.106
9 2 4 5 1 2 3 10.34 1.056
10 2 5 1 2 3 4 10.34 1.006
11 3 1 3 5 2 4 10.87 0.8403
12 3 2 4 1 3 5 10.87 1.008
13 3 3 5 2 4 1 10.87 1.015
14 3 4 1 3 5 2 10.88 1.016
15 3 5 2 4 1 3 10.88 1.281
16 4 1 4 2 5 3 11.41 1.013
17 4 2 5 3 1 4 11.42 1.012
18 4 3 1 4 2 5 11.41 0.9905
19 4 4 2 5 3 1 11.41 0.8618
20 4 5 3 1 4 2 11.41 0.9973
21 5 1 5 4 3 2 11.92 0.8007
22 5 2 1 5 4 3 11.92 0.8195
23 5 3 2 1 5 4 11.92 1.01
24 5 4 3 2 1 5 11.92 1.342
25 5 5 4 3 2 1 11.92 1.17

Based on the numerical simulation results of the injection molding of the junction box
obtained from Table 3, the volume shrinkage rate and maximum warpage deformation
degree of the junction box were statistically analyzed, and the average volume shrinkage
rate and maximum warpage value of each factor and level were obtained. The signal-
to-noise ratio range analysis was conducted on the volume shrinkage rate and warpage
deformation of the junction box, and the results are shown in Tables 4 and 5. K1–K5 in
Tables 4 and 5 represent the statistical mean values at different levels (1–5) and R represents
the range of the statistical mean values. The larger the range, the more significant the
impact of this factor on the examined indicators.
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Table 4. Analysis of volume shrinkage ratio signal-to-noise ratio.

Mean
Signal-to-Noise

Ratio

Experimental Factors

A B C D E F

K1 −17.13 −20.28 −20.28 −20.27 −20.28 −20.28
K2 −20.30 −20.17 −20.17 −20.17 −20.17 −20.17
K3 −20.73 −20.14 −20.14 −20.15 −20.14 −20.14
K4 −21.15 −20.12 −20.12 −20.13 −20.12 −20.12
K5 −21.53 −20.11 −20.11 −20.11 −20.12 −20.11
R 4.39 0.16 0.16 0.16 0.16 0.16

Ranking 1 3 4 6 2 5

Table 5. Analysis of warpage ratio signal-to-noise ratio.

Mean
Signal-to-Noise

Ratio

Experimental Factors

A B C D E F

K1 −0.59547 0.16985 −0.14068 −0.58619 −1.60205 −0.54484
K3 −0.19522 −0.23939 −0.28136 −0.38984 0.58246 −0.23929
K4 0.23649 −0.40073 −0.50991 −0.09286 0.26778 0.22800
K5 −0.06911 −0.71557 0.23794 0.72449 −0.11374 −0.54620
R 0.83196 0.92755 0.74785 1.35395 2.18451 0.77419

Ranking 4 3 6 2 1 5

In the study, the small size characteristic was used to analyze the difference between
the volume shrinkage rate and warpage deformation. The larger the signal-to-noise ratio,
the smaller the volume shrinkage rate and deformation obtained. From Tables 4 and 5, it can
be seen that the factors affecting the volume shrinkage rate are A > E > B > C > F > D. The
optimal process parameter combination is A1B5C5D5E5F5, while the factors affecting the
maximum warpage amount are E > D > B > A > F > C, and the optimal process parameter
combination is A4B2C5D5E3F4. By comparing with references [29–31], it can be seen that
the influence of injection molding process parameters on the volume shrinkage rate and
warpage deformation of plastic parts is different, and the process parameters also affect
each other. Since ACB is the most significant factor affecting the volume shrinkage rate,
A1C5B5 is selected here; ED is the most significant factor affecting the maximum warpage
deformation, and E3D5 is selected. The influence of F on the volume shrinkage rate is
greater than the maximum warpage deformation, so F5 is selected. Finally, the overall
optimal combination is determined to be A1B5C5D5E3F5. By inputting the corresponding
parameters into Moldflow software for simulation, a volume shrinkage rate of 7.128% and
a maximum warpage deformation of 0.938 mm were obtained.

4. BP Neural Network

Due to the complex nonlinear relationship between injection molding process parame-
ters and warpage deformation and the volume shrinkage of junction boxes, a BP neural
network can be used to establish a prediction model for warpage deformation and the vol-
ume shrinkage of junction boxes under different process parameters. To accurately predict
the warpage deformation and volume shrinkage of the junction box during the injection
molding process, a three-layer BP neural network prediction model was constructed using
six process parameters of injection molding as input variables and the volume shrinkage
rate and warpage deformation as output variables. Therefore, the BP neural network has
six input layer nodes and two output layer nodes, while the number of hidden layer nodes
is mainly obtained through empirical formulas. The expression for a three-layer neural
network is as follows [32]:

neti = ∑n
j=1 xiωij − θ

55



Materials 2025, 18, 577

yi = f (neti) (1)

In Equation (1), xi is the input layer variable; yi is the output layer variable; ωij and θ

represent the weights and thresholds of neurons, respectively.
In the experimental model, the S-type tangent function Tansig is used to verify the

neuron activation function of the BP neural network, and the linear function Purelin is
used as the neuron activation function in the output layer. The training function of the
neural network is “Traingdm”. To make the network converge quickly and solve more
conveniently and avoid the phenomenon of neuron output saturation, the experimental
data obtained through experiments will be normalized according to Equation (2) so that
the data of the model training samples should be within the range of [−1, 1].

x =
2 × (x − xmin)

xmax − xmin
− 1 (2)

where x is the raw data, y is the normalized result of x, xmin is the minimum value of the
raw data, and xmax is the maximum value of the raw data.

Using 25 sets of orthogonal experimental results as sample data, randomly select the
first 18 sets of samples for model training, and use the remaining sample data for model
validation. The training objective of the BP neural network model is set to 10−5, with
a learning rate of 0.1, 100 iterations, and six validation failures. Using the coefficient of
determination R2 to determine the degree of fit of the regression equation in the training set,
if R2 is closer to 1, the linkage between the predicted and output results is closer, indicating
a higher degree of fit of the neural network model. Using MATLAB 2019b software to train
the BP neural network prediction model, it was found through trial and error that when
the number of hidden layer nodes is five, the 6-5-2-2 three-layer BP neural network model
established fits the best R2 = 0.978. At this time, the BP neural network model predicts
the volume shrinkage rate and maximum warpage deformation and compares it with the
Moldflow simulation values as shown in Figure 4.

  

Figure 4. Comparison between BP neural network model predicted values and Moldflow simulation
values.

According to Figure 4, it can be seen that the established BP neural network model is
available to reflect the non-linear relation between the injection molding process parameters
of the junction box and its volume shrinkage rate and warpage deformation. This neural
network model has certain reliability and can be used for multi-target optimization of the
injection molding process parameters of the junction box. Compared with references [19,20],
it is feasible to establish an intrinsic mapping relationship between the molding quality
and injection molding process parameters using the implicit statistical inference function of
multi-layer feedforward neural networks, and the predicted results are relatively accurate.
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The use of artificial neural network models to achieve intelligent process planning is of
great significance for engineering applications.

5. Process Parameter Optimization Based on NSGA-II Algorithm

5.1. NSGA-II Algorithm

To obtain the optimal injection molding process parameters, the corresponding sin-
gle objective quality prediction model is often established, and methods, such as the GA
algorithm [8], PSO algorithm [33], etc., are commonly used to globally optimize the injec-
tion molding process. For the established multi-objective quality prediction model, the
multi-objective particle swarm optimization algorithm [9], multi-objective genetic algo-
rithm [34], NSGA-II algorithm [21], etc., are commonly used. The NSGA-II algorithm
is an improvement based on the NSGA algorithm, which puts forward a fast and elite
non-dominated sorting algorithm. It can not only reduce the computation but also merge
the parent population with the child population, allowing the next generation to select
from double the space and retain of all the most excellent individuals. The introduction
of an elite retention strategy and competitive bidding mechanism ensures that certain
excellent individuals in the population will not be discarded during the evolution process,
thereby raising the precision of optimization results. By using a crowded-comparison
operator, not only does it overcome the defect of manually specifying shared parameters in
NSGA, but it also serves as a comparison standard between individuals in the population,
allowing individuals in the quasi-Pareto domain to be uniformly extended to the entire
Pareto domain, ensuring the diversity of the population. Using the NSGA-II algorithm to
tackle the multi-objective problems is beneficial for obtaining the Pareto optimal solution
with the minimum deviation between each objective function and the expected value.

5.2. Process Parameter Optimization

The nonlinear coupling model between the process parameters of the junction box
constructed using the BP neural network and the volume shrinkage rate and warpage is
used as the fitness function in the NSGA-II algorithm, and the technology parameters are
civilized through the NSGA-II algorithm. The design variables and their ranges are shown
below.

The melt temperature (A) is 230–270 ◦C, the mold temperature (B) is 50–90 ◦C, the
injection pressure (C) is 40–60 MPa, the holding pressure (D) is 50–70 MPa, the holding
time (E) is 10–30 s, and the cooling time (F) is 15–35 s. The optimization process of the BP
neural network combined with the NSGA-II algorithm is shown in Figure 5.

When optimizing, the fitted BP neural network model is integrated into the main
program of the algorithm in the form of an equation as the source of the initial population.
The number of inputs is 6, the number of outputs is 2, the population size is set to 500,
the crossover probability is set to 0.8, the mutation probability is set to 0.3, the maximum
number of iterations is set to 50, and other parameters are set to default values. After
50 iterations of running the NSGA-II algorithm program in MATLAB, the Pareto solution
was obtained as shown in Figure 6.

According to the optimization results shown in Figure 6, the algorithm has good
convergence and can obtain a uniformly distributed Pareto optimal solution set. In this
study, the multi-objective optimization model has two objective functions, and its Pareto
front is a straight line. This indicates that the optimization trends of the volume shrinkage
rate and warpage deformation of the junction box are opposite; that is, smaller warpage de-
formation corresponds to a larger volume shrinkage rate. It is difficult to obtain the optimal
process parameters that achieve the minimum of both at the same time. In reference [19],
the equal-weight TOPSIS method was used to obtain the optimal solution from the Pareto
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optimal frontier. In this study, the CRITIC comprehensive evaluation method was used to
analyze and obtain the optimal process parameters, and both the volume shrinkage rate
and warpage variables were found to be optimal. TOPSIS ranks each solution based on its
proximity to the optimal and worst solutions, to determine the optimal design [35]. TOPSIS
is suitable for multi-criteria decision-making and ranking problems. The CRITIC weighting
method calculates and ranks the weights by constructing a judgment matrix and calcu-
lating consistency indicators. The CRITIC weighting method is suitable for multi-criteria
evaluation and decision-making problems. The specific expression of the comprehensive
evaluation model is as follows [36]:

Z = ∑2
j=1 Wjyij = W1yi1 + W2yi2 (3)

 

Figure 5. Optimization flowchart of BP neural network combined with NSGA-II algorithm.

Figure 6. NSGA-II optimization results.
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For the 50 sets of solutions obtained through NSGA-II multi-objective optimization,
objective weights for the volume shrinkage rate and warpage deformation are calculated
based on CRITIC. The general steps are as follows:

(1) Determine the indicator data matrix. There are a total of 50 samples to be evaluated,
and the evaluation matrices for two evaluation indicators are as follows:

Y = yij =

⎡
⎢⎢⎣

y11 y12
...

...
y50×1 y50×2

⎤
⎥⎥⎦ (4)

Equation (4), yij represents the value of the jth evaluation index in the i-th experiment.
(2) Dimensionless processing.

To remove effects of different dimensions on the assessment, it is necessary to make
the volume shrinkage rate and warpage deformation dimensionless. The smaller
the indicators to be optimized, the better. Therefore, when standardizing, negative
indicators are used for the calculation.

y′ij =

(
ymax

j − yij

)
ymax

j − ymin
j

(5)

Equation (5): y′ij represents the standardized value, and ymax and ymin are the upper
and lower limits of indicator j.

(3) Calculate indicator variability σj

In the CRITIC method, the standard deviation is used to represent the fluctuation
of values within each indicator. The larger the standard deviation, the greater the
numerical difference of the indicator and the stronger the evaluation strength of the
indicator itself. Therefore, more weight should be assigned to the indicator.

yj =
1
n∑n

i=1 y′ij (6)

σj =

√
∑n

i=1 (y
′
ij − y )2

n − 1
(7)

In Equations (6) and (7), n is the total number of experimental groups, and σj repre-
sents the standard deviation of the jth indicator.

(4) Calculate indicator conflict Rj

Rj = ∑n
i=1

(
1 − rij

)
(8)

In Equation (8), rij represents the correlation coefficient between evaluation indicators i
and j. The correlation coefficient is used to represent the correlation between indicators.
The stronger the correlation with other indicators, the less conflicting the indicator
is with other indicators, reflecting more similar information. The evaluation content
that can be reflected is more repetitive, which weakens the evaluation strength of the
indicator to a certain extent. Therefore, the weight assigned to the indicator should
be reduced.
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(5) Calculate the amount of information Cj

Cj = σj × Rj (9)

The larger the Cj, the greater the role of the jth evaluation indicator in the entire
evaluation indicator system, and it should be distributed with more weight.

(6) Calculate objective weight Wj

Wj =
Cj

∑n
j=1 Cj

(10)

According to Equations (5)–(10) above, gradually calculate the objective weight values
of the two indicators. As shown in Table 6, the objective weight of the volume
shrinkage rate in the two molding masses is 0.4878, and the objective weight of
warpage deformation in the two molding masses is 0.5122. Based on the obtained
weight values, calculate the comprehensive evaluation value of the molding quality
for each group of schemes according to Equation (1). Among them, the comprehensive
evaluation value of the injection molding process scheme corresponding to a volume
shrinkage rate of 6.905% and a warpage deformation of 0.991 mm reached 3.876,
which is the minimum value among the 50 schemes. At this time, the optimal process
parameter combination is the melt temperature of 230.03 ◦C, mold temperature of
51.27 ◦C, injection pressure of 49.13 MPa, holding pressure of 69.01 MPa, holding time
of 15.48 s, and cooling time of 34.91 s.

Table 6. Calculation of objective weights for evaluation indicators.

Indicator Variability Conflict-Oriented Information Content Weight

volume shrinkage rate 0.255 1.960 0.500 48.78%
warpage 0.268 1.960 0.525 51.22%

Comparing the optimal results of the process parameters before optimization in Table 3,
it can be seen that the NSGA-II algorithm improves the warpage deformation during
the injection molding process of the junction box. The above process combination was
applied to Moldflow for the numerical simulation calculation, and the calculated volume
shrinkage rate was 7.037%, with a warpage deformation of 0.957 mm, as shown in Figure 7.
The relative errors of the volume shrinkage rate and warpage deformation predicted by
the NSGA-II algorithm were 1.9% and 3.4%, respectively, indicating a high degree of
agreement between the two. This is similar to the findings of the literature [11,18,19,35]. By
establishing a multi-objective optimization model and using the NSGA-II algorithm, the
injection molding process parameters can be optimized to improve the molding quality of
injection molded products.
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Figure 7. Numerical simulation results after algorithm optimization.

6. Conclusions

(1) Based on a six-factor five-level orthogonal experiment, the influence of the melt
temperature, mold temperature, injection pressure, holding pressure, holding time,
and cooling time on the volume shrinkage rate and warpage deformation of junction
boxes was studied using Moldflow simulation software. By analyzing the range of
the signal-to-noise ratio, the primary and secondary order of the influence of injection
molding process parameters on the volume shrinkage rate and warpage deformation
of junction boxes is obtained as follows: melt temperature > holding time > holding
pressure > cooling time > injection pressure > mold temperature.

(2) Based on a fitted BP neural network model and combined with the NSGA-II algorithm,
multi-target optimization was carried out within a specified parameter range using
the quality indicators to determine the optimal solution, with a melt temperature of
230.03 ◦C, mold temperature of 51.27 ◦C, injection pressure of 49.13 MPa, holding
pressure of 69.01 MPa, holding time of 15.48 s, and cooling time of 34.91 s. The
resulting product had a warpage deformation of 0.912 mm, which was 33.2% lower
than the average volume fraction before optimization (10.34884%). The optimal results
were significant, and the injection molding quality of the junction box was improved.

(3) The errors between the volume shrinkage rate and warpage deformation predicted
using BP-NSGA-II and the simulated values using Moldflow software are 1.9% and
3.4%, respectively, indicating that the optimization method of the BP neural network
and NSGA-II algorithm is reliable.
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Abstract: It is vital to maximize the safety of outdoor constructions, airplanes, and space vehicles
by protecting against the impact of airborne debris from increasing winds due to climate change,
or from bird strikes or micrometeoroids. In a widely-used compression-molded short glass fiber
polyester bulk-molded compound (SGFRP-BMC) with 55% wt. CaCO3 filler, the center of the mother
panel has lower impact strength than the outer sections with solidification texture angles and short
glass fiber (SGF) orientations being random from 0 to 90 degrees. Therefore, a new double-step
process of: (1) reducing commercial fiber length without change in molding equipment; followed
by a (2) 0.86 MGy dose of homogeneous low-voltage electron beam irradiation (HLEBI) to both
sides of the finished samples requiring no chemicals or additives, which is shown to increase the
Charpy impact value (auc) about 50% from 6.26 to 9.59 kJm−2 at median-accumulative probability of
fracture, Pf = 0.500. Shortening the SGFs results in higher fiber spacing density, Sf, as the thermal
compressive stress site proliferation by action of the CTE difference between the matrix and SGF while
the composite cools and shrinks. To boost impact strength further, HLEBI provides additional nano-
compressive stresses by generating dangling bonds (DBs) creating repulsive forces while increasing
SGF/matrix adhesion. Increased internal cracking apparently occurs, raising the auc.

Keywords: SGFRP; BMC; impact strength; fiber length; texture; electron beam irradiation

1. Introduction

With the increase in frequency and intensity of disaster events from climate change, it
is important to advance materials that can withstand the increasingly harsh environmental
conditions that can occur. It is crucial to always strengthen materials for maximum safety,
with the utmost concern for the environment. Bulk molded compounds (BMCs) have
been widely-used across many industries for light-load bearing articles, such as electrical
housing, car headlights, and appliance parts. BMCs have advantages over metals in
being corrosion resistant and lightweight when used as non-structural parts for aircraft or
other vehicles to lower fuel consumption and reduce CO2 emissions. Other advantages
are their easy formability of complex shaped parts, and their resistance to hot or cold
for house appliances and outdoor household articles. BMCs usually have fiber content
of ~5 to 30 wt.% [1–12] which includes glass [11,12], carbon [13], as well as jute [14] and
kenaf [15]. Short glass fiber reinforced polymer–bulk molded compounds (SGFRP-BMCs)
are 3-phase fiber-filler-polymer systems constructed with fiber at ~5 to 30 wt.% [1,3,7] and
filler of CaCO3 at ~35 to 55 wt.% [7,8]. For BMCs in general, fillers of TiO2, Al2O3, SiC,
Mg(OH)2, ZnO [9], fumed silica [10], fly ash [5], or waste thermosetting BMC [2] have
been used.

Up to now, the combination of shortening fibers and electron beam treatment to en-
hance mechanical properties of fiber reinforced polymers (FRPs) has not been found in
the literature. However, other strengthening methods have always been advancing for
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FRPs [16–25]. For example, for long fiber FRP, pre-stressing fibers before intrusion with
the polymer melt has been a useful tool to increase mechanical properties [16–19]. Similar
to pre-stressing steel bars in concrete, Pang and Fancey found viscoelastic prestressing of
multi-filament nylon 6,6 yarn in a bisphenol-A-based low viscosity epoxy resin increased
tensile strength, modulus, and toughness up to 15%, 30%, and 40%, respectively [16]. For a
unidirectional glass fiber reinforced polymer (GFRP) epoxy composite, Hadi and Ashton
found pre-stressing GFs at 25, 50, 75, 100, and 200 MPa increased tensile strength and elastic
modulus [17]. Motahari and Cameron found prestressing fibers increased flexural proper-
ties of FRP [18]. Interestingly, Jenkins et al. found by controlling prestressing magnitude
and eccentricity, mold-free FRP composites’ internal stress conditions can be manipulated
to obtain curved part geometry with high precision [19]. Another method commonly used
for strengthening FRPs has been enhancing adhesion at the fiber/matrix interface [20–25].
Yuan et al. found that applying good a coupling agent to GFs increased fracture stress, but
decreased fracture strain in polyvinyl chloride (PVC) GFRP [20]. Meraghni et al. modelled
the effect of interfacial degradation on a short fiber-reinforced polymer containing matrix
microcracks [21]. Numerous fiber treatments have been applied to inert CF to increase
its weak adhesion to polymer matrix [22–25], including electrochemical modification [22],
electro-polymer coating [23], plasma surface modification [24], and Ni sputtering [25].

Past research has shown the mechanical properties of 2-phase fiber/polymer FRP sys-
tems that shortening fiber length decreases mechanical properties such as impact strength,
tensile stress, and strain [26–34], and that longer fibers are desired [35]. For example, in
a polypropylene (PP) GFRP at GF wt.% from 3 to 60%, stiffness was found to be lower at
shorter fiber lengths below 0.5 mm, and virtually unchanged above 0.5 mm [26]. Above
40 wt.% GF content, modulus was lowered by fiber packing problems and increased in
voids [26]. Another study of PP GFRP showed that impact strength was increased as GF
length was raised to 6.4 mm, with a strain energy model predicting optimal length to
be 8 mm [28]. In a PP carbon fiber reinforced polymer (CFRP), a sequential reduction in
mechanical properties, Izod impact, tensile strength and modulus, bending strength and
modulus, and Rockwell hardness were found as CF length was reduced from 10 to 5 to 2 to
1 to 0.5 mm [32]. In a CFRP, tensile strength and stiffness were increased by lengthening CF
from 2 to 4 mm, but were decreased as CF length was increased further to 6.4 mm. Optimal
fiber length was reported to be 4 mm [33]. Numerical modeling has also been carried out
on 2-phase GFRP systems showing that as GFs are lengthened, strength increases rapidly
at low fiber lengths, especially near the critical length, lc of ~1.0 mm, and flattens out at
about 5lc [29,30]. Fu and Lauke calculated lc to be 0.56–0.59 mm for nylon FRP, 1.4 mm for
polypropylene (PP) FRP, and 0.68 to 0.84 mm for polybutylene terephthalate (PBI) FRP [29].
For 2-phase systems, below lc, fibers do not impart stress transfer to the matrix, i.e., they are
too short to exhibit shear lag with the matrix during tension. Hence, instead of breakage,
the dominant fracture mechanism for fibers below lc is pull-out, weakening the 2-phase
fiber/polymer system. However, with the 3-phase fiber-filler-polymer system, CTE differ-
ence is the dominant mechanism, where shortening fibers to 0.44 mm strengthens, rather
than weakens, the composite [36]. For green composites also (2-phase), a trend was found,
being that lowering fiber length decreases mechanical strength, such as those with hemp
fiber (HF) [34,37], jute fiber (JF) [38,39], sisal fiber (SF) [40], or agave fiber (AF) [41]. For
example, in HF-reinforced thermoplastic polyurethane (HFRP), tensile strength was raised
from 16 to peak out at 27 MPa by lengthening HFs from 6 mm to 15 mm [34]. However,
above 15 mm to 40 mm, tensile strength remained approximately constant [34]. In injection-
molded poly[styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS)/HFRP composite with 30
wt.% HF), increasing nominal fiber length from 1.10 mm to 4.19 mm (from 0.57 mm to 1.03
mm after injection molding) significantly raised tensile strength from ~33 to ~39 MPa, and
tensile modulus from ~2.3 to ~2.9 GPa [37]. Sajin et al. found for a compression molded
alkali-treated JF-reinforced isopthalic polyester composite (JFRP), 20 mm fiber length gave
the highest tensile strength and modulus, flexural strength and modulus, and impact
strength. The 20 mm fiber length samples had higher mechanical properties than either the
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5, 10, 15, or 25 mm samples [39]. In a compression-molded sisal fiber-reinforced PP (SFRP)
composite with 40 wt.% SF, increasing chopped SF length from ~5 mm to ~25 mm (from
~3 mm to ~17 mm after compounding) resulted in increase in tensile strength from ~36 to
~43 MPa, flexural strength from ~41 to ~62 MPa, flexural modulus from 1.4 to ~2.9 GPa,
and impact strength from 3.25 to 4.09 kJm−2 [40]. Moreover, for a biodegradable composite
fabricated from agave leaves and epoxy (AFRP), longer AF lengths of 60 mm were found
to give better tensile and flexural properties than those that were 10 mm or chopped [41].
Hence, in 2-phase fiber-polymer systems, mechanical properties typically decrease with a
decrease in fiber length.

However, counter to the results stated in the literature for numerous 2-phase fiber/polymer
composite systems, in the 3-phase SGFRP-BMC, several mechanical properties have been
increased by decreasing fiber length below that of commercially used samples [7,8,36]. For
a widely-used compression-molded styrene butadiene SGFRP-BMC with 11 wt.% SGF and
55 wt.% CaCO3 filler, it was found that shortening SGF length from nominal (commercial)
6.4 mm to submillimeter 0.44 mm raised impact strength 25% at the typically weak center of
the mother panel [36]. Moreover, for an injection-molded styrene-butadiene SGFRP-BMC with
20 wt.% SGF, and 47.1 wt.% CaCO3 filler, shortening SGFs from 6.4 mm to 0.44 mm increased
tensile modulus 5 to 25% [8]. Ultimate tensile strength (UTS) and its strain were also boosted
by ~60 and ~40%, respectively [7]. This was unusual, since there is typically a tradeoff: as UTS
is enhanced, its strain is typically decreased [16]. Other mechanical tests, such as flexural and
fatigue, would provide a more thorough characterization, but are beyond the scope of this study.

In the above cases, SGFs were shortened by 30 min in an extended mix of the paste in
a sigma-blade mixer prior to molding without a change in molding equipment. Enhance-
ments by shortening fibers has been described with a “fiber spacing” model [8] depicted
in Figure 1. For the simple case when fibers are separated by spaces in a given length, x,
number of fibers, Nf will be equivalent to number of spaces, Sf, as shown in Equation (1):

Sf = Nf (1)

Figure 1. Fiber spacing model adapted from Faudree et al. (2014) [8].

This would be independent of fiber orientation, θ, with respect to x. And apply to the
random fiber orientation of the SGFRP-BMC panel center. Moreover, since both Nf and
Sf are dimensionless quantities, they can be put into any dimensional coordinate system;
hence, Sf is given in three dimensions as “fiber spacing density” (mm−3).

Enhancements of mechanical properties were attributed to the increase in Sf as mean
fiber length, lf (mm) is shortened, acting to increase the micro-compressive stress sites of
the matrix on the SGFs by a difference in coefficient of thermal expansion (CTE) during
cooling down and shrinking [8]. Sf is related to lf by the following Equation [8]:

Sf = ρf = Vf/(πr2lf) (2)

where Vf and r are SGF volume fraction and mean fiber radius (0.007 mm). It follows that
the CTE of cured polyester resin matrix is 55 to 100 × 10−6/K [42], an order of magnitude
above E-glass fibers at 5.4 × 10−6/K [43]. In concert with this, since the SGFRP-BMC
is a three-phase fiber-filler-polymer system, the filled matrix behaves as a polymer-filler
subsystem in the narrow spacing between fibers that efficiently allows for an increase in
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mechanical properties by decreasing the fiber length. During cooling down and shrinking,
the polymer compresses onto the hard CaCO3 filler with a high surface area of the 1 to 7 μm
CaCO3 particles, whose listed CTE is ~4.6 × 10−6/K [44]. As Sf is increased by reducing
SGF length, micro-compressive stress sites are increased, raising the mechanical properties.

Note that in the SGFRP-BMC under study, Vf of hard components of SGFs plus
CaCO3 filler is quite high at 46%, with the polymer mixture at 54%. Small particles that
are highly dispersed and in close proximity are excellent for maximizing thermal residual
stresses [45] for strengthening the BMC composites. Another point here is in the case of
boosting the ultimate tensile stress and strain; the increase in Sf also acts to halt cracks
before propagating above the critical length for the SGFRP-BMC to take on more of the
load [7]. Therefore, for the 3-phase SGFRP-BMC, shortening the fiber length has been found
to increase mechanical properties.

Other studies on shorter fiber lengths increasing mechanical properties are nearly
non-existent. However, Senthilrajan et al. found, for a jute reinforced polyester (JFRP),
at JF content of 25 wt.%, 5 mm fiber length samples had higher flexural strength and
modulus, and a specific strength and modulus than those with longer lengths of 10, 15,
20, or 25 mm [38]. Their scanning electron microscope (SEM) analysis attributed the
strengthening to stronger JF/Matrix bonding [38].

As mentioned previously, the CaCO3 filler particles of the SGFRP-BMC appear to act
to raise tensile strength and its strain, along with tensile modulus, and impact strength
when SGF length is reduced [7,8]. Metal matrix composites (MMC) and cemented carbide
composites, as well as ceramics, are reported to exhibit this strengthening mechanism, in
that reduced particle size increases mechanical properties [46–48]. Improvements were
attributed to increased residual compressive stress sites by the CTE mismatch between the
particles and the matrix. In the SGFRP-BMC, CaCO3 filler particles were measured using
SEM to be in about the same size range, <1 to 7 μm [8], as that for ceramics at <1 μm to
several microns [46–48].

Concerning the influence of filler on BMCs, little research has been performed in the
literature. An important study for sustainability for hard-to-recycle BMCs was conducted
by Matykiewicz et al., who crushed waste thermosetting BMC, using it as reinforcement
in an epoxy composite [2]. Lautenschlägera et al. investigated the effects of filler for
25 vol.% jute chopped fiber-reinforced BMCs and needle-punched non-woven SMCs [14].
They showed that CaCO3 filler was found to produce higher tensile strength and Young’s
modulus than that of paltry kaolin. In contrast, they found flexural strength had high
scatter for either filler, due to inhomogeneous fiber distribution of fiber-rich and -sparse
volumes [14]. Investigations on the effect of percent filler is beyond the scope of this study.

In injection-molded SGFRP-BMC, the mean SGF length of 30 min extended mix samples
was measured using SEM to be sub-millimeter at 0.44 mm (std. dev. = ±0.203 mm) [1,7].
Thus, it is assumed, for the compression molded samples, that the 30 min mixing reduces
SGF length to about 0.44 mm. With standard deviation of ±0.203 mm, SGF length difference
between the 30 min extended mix compression-molded samples and commercial 6.4 mm
samples is considered enough to obtain reliable results [7,8]. Notably, the sub-millimeter
length is below that of the estimated lc of ~1.0 mm reported for 2-phase FRPs [29,30], and lc
would depend on adhesion strength at the fiber/matrix interface. The extended mixing of 30
min is reported to have insignificant effect on the CaCO3 filler particles (<1 to ~7 μm) [2].

To boost impact strength further, homogeneous low-voltage electron beam (HLEBI)
treatment to finished specimens with the shortened 0.44 mm SGFs will be employed.
This is because, previously, 0.86 MGy HLEBI treatment to commercial 6.4 mm samples
was found to increase impact values from 5 to 25% [49]. SEM showed that 0.86 MGy
HLEBI resulted in much more polymer/CaCO3 matrix adhering to the SGFs than that of
untreated, which were left virtually bare. An electron spin resonance (ESR) analysis of the
samples showed HLEBI generated a strong peak (inflection point at 323.0 mT) signifying
the presence of dangling bonds (DBs). The DBs are lone pair electrons in the outer orbital
shells that exhibit repulsive forces acting to increase internal micro-compressive stress
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sites, and strengthen the SGF/Matrix interface [49]. This allows for energy dispersion in
the form of higher numbers of cracks generated in the SGFRP-BMC samples to take on
higher energy impacts [49]. An examination of tested samples showed that the fracture
mechanism transitioned at auc of 5.4 to 6.7 kJm−2 from clean to smaller secondary micro-
crack proliferation, sometimes including bends near the main crack. Fracture surface area
was observed to increase with increasing impact strength. The conversion was independent
of HLEBI-treated or untreated conditions [49].

HLEBI has a positive track record of enhancing GFRPs with long fibers, GFs them-
selves, silica glass, and several types of polymers [49,50]. HLEBI is also reported to
strengthen the fiber/matrix interface with electronic charge generation and the formation
of DBs [49].

HLEBI typically severs bonds with the lowest BDE (Figure 2a,b) for polymeric compo-
nents in the SGFRP-BMC. DBs are formed at the terminated atoms with low BDE [49] in
methylene groups (CH2–CH2: 369 kJmol−1), hydroxyl groups (CH3–OH: 377 kJmol−1), and
phenyl groups (C6H5–R: <377~389 kJmol−1 where R– is CH3– or C2H5–). Free-radical hy-
drogens have higher BDE (H–CH: 427 kJmol−1, H–OC2H5: 435 kJmol−1, and H–OOCCH3:
469 kJmol−1). Alkene groups H2C=CH2 have the highest BDE at 720 kJmol−1 [51,52].

 
(a) thermoset polyester (b) styrene-butadiene 

Figure 2. Depiction of HLEBI-activated: (a) thermoset polyester, and (b) styrene-butadiene co-
polymer, respectively, adapted from Faudree et al. (2012) [49], indicating approximate bond dissocia-
tion energies (BDE) [51,52] and DBs.

The action of HLEBI results in atoms being spaced further apart by DB generation,
creating compressive stress sites by repulsion of the generated lone-pair electrons. For
silica glass, for instance, in the radial distribution function (RDF), the normalized coordi-
nation number (ND/NO) is reduced, while the normalized mean atomic distance, (rD/rO)
is increased [49]. This results in nano-scale volume expansion that can act to increase
mechanical properties.

As mentioned earlier, we strengthen the weak center of the SGFRP-BMC panel by
shortening SGFs followed by HLEBI. This is because separate studies of shortening SGFs
from commercial 6.4 mm to 0.44 mm [36]; and applying 0.86 MGy HLEBI to finished
6.4 mm samples [49] were found to successfully raise impact energy of the weak center of
the SGFRP-BMC mother panel, 25%, and 5 to 25%, respectively. Hence, it seems possible
that the combination can additively boost impact strength by 50%. Therefore, we chose the
independent parameters of (1) 6.4 mm SGFs, (2) 0.44 mm, and (3) 0.44 mm + 0.86 HLEBI to
illustrate the enhancements. The 6.4 mm is chosen since it is widely used commercially,
while the 0.44 mm was found to yield significant increase in mechanical properties [7,36].
In addition, the 0.86 MGy HLEBI dose was chosen since preliminary testing showed that
it produced the highest impact values out of a wide range of dose levels [49]. Therefore,
the goal of this study is to apply a double-step process of (1) shortening the nominal
6.4 mm fiber length formulation to 0.44 mm by 30 min extended mixing without change in
molding equipment, followed by (2) applying a 0.86 MGy dose of HLEBI to both sides of
the SFGRP-BMC finished samples with no chemicals or additives to boost impact values at
the weak center of the mother panel.
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2. Materials and Methods

2.1. Preparation of SGFRP-BMC Samples

Compression-molded SGFRP-BMC panels were provided by Premix, Inc., (now
Citadel Plastics) North Kingsville, OH, USA, with components listed in Table 1. A strong
coupling agent was used on the SGFs, but its components are proprietary. Processing
parameters, panel geometry, and volume fractions are listed in Table 2. A schematic of the
compression molding process is illustrated in Figure 3, where SGFs are mixed into a paste
prior to injection molding. The test matrix is composed of three data sets listed in Table 3
designated as “6.4 mm”, “0.44 mm”, and “0.44 mm + HLEBI” samples. The “6.4 mm” data
set is the commercial formulation SGFRP-BMC with nominal 6.4 mm SGFs which under-
went 20 min mixing of the paste with a double-arm sigma blade Banbury mixer before
injection molding. The “0.44 mm” are those with an extended mix of 30 min, equaling
50 min mixing total. Mean SGF length was found to be 0.44 mm [36]. The 6.4 mm and
0.44 mm samples were not treated with HLEBI. A third data set, the “0.44 mm + HLEBI”,
was treated with 0.86 MGy HLEBI on both sides of the finished samples.

Table 1. Weight percents of SGFRP-BMC components.

COMPONENT Wt.%

Propylene glycol maleate polyester 13.75

Styrene butadiene copolymer 12.75

Commercial E-glass fibers 11

CaCO3 filler 55

Aluminum silicate filler 3

Magnesium hydroxide 0.5

Proprietary initiators and inhibitors 4

Table 2. Processing parameters.

PARAMETER Condition

Mold pressure 5.5 to 6.9 MPa (800 to 1000 psi)

Temperature 422 K (149 ◦C)

Cure time 2 min

Mold type Matched metal
die compression mold

Panel size 304.8 × 304.8 mm (12 × 12 in)

Panel thickness 2 mm

Vf (SGF) 0.080

Vf (CaCO3) 0.377

Vf (remaining polymer mixture) 0.543

Figure 3. Schematic of compression molding process.
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Table 3. Data sets of the SGFRP-BMC.

Experimental
Condition

6.4 mm
Untreated

0.44 mm
Untreated

0.44 mm + HLEBI

Number of
Specimens 14 14 14

Figure 4 shows the fabrication steps for the three data sets, (a) 6.4 mm, (b) 0.44 mm,
and (c) 0.44 mm + HLEBI. The commercial 6.4 mm and 0.44 mm samples were fabricated in
three and four steps, respectively [36]. Figure 4 shows that the 0.44 mm + HLEBI samples
were fabricated in five steps. Step 1 is mixing the paste for 20 min. Step 2 is 30 min of
extended mixing. Step 3 is compression molding the paste into panels. Step 4 is cutting the
samples. Finally, Step 5 is applying 0.86 MGy HLEBI to both sides of the samples (see the
HLEBI Section).

Figure 4. Steps of SGFRP-BMC fabrication for.4 mm; 0.44 mm (Faudree et al. (2022)) [36]; and
0.44 mm + HLEBI samples, respectively.

Figure 5 is an illustration of the SGFRP-BMC panels, showing specimens taken from
the weak center section. During compression molding of the paste charge, the direction
of flow is outward, but more random just below the plunger in the center. After molding,
specimens (80 × 10 × 2 mm) were cut according to ASTM D 6110-02 (2002) [53] for
anisotropic panels [53]. Since this study focusses on improving impact strength at the weak
panel center, samples cut from outer 3 sub-quadrants of each quadrant are not shown. Only
the 4 sub-quadrants at center are shown, and are assumed to have identical flow patterns
since they exhibited statistically lower impact strength than the outer sections [1,36,49].
Locations of samples cut from the panel center are indicated in Figure 5. For consistency,
specimens in each sub-quadrant are numbered from 1 to 7 outward from the center. The
14-sample data sets were taken from two sub-quadrants, two each from sample numbers
1 to 7.

2.2. Homogeneous Low-Voltage Electron Beam Irradiation

After molding and cutting, samples were treated with a HLEBI processor (Table 4)
(Type LB250/15/180L, Energy Science, Inc., Woburn, MA, USA, Iwasaki Electric Group,
Ltd., Tokyo, Japan), as shown in Figure 6a,b [49]. Faudree et al. (2022) gives a detailed
explanation [36]. To estimate how far into sample thickness HLEBI activates, penetration
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depth, Dth (μm) is calculated. When ρ is sample density (g cm−3) and V is acceleration
voltage at sample surface (kV), the Dth can be obtained [54]:

Dth = 66.7V5/3/ρ (3)

Figure 5. Schematic of Charpy impact sample cutting from the weak center section of a SGFRP-BMC
panel. Specimen numbers indicated. (outer section specimens not shown).

 

(a) (b) 

Figure 6. Electron-curtain processor (Iwasaki): (a) photo, and (b) schematic.

Table 4. HLEBI parameters.

Acceleration voltage 170 kV

Irradiating current 2.68 mA

Irradiation environment N2 gas atmosphere

Residual O2 conc. <300 ppm

Conveyor speed 10 m min−1

EB dose/sweep 0.0432 MGy

Sweep time (one way) 0.20 s
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Table 4. Cont.

Gap interval bet. sweeps 20 s

EB yield calc. FWT Nylon dosimeter

Individual Dth are listed in Table 5. Dth for the SGFRP-BMC is 116 μm, or about 5.8%
into the thickness. Since both specimen sides are HLEBI-activated, there is a skin/core/skin
sandwich structure of 0.116/1.87/0.116 mm. Impact tests were carried out 30 ± 0.5 h after
HLEBI irradiations.

Table 5. Densities and the calculated Dth for the SGFRP-BMC (bold type) and its individual
components [54].

Component Density, ρ (g cm−3) Dth (μm)

Polymer Mixture 1.200 185

Matrix Compos. 1.847 120

SGFRP-BMC 1.917 116

SGF 2.620 84.5

CaCO3 Filler 2.800 79.1

2.3. Charpy Impact Tests

Charpy impact strength was measured using a drop-weight pendulum apparatus
(Shimadzu Corp. No. 51735, Tokyo, Japan) [55,56] according to the JIS K 7077-1991 testing
standard [55]. Figure 7a,b shows the impact tester and specimen mount. Specimen dimen-
sions were 80 × 10 × 2 mm. Testing parameters and details can be found in Faudree et al.
(2022) [36].

 

 

(a) (b) 

Figure 7. Photos of: (a) Charpy impact tester, and (b) mount with SGFRP-BMC specimen.

3. Results

Effect of Shortening SGFs and HLEBI on Impact Values

Experimental results are shown in Figure 8a,b for the 6.4 mm (black dots), 0.44 mm
(blue triangles) [36], and 0.44 mm + HLEBI (yellow squares) samples, respectively. Figure 8a
shows accumulative probabilities (Pf) vs. Charpy impact value (auc) according to a general
form of the median rank method [57] described in detail in Faudree et al. (2022) [36].
Figure 8a shows, for the 0.44 + HLEBI data set, our double-step process of (1) shortening
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fibers to 0.44 mm with 30 min extended mixing, followed by (2) HLEBI of 0.86 MGy, boosted
auc at all Pf over that of the 6.4 mm. The 0.44 mm data set (without HLEBI, blue triangles) is
from a previous study reported by Faudree et al. (2022) [36], and is shown here to illustrate
that the 0.44 mm + HLEBI data set yields higher auc than the 0.44 mm at all Pf. Although
at low-Pf of 0.049, auc of the 0.44 mm data set was reduced (4.06 kJm−2) from that of the
6.4 mm (4,.92 kJm−2) [36], the 0.44 mm + HLEBI process showed a significant improvement
to 7.06 kJm−2. As stated in [36], the auc are calculated from (auc = E/(bt)) with impact
energy, and E is obtained with (E = WR[(cosβ − cosα) − (cosα’ − cosα)(α + β)/(α − α’)]).
The Pf are calculated from (Pf = (I − 0.3)/(Ns + 0.4)).

 

(a) (b) 

Figure 8. Experimental results showing: (a) changes in Charpy impact values auc (kJm−2) for SGFRP-
BMC samples of untreated 6 mm and 0.44 mm, along with 0.44mm + HLEBI (0.86 MGy), with (b) the
auc from (a) auc at low-, median-, and high-Pf of 0.049, 0.500, and 0.951, respectively. The 0.44 mm
data are from Faudree et al. (2022) [36].

Figure 8b shows auc at low-, median-, and high-Pf of 0.049, 0.500, and 0.951, respec-
tively. Namely, the 0.44 mm + HLEBI data set shows significant increase in auc over that of
6.4 mm. At Pf of 0.049, 0.500, and 0.951, auc was increased 43%, 55%, and 35%, respectively,
from 4.92 to 7.06 kJm−2, 6.26 to 9.72 kJm−2, and 9.45 to 12.80 kJm−2. For the 0.44 mm data
set, Figure 8b shows the increases in auc at median- and high-Pf, but a decrease at low-Pf
of 0.049 compared with those of 6.4 mm [36]. However, the 0.44 mm + HLEBI process
significantly raises the auc over those of the 6.4 mm samples at low-Pf of 0.049, along with
those at median-, and high Pf.

Table 6 provides individual auc for each sample of the data sets in Figure 8.

Table 6. Charpy impact values, auc (kJm−2), of individual specimens along with their accumulative
probabilities, Pf.

Pf
6.4 mm

Untreated
0.44 mm

Untreated
0.44 mm+

HLEBI

0.049 4.92 4.06 7.06

0.118 5.24 5.44 7.45

0.188 5.29 6.74 7.91

0.257 5.32 7.12 9.28

0.326 5.57 7.26 9.30

0.396 5.84 7.31 9.41
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Table 6. Cont.

Pf
6.4 mm

Untreated
0.44 mm

Untreated
0.44 mm+

HLEBI

0.465 6.01 7.76 9.64

0.535 6.51 7.96 9.80

0.604 6.64 8.12 10.33

0.674 6.76 8.51 11.16

0.743 7.06 9.35 11.75

0.813 7.09 11.26 11.89

0.882 7.97 11.79 12.33

0.951 9.45 11.84 12.80

4. Discussion

4.1. Average Impact Strength

Since average values are commonly employed in strength evaluations, Figure 9 is
included here showing the average auc (auc,avg) with standard deviation bars. Figure 9
shows the double-step process of 0.44 mm + HLEBI significantly increased auc,avg 56%
over that of 6.4 mm from 6.41 to 10.00 kJm−2. Although standard deviations were quite
high at 1.24 and 1.81 kJm−2 for the 6.4 and 0.44 + HLEBI data sets, respectively, the lower
limit of the 0.44 mm + HLEBI (8.19 kJm−2) was higher than the upper limit of the 6.4 mm
(7.65 kJm−2). This provides further support that our double-step process can apparently
increase the auc of weak center sections of the SGFRP-BMC panels.

Figure 9. Average impact strength, auc, avg (kJm−2) with standard deviations (bars) for the three data
sets: 6.4 mm, 0.44 mm, and 0.44 mm + HLEBI, respectively.

4.2. Micro-Strengthening Mechanism Using Extended Mix

Figure 10a–c illustrates the micro-strengthening mechanism by an extended mix of
the SGFRP-BMC for the 6.4 mm, 0.44 mm, and 0.4 mm + HLEBI specimens. The SGFs
are depicted as having a random orientation as in the panel center. Impact strength
enhancements are attributed to increase in Sf and Nf, as lf is shortened, acting to increase
micro-compressive stress sites of the matrix on the SGFs by a difference in CTE during
cooling down and shrinking [8,36]. The composite is hardened, increasing impact resistance.

74



Materials 2024, 17, 2036

Figure 11b shows an order of magnitude increase in Sf and Nf over that of 6.4 mm (a) that is
exceptionally more dispersed. Here, Nf is made to approximate the actual situation where
a total length of 58 of 0.44 mm SGFs equals 4 of 6.4 mm SGFs. To discuss enhancement
during impact, Figure 10 is made to depict tensile side of specimen with impact area across
specimen width (dotted lines). Shortening SGFs to 0.44 mm allows for a higher proportion
of SGFs to cross the line, along with increased compressive stress sites (arrows), to counter
tensile deformation from impact for higher auc. On the other hand, in Figure 10a, the less
dispersed 6.4 mm samples have gaps in the form of areas lacking SGFs with less residual
stresses resulting in easier crack initiation and propagation in the matrix at the tensile side
when impacted.

Figure 10. Schematic of micro-scale strengthening mechanism showing (a) 6.4 mm; (b) 0.44 mm;
and (c) 0.44 mm + HLEBI samples, respectively. In (c), yellow indicates HLEBI activation. Specimen
tensile sides are depicted with line of impact. Specimen length and width directions are indicated.

Figure 11. Schematic of the nano-scale SGF/Matrix interface-strengthening mechanism by HLEBI
depicting an increase in strong bonds for: (a) 6.4 mm; (b) 0.44 mm; and (c) 0.44 mm + HLEBI
samples, respectively.

As mentioned earlier, the filled matrix behaves as a polymer-filler subsystem in the
spacing between fibers allowing for an increase, but not a decrease, in mechanical properties
with decreasing fiber length. To increase auc further, Figure 10c depicts the nano-scale
strengthening of the 0.44 mm composite with HLEBI represented in yellow.
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4.3. Nano-Strengthening Mechanism Using HLEBI

To illustrate the nano-strengthening mechanism, action of HLEBI occurs at: (1) the
SGF/Matrix interface; (2) within the SGFs; and (3) within the polymer matrix. These are
explained in Figures 11 and 12, and previously in Figure 2a,b. HLEBI works by severing
bonds, creating DBs in the form of lone pair electrons that enhance interfacial adhesion
and strengthen bulk materials. When 0.86 MGy HLEBI dose is applied to both surfaces
of finished SFGRP-BMC samples at the weak panel center, auc can be raised. Figure 11a,b
shows, for untreated 6.4 mm and 0.44 mm, that the SGF/Matrix interface has typical
strong chemical bonds between the SGFs and the matrix from the coupling agent. They
are apparently accompanied by weak Van der Waals forces with trace atmospheric gasses,
O2, N2, and H2O existing at the interface. However, Figure 11c depicts that when HLEBI
is applied in the 0.44 mm + HLEBI samples, additional strong bonds of C-C and C-O are
apparently formed by lone electron pairs generated, i.e., DBs, raising the auc. As mentioned
earlier, DBs have been detected in 0.86 MGy HLEBI-treated 6.4 mm fiber length SGFRP-
BMC as peak generation using ESR analysis in a previous study [49]. Moreover, SEM
revealed the HLEBI increased matrix adhering to SGFs, with increased impact values ~5 to
25% [49].

Figure 12. Schematic of the nano-scale strengthening mechanism within SGFs by HLEBI for:
(a) 6.4 mm; (b) 0.44 mm; and (c) 0.44 mm + HLEBI samples, respectively.

Figure 12a–c illustrates the strengthening within SGFs by HLEBI. HLEBI has been
reported to strengthen silica glass [49]. Figure 12a,b shows the unactivated bonds in the
SGFs of 6.4 mm and 0.44 mm samples. However, Figure 12c shows HLEBI activation creates
DBs in the outer shell electrons at terminated O atoms in the SiO2 network in the 0.44 mm
+ HLEBI samples. The repulsion between lone pairs creates nano-compressive stresses that
strengthen SGFs themselves to assist in raising the auc of the SGFRP-BMC system.

To summarize, the new double-step process of shortening SGFs using a 30 min ex-
tended mix, followed by 0.86 MGy HLEBI to finished samples, was found to increase
the auc at the weak center of the SGFRP-BMC compression molded mother panel. This
is caused by micro-strengthening by shortening fibers, as well as nano-strengthening by
HLEBI.

However, for maximum safety, carefulness is highly recommended, since this study
only applies to the panel center. HLEBI to the outer sections may weaken the composite.
Also, it is always imperative to test for optimum dose of HLEBI for each situation. Nev-
ertheless, the double-step process was found to increase impact values significantly, over
50%, at the weak center of the SGFRP-BMC mother panel.
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4.4. Environmental Sustainability and Long-Term Durability Aspects

With the sharp increase in catastrophic events and heavy degradation to Earth’s
environment, environmental sustainability must be top priority in manufacture of any
product. Therefore, we employ the double-step process to increase the impact strength
of the SGFRP-BMC of the 30 min extended mix without a change in molding equipment,
followed by HLEBI treatment without the use of any chemicals. However, for a full
evaluation of the ecological footprint, life cycle assessment (LCA) is typically carried out.
Energy consumption analysis of the double-step process would have to be taken into
account. For the LCA to compare that with and without the double-step process would
be needed. The LCA is evaluating the continuous cycle of raw materials, manufacturing,
transportation, usage and selling, waste disposal, and recycling. The SGFRP-BMC is
difficult to recycle, since the polymeric matrix is a thermoset that cannot be melted, for
example, to separate it with filler and SGFs. Dumping SGFRP-BMC parts in a landfill
is extremely hazardous for the environment and should be strictly prohibited. A highly
employed remedy is to ground the waste GFRP-BMC and used as a filler [2]. Use of the
filler recyclate for thermoplastic FRP would be recommended, since thermoplastics can be
repeatedly melted and solidified for recyclability. As for long-term durability assessment,
aging studies to check for mechanical strength reduction with time in treated SGFRP-BMC
would be needed. LCA and aging studies are beyond the scope of this study, but should be
considered for future research.

4.5. Economic Analysis, Scale-Up, and Feasibility Studies

Economic analysis, scale-up, and feasibility information are proprietary and beyond
the scope of this study.

5. Conclusions

In order to maximize the safety of outdoor articles, airplanes, and space vehicles by
protecting against the impact of airborne debris from increasing winds due to climate
change, or from bird strikes or micrometeoroids, it is imperative for composite materials to
have high impact resistance. In a 3-phase compression-molded short glass fiber polyester
bulk-molded compound (SGFRP-BMC) with 55% wt. CaCO3 filler and 11% wt. SGF,
the center of the mother panel has lower impact strength than the outer sections, with
solidification texture angles and SGF orientations being random from 0 to 90 degrees.

1. Therefore, a new double-step process of: (1) shortening the nominal 6.4 mm fiber
length formulation to submilllimeter 0.44 mm by 30 min extended mixing without
change in molding equipment, followed by (2) applying 0.86 MGy dose of homoge-
neous low-voltage electron beam irradiation (HLEBI) to both sides of the finished
samples, requiring no chemicals or additives, which is shown to increase Charpy
impact value (auc) over 50% from 6.26 to 9.59 kJm−2 at a median-accumulative proba-
bility of fracture, Pf = 0.500.

2. Shortening the SGFs by the extended mix method to submillimeter creates a higher
number of thermal micro-compressive stress sites between SGF and the matrix to
increase impact strength. This is performed by a mismatch of the coefficient of thermal
expansion (CTE) between the matrix and fibers acting in the increased fiber spacing
density while the composite is undergoing cool-down and shrinkage. In concert
with this, since the SGFRP-BMC is a 3-phase fiber-filler-polymer system, the filled
matrix behaves as a polymer-filler subsystem in the narrow spacing between fibers
that efficiently allows for the increase in mechanical properties by decreasing the
fiber length.

3. To boost impact strength further, HLEBI additionally provides nano-compressive stresses
in the matrix by generating a dangling bond, which acts as repulsive force site between
the outer-shell lone-pair electrons. This, along with increasing SGF/matrix adhesion,
occurs with the optimum dose of HLEBI. During impact, a higher degree of internal
cracking apparently occurs, raising the impact strength of SFGFRP-BMC samples.
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Abbreviations

The following abbreviations are used in this manuscript.
SGFRP-BMC short glass fiber reinforced polymer bulk molding compound
SGF short glass fiber
CTE coefficient of thermal expansion
HLEBI homogeneous low-voltage electron beam irradiation
DB dangling bond
FRP fiber-reinforced polymer
Symbols

auc Charpy impact strength (kJm−2)
Sf fiber spacing density (mm−3)
Nf fiber number density (mm−3)
Vf volume fraction
r fiber radius (mm)
lf fiber length (mm)
BDE bond dissociation energy (kJ mol−1)
D HLEBI irradiation dose (MGy)
I HLEBI irradiation current (mA)
S HLEBI conveyor speed (mmin−1)
N HLEBI number of irradiations
Dth HLEBI penetration depth (μm)
V HLEBI acceleration voltage (V)
ρ sample density (g mm−3)
E impact fracture energy (kJ)
W impact hammer mass (kg)
R length of hammer weight point from pivot center (m)
β maximum angle after impact (Rad)
α start angle before impact (Rad)
α’ maximum angle of a blank test (Rad)
b specimen width (mm)
t specimen thickness (mm)
Pf accumulative probability
IR ascending strength rank
Ns total number of samples in a data set
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Abstract: The results of rheological studies and thermal analysis of polymer compositions based on
polyacrylonitrile copolymers (PAN) of different molecular weights and asphalt isolated by n-pentane
solvent deasphalting are presented. It was found that the asphalt content in mixtures with PAN at the
level of 10–30 wt.% improves the rheological properties of the polymer composite melt. In particular,
the temperatures of extrusion and molding of fibers tend to reduce, and the time during which the
melt retains its rheological characteristics necessary for extrusion is notably increased, from 43 to
92 min. Thermal analysis by DSC revealed no effect of asphalt additive in an amount of up to 30 wt.%
on radical PAN cyclization and the subsequent stage of fiber stabilization. Our study proved the
possibility of preparing polymer composites based on PAN and asphalt suitable for extrusion and
eventual molding of continuous filaments of synthetic fibers with reduced cost of production.

Keywords: polyacrylonitrile; asphalt; rheological properties; plasticizing additive

1. Introduction

The main type of raw materials from which the production of textile and high-strength
fibers is carried out is polyacrylonitrile copolymers (PAN). The PAN fibers are generally
produced via an expensive solution-molding technology, which is also environmentally
unfriendly due to the use of large amounts of toxic organic solvents [1]. On the contrary,
fiber formation from PAN melt needs no solvents and eliminates polymer losses upon
increasing the production speed.

Nowadays, more than in years before, there is a growing concern of polymer chemists
to reduce the production cost of synthetic fibers, including those based on PAN, which
is widely used both in the textile industry and in the production of reinforcing materi-
als. Perhaps the most straightforward approach is employing PAN blends with cheaper
components. For instance, for the production of low-cost fibers, Ding et al. proposed to
employ lignin in the amount of 10–45 wt.% of the total weight of PAN [2,3]. The resulting
composite fibers are characterized by increased fire resistance, while carbon fibers (CFs)
possess high tensile strength. However, neither PAN fibers blended with lignin nor the
respective CFs can reach the mechanical properties of parental PAN fibers [4].

Another class of promising additives includes a cheap by-product of solvent deasphalt-
ing (SDA), asphalt, characterized by high softening temperatures [5–7]. The conversion
of SDA products into the CF directly, without any energy-intensive preparation steps,
has been the focus of research by Saad et al. [8]. and Leistenschneider and coworkers [9].
Asphalts of pentane (C5) SDA and C5-asphaltenes were used in these studies as inexpen-
sive feedstocks for producing the CF. It is worth noting that n-pentane provides the final
product as dry solid granules or powder [10]. In addition, the resulting C5-asphaltenes
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feature a high softening temperature (more than 170 ◦C). On the other hand, to boost the
physical and mechanical properties of CF, it is required to treat a pitch precursor at the
stage of stabilization with HNO3 followed by heat treatment [11]. The obtained CFs are
distinct in an elastic modulus of 71 GPa and tensile strength of 1130 MPa, which, however,
are inferior to similar parameters of CFs based on an individual PAN. Thus, asphalt is an
additive to PAN that holds the promise of achieving satisfactory physical and mechanical
indicators of CFs while reducing the total cost of their production.

However, the polymeric compositions with different additive contents may not be
easily subject to subsequent fiber formation. One of the main methods for the preliminary
assessment of the melt processability/spinnability is rheology research. The melt-spinning
ability is determined by the thermal rheological behavior under theoretical forming condi-
tions. The temperature-dependent complex viscosity profile, as well as the accumulation
and loss modulus (G′ and G′′, respectively), are useful factors to evaluate the minimum
values of process parameters that a PAN composition can achieve before the cross-linking
between the nitrile groups reaches critical values [12,13].

Our work is aimed at studying the rheological and thermal behaviors of PAN-based
compositions blended with asphalt and assessing their prospective for molding the polymer
fibers by the spin-melt method. The results described below give impetus to developing the
theoretical basis of the molding of plasticized melts intended to produce cheap synthetic
fibers based on PAN.

2. Materials and Methods

2.1. Materials

The PAN polymers of the same composition but different molecular weights, 55 kDa
(PAN-1) and 91 kDa (PAN-2), were obtained via radical (precipitation) copolymerization.
Differing significantly in molecular weight, the synthesized PAN copolymers feature
different rheological properties. PAN-1 becomes viscous when heated to 172 ◦C and can
therefore be potentially melt-formed into fiber. For PAN-2, the transition to a viscous state
is possible only for a short period of time at 184 ◦C, which does not allow the formation of
the respective fiber. As a plasticizer, the asphalt of C5-SDA of vacuum residue was used,
with a C7-asphaltene content of 52 wt.%.

2.2. C5-SDA Procedure

Asphalt was produced in a high-pressure autoclave with a volume of 2 L, equipped
with an anchor mixer and an external electric heating jacket. An electric belt heater heated
a drain valve installed at the bottom of the vessel to maintain the minimum permissible
viscosity of the asphalt during sampling. After the vacuum residue sample (oil refinery,
Russia) was cooled to room temperature, heavy oil feedstock and n-pentane (99.0% wt,
Ekos-1 JSC, Moscow, Russia) were added to the autoclave to avoid solvent evaporation. The
autoclave was sealed, heated to 170 ◦C, and stirred. The agitator’s rotation speed during
extraction was 600 rpm. If necessary, after reaching the operating extraction temperature,
the pressure was slowly elevated to 50 bar by adding additional amounts of solvent using
a plunger pump. The total ratio of n-pentane to the vacuum residue sample was 6/1 (v/v).
The extraction time was counted from the moment the set values of temperature, pressure,
and rotation speed of the agitator were established. The extraction process was completed
after 30 min, and the mixture was kept without stirring for 30 min. Upon phase separation,
the asphalt was removed through a bottom valve and brought to a constant mass in a drying
oven at a temperature not exceeding 120 ◦C [14]. The content of asphaltenes insoluble in
n-heptane was determined according to the IP 143 (ASTM D 6560) method [15].

2.3. Polymer Blend Preparation

Composite samples were prepared by mechanical grinding and mixing of solid PAN
and asphalt to form a homogeneous dispersed product using a porcelain mortar and pestle.
Prior to mixing, PAN and asphalt were dried in a drying oven at a temperature of 100 ◦C
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until a constant mass. Samples were molded under pressure of about 5 tons to produce a
round tablet with a diameter of 1.5 cm and a thickness of 1.2–1.3 mm. Figure 1 shows a
comparison of polymer composites obtained by grinding and pressing.

  

Figure 1. Images of the polymer composite after (A) grinding and (B) pressing.

2.4. Polymer Characterization

The molecular weight of polymers was determined by gel-permeation chromatogra-
phy according to ISO 16014-1:2019 [16] and ISO 16014-3:2019 [17] on a Shimadzu Promi-
nence LC-20 instrument (Shimadzu, Kyoto, Japan) equipped with a RID-20A differential
refractometer. The elution was performed with DMF containing 1 wt.% LiBr at 60 ◦C.
DSC analyses were performed by ISO 11357-5:2013 [18] using a DSC 214 Polyma analyzer
(Netchzt, Hanau, Germany) with heating from 50 to 400 ◦C at a rate of 10 ◦C/min. in the
air atmosphere. A modular rheometer Anton Paar MSR 102 (Anton Paar GmbH, Graz,
Austria), operating in the range from 140 to 190 ◦C, was used for rheological studies.

Temperature dependencies of the storage and loss modules were recorded in two
consecutive modes. According to mode (1), the sample was heated at a rate of 2 ◦C/min in
the range of 165 to 190 ◦C so that the temperature of the phase transition from the elastic to
the viscoelastic state (T1) can be determined from the equality of G′ and G′′ at the tangent
of the mechanical loss angle (tg δ) = 1. Upon heating, the moduli become equal when the
material transitions from an elastic to viscoelastic state. Therefore, T1 can be considered
as the melting point of the material. As the material is further heated, tg δ increases and
the next significant point is tg δ = 1.2. It is reached at a certain temperature value (T1.2
thereafter) when the material becomes suitable for melt spinning and obtaining continuous
filaments from the melt. In mode (2), the sample was subjected to isothermal heating at
T1.2 to estimate the melt lifetime, i.e., the time at which the material is characterized by tg
δ ≥ 1.2.

3. Results and Discussion

3.1. Thermal Analysis

Of utmost interest in the DSC thermograms of polymers is the characteristic exother-
mic peak in the region of 220–300 ◦C [19,20], which portrays the complex reactions of
thermal oxidation, as well as intra- and intermolecular cyclization (mainly by CN groups).
The latter is the basis for the thermal stabilization of PAN fibers and their further high-
temperature processing. As can be seen in Figure 2, the DSC peak of initial PAN has
a characteristic temperature range (220–400 ◦C), with a maximum at about 320 ◦C, and
asphalt additives from 10 to 30 wt.% exert no significant effect on its shape and position
along the temperature scale.
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Figure 2. DSC-thermograms of the initial PAN and polymer composites with asphalt.

The results of the DSC analysis are presented in Table 1. It should be noted that the
decrease in the peak area (or reaction enthalpy) for PAN–asphalt mixtures is probably
due to the endothermic effect of the cracking reaction of petroleum components [21,22].
The thermogram of the original asphalt is characterized by an endothermic effect at tem-
peratures above 370 ◦C associated with the cracking of petroleum asphaltenes, which is
confirmed in the literature [23,24].

Table 1. Results of DSC analysis of initial PAN-1 and polymer composites with asphalt.

Sample
Peak Onset

Temperature [◦C]
Peak Temperature [◦C]

Peak Area
[J/g]

PAN-1 227.9 331.4 623.8

PAN-1 + 10% asphalt 227.5 312.5 547.4

PAN-1 + 20% asphalt 225.8 313.6 523.7

PAN-1 + 30% asphalt 224.2 313.3 476.6

3.2. Rheological Studies

For these studies, we employed the oscillation test mode with controlled shear de-
formation and constant angular velocity. The advantage of such testing is the ability of
measurements without destroying the sample structure and the detailing of rheological
characteristics by isolating elastic and viscous components. The characteristics in question
were the storage modulus G′ (elastic component), the loss modulus G′′ (viscous compo-
nent), and their ratio, i.e., the tangent of the mechanical loss angle tg δ, determined at a
strain value of 1%, a thickness of 1 mm, and a constant angular velocity of 31.5 rad/s.

For asphalt, the rheological properties were assessed in the range of 140–190 ◦C. The
lower limit of the temperature range was selected experimentally via a gradual decrease in
the initial temperature until the temperature of the intersection of the G′ and G′′ curves
was attained. It is important to note that at temperatures close to and above 190 ◦C, PAN-
based samples are subject to a release of gaseous products due to oxidation and cyclization
processes [25]. Such a phenomenon seriously distorts the rheological properties and makes
the processes of extrusion and spinning technologically impossible (let alone a comparison
between PAN and asphalt). Therefore, we avoided rheological measurements beyond the
specified temperature range.

Rheological curves defining the temperature behavior of G′ and G′′ are shown in
Figure 3.
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Figure 3. Rheological curves of asphalt.

Throughout the entire temperature range, the G′′ exceeds the G′, which is indicative
of the viscous state of asphalt. At the same time, both G′′ and G′ values decrease with
increasing temperature, while the G′′/G′ ratio gradually increases from 1.05 at 140 ◦C to
2.58 at 180 ◦C. These observations imply the absence of thermal cross-linking, destruction,
and other adverse temperature effects on the rheological properties in the range under
scrutiny [26]. At temperatures between 170 and 180 ◦C, the complex viscosity of asphalt
reduces from 1288 to 569 Pa × s, remaining below the same parameter of the original
PAN samples (see Table 2). This opens the opportunity of using asphalt as a plasticizing
additive.

Table 2. Viscosity data.

Sample
Complex Viscosity [Pa × s]

170 ◦C 180 ◦C

Asphalt 1288 569

PAN-1 1487 970

PAN-2 2620 1980

Figure 4 shows rheological curves for the PAN-1 and PAN-2 polymers prepared as
described in the Materials and Methods section. The minimum temperature was chosen
as 165 ◦C because at lower temperatures the samples are in a solid state, which prevents
them from gaining the dimensions necessary for testing. The rheological characteristics
of PAN-1 and PAN-2 are fairly different. Specifically, the intersection point for G′ and G′′,
corresponding to the transition from an elastic to a viscous state [12], is reached at 172 and
184 ◦C for PAN-1 and PAN-2, respectively. The critical value of tg δ, i.e., 1.2, is observed
for PAN-1 at 176 ◦C (T1.2), at which the melt displays a “lifetime” of 43 min. In contrast,
for PAN-2, this value is not achievable over the entire range studied, and the lifetime has
not been determined. Our preliminary studies have shown that at tg δ ≤ 1.2, PAN melts
cannot form continuous fibers, although the extrusion process remains an opportunity.

For polymer composites based on PAN-1, rheological curves are presented in Figure 5.
The temperature of the point of intersection, as well as T1.2, tends to shift toward lower
values with an increase in asphalt content, thereby confirming its plasticizing action. A
similar effect of asphalt is also evident from the data on the lifetime of polymer compositions
(Table 3).
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Figure 4. Rheological curves of PAN-1 (A) and PAN-2 (B).

 

 

Figure 5. Rheological curves of PAN-1 composites with (A)—10; (B)—20; and (C)—30 wt.% asphalt.

Table 3. Rheological parameters of PAN-1 composites.

Sample T1 [◦C] a T1.2 [◦C]
Lifetime

at T1.2 [min]
Complex Viscosity

at T1.2 [Pa × s]

PAN-1 172 176 43 1363

PAN-1 + 10% asphalt 170 175 56 1229

PAN-1 + 20% asphalt 167 173 87 1431

PAN-1 + 30% asphalt 164 172 92 1390
a At tg δ = 1.

For example, the addition of 20 wt.% of asphalt leads to a more than two-fold increase
in the lifetime, up to 87 min. However, a further increase in asphalt content has no
significant effect. Apparently, longer lifetimes of the melt are mainly associated with
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decreased T1.2 and deceleration of the cyclization processes by CN groups. This enables
the melt to retain its rheological properties and fiber-formation potential for a longer
time. It should be mentioned that the complex viscosity of melts with different asphalt
contents does not notably differ from the viscosity of the original PAN-1 melt. Therefore,
when lowering the melt viscosity is an issue, using asphalt as an additive makes an
untoward choice.

To further assess the prospect of using asphalt for blending PAN-based melts, we
evaluated the rheological parameters for higher molecular weight PAN-2. For the corre-
sponding polymer compositions, similar rheological curves were recorded. Since PAN-2
has a softening point higher than PAN-1 (due to its higher molecular weight), the initial
temperature was fixed at 170 ◦C, while the maximum temperature remained the same,
190 ◦C. The rheological data obtained are listed in Table 4.

Table 4. Rheological parameters of PAN-2 composites.

Sample T1 [◦C] a T1.2 [◦C]
Lifetime

at T1.2 [min]
Complex Viscosity

at T1.2 [Pa × s]

PAN-2 184 - - -

PAN-2 + 10% asphalt 181 188 3.5 1520

PAN-2 + 20% asphalt 171 180 9.0 2128

PAN-2 + 30% asphalt 169 178 15.3 2316
a At tg δ = 1.

Obviously, asphalt additives to PAN-2 favor the melt lifetime, holding the trend of
gradually reducing T1 and T1.2. However, this effect seems insufficient for utilizing these
composites for spin melting. Even for the melt fortified with 30 wt.% of asphalt, the lifetime
is much shorter than 45 min, which is the minimum time required to maintain the extrusion
and molding processes uninterrupted.

4. Conclusions

The principal possibility of using asphalt obtained by SDA of vacuum residue as an
external plasticizer of PAN melts is demonstrated. In the selected temperature region,
asphalt does not adversely affect the rheological properties of the polymer material and
reduces the temperature of transition to a viscous state and eventually, the temperature of
fiber formation of polymer composites. This extends the lifetime of the melt and should
improve its moldability. Another anticipated advantage of asphalt compared to other
plasticizers (ionic liquids, glycols, propylene carbonate, etc.) is that it does not need
removal after the fiber is obtained. However, the main benefit of the proposed blending
approach is perhaps due to the low cost of oil residues and the SDA process itself, which
would inevitably reduce the total cost of production of PAN-based fibers. Our ongoing
research is directed to the optimization of composition and rheological properties of PAN–
asphalt composites, as well as to achieving insight into the extrusion, fibrillation, and
drawing of fibers based on the optimum blends and the assessment of their applicability
in various industries (automotive, civil engineering, production of sporting goods and
various equipment, etc.).
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Abstract: Superabsorbent polymers (PSAs) have been extensively studied to act as internal curing
agents in cementitious materials, as they have the characteristic of absorbing and releasing water
in a controlled manner, which can contribute to the hydration process of a cementitious medium
during its consolidation. Thus, hydrogels consisting of polyacrylamide (PAAm), pectin (Pec) and
rice husk ash (RHA) were synthesized to be applied in cementitious matrices. In addition, the PSAs
were characterized by FTIR, SEM, and XRD. For evaluating the usage of hydrogels as internal curing
agents, different hydrogel contents—0.03, 0.06, and 0.1 (wt-%, relative to cementitious components)—
were used for mortar preparation. The mechanical strengths of the cementitious materials were
evaluated at day 7 and day 28 during the curing process. The addition of PSAs to the mortars caused
an increase in mechanical resistance such that the 0.06% content presented better performance at day
7 of curing (4.07% higher) and at day 28 of curing (8.06% higher) when compared with the reference
mortar (without the addition of PSAs) in the same curing periods. This work demonstrates that the
addition of PSAs contributes to the hydration of a cementitious material, improving the mechanical
resistance of the studied mortars.

Keywords: hydrogel; mortar; mechanical resistance; rice husk ash

1. Introduction

In recent years, there has been a great advance in technologies aimed at civil con-
struction [1,2]. In this context, concrete and mortar are among the cementitious materials
used the most in the structural part of civil construction [1] due to their positive charac-
teristics, such as resistance, durability, moulding, accessibility, and the abundance of raw
materials [2,3].

The durability of cementitious composites depends on several factors, such as the
conditions that the material will be exposed to during its useful life (e.g., environmental
action), and on factors related to its formulation, components, and structures, such as the
type of cement, water/cement ratio [4,5], and additives to minimize crack formation [5].
The occurrence of cracks in a structure at an early age caused by shrinkage problems can
also compromise the strength and durability of cementitious materials [5]. Shrinkage in
cementitious materials occurs due to excessive water loss and a decrease in its resistance [6].

Among several methods which have been widely used to minimize the effect of
shrinkage and simultaneously guarantee the resistance of cementitious materials, the
application of so-called curing agents [6,7] can be highlighted. This technology is based

Materials 2024, 17, 5746. https://doi.org/10.3390/ma17235746 https://www.mdpi.com/journal/materials91



Materials 2024, 17, 5746

on a basic procedure in which adequate humidity and temperatures are provided to
the cementitious material to promote hydration of the material for a certain period [8].
Proper curing is crucial to achieving strength and therefore greater durability, especially
for cementitious materials exposed to extreme environmental conditions at an early age [9].
This method can be divided into two groups: external curing and internal curing.

Internal curing occurs with a supply of water to the existing aggregates inside the
cementitious material [7,10]. For this, water penetrates the cementitious material through
its capillaries. Thus, the supply of water minimizes and compensates for water evapora-
tion and increases the degree of hydration [11]. The internal curing of the cementitious
compound can also occur through the addition of a curing agent in the formulation which
will serve as an internal water reservoir. Such an agent can continuously and gradually
release water as hydration occurs [7,12].

Several types of materials can be used as internal curing agents, among them being su-
perabsorbent polymers (PSAs), rice husk ash (RHA), pre-moistened lightweight aggregates
(LWAs), and fly ash (FA) [13,14]. Due to their characteristics, PSAs have become a very
promising type of material for use as an internal curing agent, mainly due to their ability to
absorb a significant amount of liquid, if immersed in aqueous environments and retain the
liquid within its structure without dissolving [15]. The liquid absorbed by the PSAs can
be released continuously and gradually over time to the outside (i.e., to the environment
constituted by the elements of the cementitious material) [5]. It has been demonstrated that
the use of PSAs can contribute to the hydration reaction of the material and minimize the
shrinkage process through more adequate internal curing [16,17].

The use of an SAP as an internal curing agent is a subject which has been etensively
studied due to its water release and desorption kinetics, which are directly related to the
physical and chemical properties of the PSA [18,19]. In the literature, there are studies
showing that the addition of an SAP improves the hydration of the medium, being able
to prevent self-desiccation and mitigate autogenous shrinkage [19,20]. However, there is
no consensus on how an SAP influences the mechanical property, as some studies showed
that the addition of SAPs causes a reduction in mechanical strength [21,22], while others
reported an increase in mechanical strength [23,24].

One hypothesis for the reduction in mechanical strength may be related to the particle
size of the PSA incorporated into the cementitious medium [20,25], because the larger the
SAP particle, the greater the amount of water absorbed or released, which can improve
the hydration of the medium but can also lead to the formation of large pores, which can
negatively affect the resistance of the material [19].

Some PSAs can absorb amounts of water up to 5000 times their own weight, in addition
to having a three-dimensional network structure [15]. They are characterized by having a
strong affinity for water due to the presence of hydrophilic groups, such as -OH, -COOH,
-CONH2, and -SO3H, in their structure [17].

As for their classification, PSAs (hydrogels) can be classified as natural or synthetic,
or they can be obtained from a combination of natural and synthetic polymers. PSAs
have a high degree of flexibility due to their high water content [26–28]. Currently, the
incorporation of natural polymers in the preparation of hydrogels for application in the
areas of health and agriculture, for example, has been widely used to improve applicability,
biocompatibility, and biodegradability [29]. Pectin hydrogels are often used [30,31] due to
pectin being from natural sources. Pectin (Pec) is a polysaccharide of plant origin consisting
of poly α 1-4-galacturonic acids found in the cell walls of terrestrial plants. It has a linear
structure, is non-toxic and biocompatible, and has gelling, mucoadhesive, thickening, and
emulsifying properties [32–36]. Due to these properties, this polysaccharide is widely used
for the development of hydrogels [34]. Acrylamide is a vinylamide (CH2=CH-CONH2)—a
white solid soluble in water—and is widely used for the synthesis of polyacrylamide
through a polymerization reaction [37,38]. Rice husk (RH) is a byproduct obtained through
the processing of rice. Its chemical composition consists of an organic part (74%) which
includes cellulose, hemicellulose, and lignin and an inorganic part (26%) composed mainly
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of silicon dioxide (SiO2) and other constituents, such as silicon oxide (SiO2), alumina
(Al2O3) sulphur trioxide (SO3), iron oxide (Fe2O3), calcium oxide (Ca2O), magnesium oxide
(MgO), sodium oxide (Na2O), and potassium oxide (K2O). RH is considered a biomass,
and therefore it is widely used for energy generation through its burning, which leads to
the production of a residue called rice husk ash (RHA]) [39,40].

Considering the addition of a PSA as an internal curing agent, another advantage,
aside from the release of additional water to make up for water lost through evaporation, is
that it is also possible to control the rheological properties [14]. However, after the release
of water by a PSA, formation of empty micropores in the hardened material may occur,
thus increasing the porosity of the material and reducing its mechanical properties [14,30].
One way to minimize this problem is to incorporate materials such as rice husk ash (RHA),
which after the release of water by a PSA can partially fill the pores formed and thus
improve the mechanical resistance of the material.

RHA is a material that has a high silica (SiO2) content, which makes it a pozzolanic
material that, when added to the cementitious medium, can contribute to increasing the
mechanical resistance. In addition, RHA is an agricultural byproduct, and seeking new
applications for this byproduct contributes to reducing environmental problems caused by
the incorrect disposal of this material [41–43].

The hypothesis evaluated in this work is that the incorporation of RHA would increase
the mechanical properties in the hydrogel of PAAm, pectin, and RHA. In this work, hydro-
gels based on polyacrylamide (PAAm), pectin (Pec), and rice husk ash (RHA) are produced,
in which the amounts of these components vary in different formulations through a 23

full factorial design in triplicate at the central point. The hydrogels are incorporated into
formulations of cementitious materials (mortar) and characterized through measurements
of the mechanical properties in periods of 7 and 28 days after preparation.

2. Materials and Methods

2.1. Materials

The hydrogels were prepared using apple pectin (CAS 900-69-5, Sigma-Aldrich, Saint
Louis, MO, USA) with a degree of methoxylation of 50–75%; acrylamide (Fisher Scientific,
USA); potassium persulfate (Synth, Diadema, Brazil); N,N’-methylenebisacrylamide 99.5%
(CAS 110-26-9, Fisher Scientific, Waltham, MA, USA); and rice husk, which was purchased
from the municipality of Boqueirão do Piauí, PI, Brazil. Portland cement CP II-F and
sand (Brazilian normal in 4 fractions: coarse (maximum size: 1.19 mm); medium coarse
(maximum size: 0.59 mm); medium fine (maximum size: 0.297 mm), and fine (maximum
size: 0.149 mm)) were used to produce the mortar according to ABNT/NBR 7214/2015 [44].

2.2. Methods
2.2.1. Preparation of RHA and Synthesis of the Hydrogels

The rice husk ash (RHA) was obtained through calcination in a muffle furnace at
600 ◦C for 2 h and cooled to room temperature inside the muffle for 24 h. After this
procedure, the ash produced was ground and sieved through a 325 mesh (44 μm) sieve [45].

A 23 full factorial design in triplicate at the central point was used to produce hydrogels.
The Q value was used to analyze the influence of three factors: the acrylamide (AAm)
content, Pec content, and RHA content. The levels of each factor were adjusted based on
preliminary studies, and the values for the upper (+), middle (0), and lower (−) levels are
shown in Table 1. The levels of the three factors were combined, resulting in 11 experiments,
as described in Table 2, with experiments 9a, 9b, and 9c being replicates of the central point.

For the hydrolysis of the hydrogels, 40 mL of 0.5 mol L−1 NaOH solution was used
per 1 g of dry hydrogel. In a hood, the solution was magnetically stirred for 1 h at
50 ◦C. Then, the hydrogels were washed with distilled water until reaching a pH of 7 and
subsequently dried in an oven at 60 ◦C for 24 h [41]. In the preparation of hydrogels in
each of the different formulations (different experimental conditions), the levels of the
factors described in Table 1 and their combinations, as described in Table 2, were used.
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For the synthesis of hydrogels, the pectin was first dissolved in distilled water (necessary
volume to maintain the total concentration at 136 g L−1) at 50 ◦C. The solution was then
kept at room temperature and stirred for 24 h. After pectin solubilization, rice husk ash
was added to obtain a suspension. For this, the system was kept under agitation (by means
of a magnetic stirrer) at 70 ◦C. Then, the required amount of acrylamide (AAm), 0.04 g of
N,N’-methylenebisacrylamide (MBAAm), and 0.08 g of sodium persulfate were added,
with an interval of 10 min between the addition of each reagent in the sequence.

Table 1. Factors and respective levels used in factorial planning.

Factors
(g)

Lower Level
(−)

Central Point
(0)

Upper Level
(+)

AAm 1.5 2.5 3.5
Pec 1.0 2.0 3.0

RHA 0.1 0.2 0.3

Table 2. Factorial design matrix used for the synthesis of hydrogels.

Run
AAm

Content
Pec

Content
RHA

Content
H2O
(mL)

H1 −1 −1 −1 19.12
H2 +1 −1 −1 33.82
H3 −1 +1 −1 33.82
H4 +1 +1 −1 48.3
H5 −1 −1 +1 20.59
H6 +1 −1 +1 35.29
H7 −1 +1 +1 35.29
H8 +1 +1 +1 50.00

H9a 0 0 0 34.55
H9b 0 0 0 34.55
H9c 0 0 0 34.55

The hydrogels obtained were divided into small pieces and left immersed in distilled
water to be washed (removal of reagents not incorporated into the hydrogel). The water was
renewed every 1 h for a total period of 6 h. The obtained material was then dried in an oven
at 60 ◦C for 24 h [31]. In addition, the hydrogels which were applied to the cementitious
compound, after drying, were crushed and sieved until obtaining the granulometry of a
250 mesh.

2.2.2. Preparation of Mortars and Cement Pastes

Four formulations of mortars and cement pastes were prepared with a water/cement
ratio of 0.48 according to NBR 7215 (ABNT/1996) [46] and traces at a ratio of 1:3 (cement:
sand). The hydrogel used was H4 (formulation 4; see Table 2), with 0.03%, 0.06%, and
0.1% hydrogel in relation to the mass of the cement. A reference formulation (Ref) without
the addition of hydrogel was also implemented following the same procedure, and it was
used for comparison in the characterization tests. The as-prepared hydrogels were left to
swell for 20 h in tap water before being used to prepare the cementitious material. The fine
aggregate was normal sand inserted at 4 different granulometries: fine sand, medium-fine
sand, medium-coarse sand, and coarse sand.

Cement pastes were prepared by mixing water and cement with and without the
addition of hydrogel. The pastes containing 0.03%, 0.06%, and 0.1% hydrogel were labeled
P-0.03, P-0.06, and P-0.1, respectively, and the one without hydrogel was labeled P-Ref.

To prepare the mortar, the mixer was first turned on, and fine aggregates and cement
were added to the tank. The mixture was maintained at a low speed for 60 s, and then
water was added with the hydrogel swollen until equilibrium. Then, the material was
maintained at a high speed for 60 s. After this time, the mixer was turned off, and the
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material which remained on the sides of the vat was removed with a spatula and placed
inside the vat. Then, the materials were mixed for another 2 min at high speed.

After preparing the mortar, the test specimens were moulded into a cylindrical shape
50 mm in diameter and 100 mm in height. They were prepared and labeled as Mort0.03,
Mort0.06, Mort0.01, and Mort-Ref. After a period of 24 h, the samples were cured at room
temperature (25 ◦C) and with a relative humidity of 72%.

2.3. Characterization
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the hydrogels, RHA, and cement paste were obtained in a Bruker
Vertex 70 spectrometer in the range of 400–4000 cm−1, with a resolution of 4 cm−1. Pow-
dered samples were prepared using the pelleting technique in 1% KBr (64 scans).

2.3.2. X-Ray Diffraction (XRD)

Samples of rice husk ash, cement paste, and hydrogels were characterized by X-ray
diffraction in a Shimadzu XRD-600 (Kyoto, Japan) using a CuKα radiation source, with a
voltage of 40 kV and current of 30 mA. Data were collected at a speed of 1◦ min−1, whose
sweep range was (2θ) from 3 to 75◦.

2.3.3. Scanning Electron Microscopy (SEM)

The morphologies of the hydrogels were analyzed using a scanning electron micro-
scope (FEI, model Quanta 250, Pittsburgh, PA, USA). To obtain the images, the samples
were covered with a thin layer of gold of approximately 50 nm. The images were obtained
with an accelerating voltage of 20 kV. The average pore diameters of the hydrogels were
analyzed using Image-J® 1.8.0 software by manually delimiting the pore contours observed
in the SEM images.

2.3.4. Thermogravimetric (TG and DTG)

The samples of the cement pastes were characterized in a Shimadzu DTG-60 to analyze
the hydration process of the pastes. The tests were carried out at room temperature initially
and up to a final temperature of 600 ◦C, with a heating rate of 10 ◦C and a N2 flow at
100 mL min−1.

2.3.5. Water Swelling, Desorption Test, and Testing of the Drying and Swelling
Effects of Hydrogels

Swelling tests were used to study the water absorption of the hydrogels immersed
in different media, including distilled water, a buffer solution (pH: 4, 7, and 9), and a
saline solution (NaCl). All solutions (buffer and saline) had a constant ionic strength of
0.1 mol L−1. In this way, dry hydrogels with a mass of approximately 0.06–0.1 g were
immersed in a beaker with 30 mL of a solution or distilled water. The hydrogels were
removed at different time periods (every 1 h for a total period of 8 h at 24 h, 48 h, and
72 h). In each case, excess water from the sample was removed, and then the hydrogel
was weighed on an analytical balance. For each hydrogel formulation (Table 2), three trials
were performed (n = 3). The swelling capacity (measured with the Q parameter) could be
calculated according to Equation (1), where m1 is the mass of the dry material and m2 is
the mass of the swollen hydrogel:

Q = [(m2 − m1)/m1] (1)

For the desorption assay, the hydrogels swollen to equilibrium (m2) were placed in
an oven at 30 ◦C. The samples were weighed at different drying time intervals. For each
hydrogel formulation (Table 2), tests were performed in triplicate (n = 3).

The process of the repeat effect of drying and swelling of the hydrogels was verified
in an aqueous medium. The dried hydrogel was immersed in water, and the absorption
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was determined as previously described above. The material was then dried at 60 ◦C for
24 h and swollen again. The process was then repeated 5 times.

2.3.6. Resistance Test of Cementitious Materials

The compressive strength of the mortar was measured following the recommendations
of NBR 7215 (ABNT/1996) [46] at ages of 7 and 28 days, using an EMIC Pc 100 testing
machine (mechanical press). For the compression test, the test specimen was placed in the
center of the lower plate of the mechanical press, and then the equipment was turned on,
exerting force until the test specimen ruptured.

For each formulation, 4 mortar test specimens were used, testing each prepared
mix (n = 4). The compressive strength result was obtained by averaging the individual
resistance values of each test specimen of the same age through the quotient between the
force recorded by the equipment and the area of the cross-section of the test specimen
where the force was applied.

3. Results

3.1. Kinetic Behavior of Water Absorption by Hydrogels

Figure 1 shows the degree of swelling (Q) of the hydrogels in distilled water for
different immersion times. For all samples, the degree of swelling (Q) increased rapidly
in the first few hours. It can be observed that both the H3 and H5 hydrogel formulations
reached the equilibrium value after 8 h of immersion, while the other hydrogel formulations
reached approximately 90% of the equilibrium in 24 h. Thus, the H3 and H5 formulations
showed quicker swelling processes and reached equilibrium faster. In addition, the other
hydrogel formulations showed a slower capacity to absorb water at equilibrium. The
swelling degrees of H4 and H8 (Q, in g/g) were 55.72 and 47.77, respectively, which were
higher compared with the other hydrogels. Therefore, it is inferred that the Q values
and the time required to reach swelling equilibrium depend on the formulation of each
hydrogel [47]. Thus, it can be said that the H4 hydrogel presented better water absorption
due to the higher starch and pectin contents in its composition, which means that the
number of hydrophilic groups was greater, thus favoring water absorption.

Figure 1. Absorption of hydrogels in water.

It can also be observed from Table 2 that the H4 and H8 hydrogels had similar formu-
lations, differing only in the amount of RHA, which emphasizes that the H8 formulation
hydrogel had a higher amount of RHA. This explains the reduced swelling of the hydrogel
of the H8 formulation compared with that of the H4 formulation. Such a reduction in the Q
value may be related to the presence of a greater amount of RHA which filled the hydrogel
pores and, at the same time, reduced the elasticity of the matrix [45], aspects which led to a
decrease in the degree of swelling.
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Since the H4, H8, and H9 hydrogels showed higher degrees of swelling if compared
with the other hydrogels prepared in this work, these were chosen to carry out the subse-
quent analyses with the objective of evaluating which was the best hydrogel to be applied
in cementitious materials.

3.2. Kinetic Behavior of Water Absorption of Hydrogels at Different pH Levels and
in Saline Solution

Figure 2a shows the dependencies of the degree of swelling of hydrogels H4, H8, and
H9 at different pH values, and the dependence of the degree of swelling on the saline
solution is shown in Figure 2b. It can be seen in Figure 2a that at a pH of four, the H9
hydrogel had a lower Q value than the H4 and H8 hydrogel formulations. Furthermore, at
a pH of four, the three hydrogels showed lower water absorption values, and as the pH
of the solution increased from 4 to 7 and from 7 to 9, subsequent increases in the Q value
occurred, which may be explained as follows. In an acid medium (pH of four or less), the
carboxyl groups are mostly in protonated form (-COOH), and thus there is little (or no)
electrostatic repulsion between them [48,49]. It is emphasized that the pKa of carboxylic
groups is close to 4.0–4.5 [31,50]. Thus, at pH levels of seven and nine, the carboxylic
groups were in dissociated form (-COO−). Thus, at pHs of seven and nine (pH > pKa),
the carboxylate anions presented electrostatic repulsion among themselves. This induced
a greater inflow of water (or aqueous liquids) into the hydrogel matrix to increase the
distance between the negatively charged groups and thus reduce electrostatic repulsion,
leading to a greater degree of swelling. Thus, the hydrogel matrix consequently swelled
more and expanded [31,45].

Figure 2. (a) Degree of swelling of hydrogels at different pH levels and (b) in saline solution.

The influence of the salinity of the solution on the degree of swelling of the hydrogels
(in 0.1 mol L−1 of NaCl solution) is shown in Figure 2b. Tests in a saline environment were
performed for evaluating the influence of salts on the swelling degree of the hydrogels
through the factor f in Equation (2). A value close to 1.0 for f indicates a weaker effect of
salts on the swelling properties of the hydrogel. Therefore, the H4 hydrogel was the best
while H9 was the worst when the hydrogels were swollen in 1 mol L−1 aqueous NaCl.
The swelling capacity of the hydrogels in the saline solution decreased in relation to the
swelling in distilled water (Figure 1) and the buffer (Figure 2b), and the degree of swelling
of samples H4, H8, and H9 in saline at its retention equilibrium was about 23.296 ± 0.36,
19.767 ± 0.16, and 22.713 ± 0.09, respectively. It can be explained that this reduction
was due to the sodium cations (Na+) interacting in the saline solution, with the pectin
carboxylate groups forming ionic complexes, which provided a decrease in the electrostatic
repulsion in the polymeric matrix [51]. With the decrease in electrostatic repulsion, less
water would be required to minimize repulsion, and therefore less water needed to diffuse
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into the hydrogel, and the degree of swelling would be lower. In addition, the sensitivity
factor (ƒ) of the hydrogels to salt is defined by Equation (2) [52,53]:

ƒ = 1 − [Qsal/Qwater] (2)

where Qsaline is the degree of swelling in the saline solution and Qwater is that in the
distilled water. The ƒ values of the hydrogels (Table 3) show that the H9 hydrogel had
a lower saline effect compared with the H4 and H8 hydrogels, which had similar saline
effects. This is an indication that the ash content did not affect the value of ƒ.

Table 3. The ionic strength function for H4, H8, and H9 hydrogels.

Hydrogel
H2O
(g)

NaCl (1 mol L−1)
(g)

ƒ

H4 55.723 23.296 0.581
H8 47.777 19.767 0.587
H9 36.535 22.713 0.371

3.3. Desorption of Swelling Water from Hydrogels

The release kinetics of the water adsorbed by hydrogels H4, H8 and H9, are shown in
Figure 3. Each point in this figure represents an average obtained from the triplicates (n = 3).
The water release from the H4 and H8 hydrogel formulations was approximately equal over
time (up to 48 h). Therefore, the points almost completely overlapped. It can be observed
that about 50% of the water adsorbed by the H4 and H8 hydrogels was released in the first
7 h of the experiment, while the H9 hydrogel in the same period released approximately
35% of the total swelling water contained therein. Furthermore, about 95% of all of the
water contained in the hydrogel matrices was released within 24 h. In 48 h, the three
hydrogels almost completely lost the adsorbed water, but it is known that it is quite difficult
for the hydrogel to lose 100% of the water contained in its matrix [17]. It can be observed
that the H4 and H8 hydrogels presented rather similar water release profiles throughout
the experiment time (0–48 h). The formulations to obtain these hydrogels differed only in
their RHA content, with the H4 hydrogel having an RHA content factor at a lower level
and that of H8 being at an upper level (Table 2).

Figure 3. Release profiles of adsorbed water in hydrogels H4, H8, and H9.

3.4. Testing of the Drying and Swelling Effects of Hydrogels

The water’s release profiles were measured for evaluating the time in which the water
molecules diffused out of the hydrogel when it was maintained in an oven at a controlled
temperature. When inside the cementitious material, the time for the water to diffuse out
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of hydrogels would be higher. Therefore, it was expected that this could be related to the
time in which the water acted as a curing agent inside the cementitious material. In the H4
and H8 hydrogel formulations, the AAm and Pec content factors were maintained at their
upper levels. Thus, it appears that the RHA content did not influence the kinetics of water
release. Knowledge of the water release profile by hydrogels is a highly important aspect
for obtaining an adequate application of the hydrogel as a curing agent in cementitious
materials. As was already mentioned, the continuously and gradually released water
would contribute to cement hydration and thus improve the internal curing process.

Figure 4 shows the effect of repeating the swelling and drying cycle of the hydrogels
on the degree of swelling. It was observed that all samples showed an initial decrease
in the swelling degree value (Q) and only stabilized after the fourth drying and swelling
cycle. When the hydrogel met water molecules, it swelled and could expand to many
times its initial volume. Thus, repetition of the drying and swelling cycle affected the
water absorption capacity [45]. The H4 hydrogel showed greater reduction (59%) in the Q
value after the fifth swelling and drying cycle, while the H8 and H9 hydrogels showed a
reduction of 53% and 56%, respectively.

Figure 4. Effect of swelling and drying cycles of hydrogels on water absorption capacity.

3.5. FTIR, XRD, and Morphology Analysis of Hydrogels

The FTIR spectra of AAm, RHA, and Pec are shown in Figure 5a. In the FTIR spectrum
of the RHA bands at 1091, 786 and 466 cm−1, symmetric and asymmetric elongations
and angular deformations of the Si-O-Si bonds of the silica present in the material were
observed [45]. The bands at 3492 and 1614 cm−1 can be attributed to the O-H stretching and
deformation vibrations of the silanol group, respectively [45–54]. The AAm FTIR spectrum
showed characteristic bands at 3377 and 3195 cm−1, which can be attributed to asymmetric
and symmetric elongation of the amide (-NH) groups. The bands at 1674 and 1604 cm−1

corresponded to C=O elongation and the N-H bond [55]. In the pectin spectrum, bands
at 3464 and 2951 cm−1 were observed, which refer to the stretching vibration of -OH and
-CHx, respectively.

The bands at 1751 cm−1 and 1635 cm−1 can be attributed to the elongation vibrations
of the C=O groups present in the -COOCH group. In addition, the band at 1022 cm−1 was
due to –CH–O–CH– elongation [33,56,57]. In addition to the bands already mentioned
for PAAm, RHA, and Pec, it was observed that the spectra of hydrogels H4, H8, and H9
(Figure 5b) were similar, showing bands at 3456 cm−1 and 3207 cm−1 which corresponded
to the -OH and -NH stretching vibrations. The band at 2937 cm−1 refers to the C-H
stretching vibration, and the band at 1666 cm−1 refers to the C=O stretching vibrations
of the amide group of PAAm [58]. There was also the presence of a band at 466 cm−1,
attributed to the Si-O-Si binding of RHA. Therefore, it can be concluded that the appearance
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of these bands showed that the hydrogels containing PAAm, pectin, and rice husk ash
(RHA) were successfully synthesized.

Figure 5. FTIR spectra of (a) Pec, RHA, and Aam and (b) H4, H8, and H9 hydrogel formulations.

Figure 6 presents XRD diffractograms of pristine rice husk ash and hydrogels H4,
H8, and H9. The diffraction pattern shows that the ash diffraction pattern had no defined
diffraction peaks; only a broad peak at 2θ = 22.3◦ is displayed, showing the non-crystalline
phase of silica [29,45]. The diffractogram of the hydrogels showed an amorphous structure
which is characteristic of a disorganized system and the presence of a peak referring to the
amorphous silica of the RHA. Thus, it can be concluded that the RHA was incorporated
into the polymer matrix of the hydrogel during the gelation process.

 
Figure 6. XRD diffractograms of RHA and H4, H8, and H9 hydrogel formulations.

SEM images of the H4, H8, and H9 hydrogels are shown in Figure 7a–c. All hydrogels
exhibited porous structures with irregular shapes, in addition to pores of different sizes
which were distributed throughout the hydrogel matrices. The distributions of the average
size for 19 pores (n = 19) of the hydrogels, which were calculated through their areas, are
shown in Figure 7d–f. The average pore sizes of the H4, H8, and H9 hydrogels were 20.82,
30.13, and 29.75 μm, respectively. It was observed that H8 showed a larger average pore
size in relation to the other two hydrogel formulations. This indicates that the introduction
of RHA into preparation of the hydrogels increased the size of the pores, making a structure
with pores larger than those of the others.

100



Materials 2024, 17, 5746

Figure 7. SEM micrographs of the hydrogels: (a) H4, (b) H8, and (c) H9. Magnification: 200×.
(d–f) Pore size distribution.

3.6. FTIR, XRD, and TG/DTG Analysis of Cement Pastes

Figure 8 presents the FTIR spectra of the cement pastes after 7 days of curing. The
cement pastes containing hydrogels presented FTIR spectra quite similar to the reference
paste. The FTIR spectra of the cement pastes had bands at 3460 and 1672 cm−1, which can be
attributed to symmetric and asymmetric elongation related to vibration and bending of the
O-H groups of water molecules [59,60]. The band observed at 3649 cm−1 is characteristic
of calcium hydroxide (Ca(OH)2) due to the stretching vibration of the O-H bond [59,61].
The bands at 1456 and 873 cm−1 are related to elongation vibrations of the C-O bonds
in calcium carbonate [62,63]. The spectra of the pastes had bands at 979 and 711 cm−1,
which can be attributed to bending vibrations of the Si-OH bonds in C2S and C3S [59,62,63].
According to the analyses carried out in the FTIR spectra, it was possible to identify the
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hydrated compounds present in the cement samples. Furthermore, the modified cement
pastes containing different hydrogel contents contained the same hydrated compounds as
the reference paste.

Figure 8. FTIR of cement pastes at day 7.

The hydrogel chosen to be applied to the cementitious compounds was H4, based
on the factorial design and because it presented better results in the swelling tests and
exhibited a smaller pore size. After water desorption, the PSAs left empty pores in the
hardened cementitious material. Thus, the smaller the pore size of the PSAs, the smaller
the voids left by them. In Figure 9, the XRD profiles of the cement pastes at days 7 and
28 of curing are presented. The hydrated compounds identified in all cement pastes were
calcium hydroxide (Ca(OH)2), calcite (CaCO3), ettringite, hydrated calcium silicate (C-S-H),
belite (C2S), and alite (C3S). The diffractograms obtained for the reference pastes (without
the addition of hydrogels) were like those of the pastes containing the hydrogels over time
(at days 7 and 28 of curing), and this result shows that the use of different hydrogel contents
in the formulation of the mortar did not alter the crystallographic structure of the hydrated
cementitious material. However, it can be observed that the Ca(OH)2 peak increased with
the addition of different hydrogel contents in the paste.

Figure 9. XRD of cement pastes at 7 days and 28 days. (a) Paste aged 7 days. (b) Folder aged 28 days.
Note: calcium hydroxide (H), ettringite (E), hydrated calcium silicate (S), belite (B), alite (A), and
calcite (C).
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Considering the XRD profiles of the pastes which were analyzed at days 7 and 28 of
curing, both were structurally quite similar. However, for the intensities of the peak of
calcium hydroxide in the region of 2θ equal to 18.2 and 34.0◦, a reduction occurred in the
period of 28 days of curing when compared with the intensity of the same peak in the XRD
profile of the paste at day 7 of curing. This was due to the pozzolanic reaction consuming
Ca(OH)2 during the cement hydration process due to the presence of silica [12,64,65].
Through the diffractograms of the pastes, the main peaks which were found for calcium
hydroxide at 2θ = 18.2, 31.8, 34.2, and 47.3◦, hydrated calcium silicate at 2θ = 29.6◦, ettringite
at 2θ = 9.4 and 23.1◦, belite at 2θ = 32.3 and 34.2◦, alite at 2θ = 32.3, 41.1, 43.3, and 51.1◦,
and calcite at 2θ = 39.6 and 48.9◦ were responsible for the durability of the cementitious
compound [64,66–68].

Figure 10 shows the TG and DTG curves of the cement pastes containing hydrogels
and the references in which they were analyzed after 90 days of curing. It can be observed
that all of the pastes presented mass loss at temperatures of 25–105 ◦C, which corresponds
to evaporation of the absorbed water [69,70]. Furthermore, it was observed that the TG
curves of the hydrogel-containing pastes were like the reference paste, indicating that no
new events were found. The DTG curves of the pastes showed peaks at 78 ◦C associated
with the release of water in the pores and the dehydration of the hydrated compounds,
namely hydrated calcium silicate and ettringite [69,71,72], having a peak with a maximum
at 430 ◦C corresponding to the dehydration of the Ca(OH)2 [69,70].

Figure 10. TG and DTG curves of cement pastes: (a) P−Ref, (b) P−0.03, (c) P−0.06, and (d) P−0.1.

3.7. Compressive Strength of Cement Mortar

The results for the compressive strength of cement mortars with the addition of
different hydrogel contents (0.03%, 0.06%, and 0.1%) are shown in Figure 11. It can be seen
that in the 7 day curing period, sample Mort006 showed the greatest increase in mechanical
strength (an increase of 4.07%) and Mort01 showed a slight increase (an increase of 0.47%)
in compressive strength compared with the reference mortar (Mort-Ref) in the same period.
However, in sample Mort003, there was a 5.3% decrease in strength compared with the
reference mortar.
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Figure 11. Compressive strength of cement mortars containing different hydrogel contents for aging
at days 7 and 28.

It can be observed in Figure 11 that in the 28 day curing period, the compressive
strengths of Mort003, Mort006, and Mort 01 increased by 4.88%, 8.05%, and 5.13%, re-
spectively, in relation to the mechanical strength of Mort-Ref. In addition, it can be noted
that in the Mort003 sample, there was a significant increase with 28 days of curing in
relation to the resistance at 7 days. This may occur because the hydrogel releases water
in a controlled manner, favoring the curing process of the mortar [31]. In addition, the
reduction in strength may also be related to the voids in the mortar structure created by the
hydrogels [20].

Through the results obtained in the resistance tests, it was possible to conclude that
the addition of different hydrogel contents in the mortar did affect its resistance, since all of
the samples showed an increase at day 28 of curing when compared with the reference one.
In addition, the Mort006 sample was the one that showed the greatest increase in resistance
over time in relation to the other grades studied.

To better analyze whether the hydrogel content and the age of the samples interfered
with the compressive strength results, analysis of variance (ANOVA) was carried out at a
confidence level of 95%, and the results are presented in Table 4, where it should be noted
that the age and hydrogel content were statistically significant.

Table 4. Analysis of variance of the compressive strength test data of the mortars, considering the
main factors of age and the hydrolyzed hydrogel content.

Effect SQ * DF ** MQ *** F p Value Result

Age 1.99 × 1014 11 1.99 × 1014 141.5 1.27 × 10−7 Significant
Hydrogel 2.00 × 1014 6 4.00 × 1013 18.2 5.30 × 10−6 Significant
Residue 1.55 × 1013 - 1.41 × 1012 - - -

* SQ = quadratic sum. ** DF = degrees of freedom. *** MQ = mean of squares.

Therefore, based on the results obtained in this work, it can be observed that the
incorporation of hydrogels based on PAAm, Pec, and RHA in cementitious materials
(mortar) significantly improved the compressive strength. This increase may be associated
with a good retention capacity and the subsequent release of stored water at the right time
for the hydration process, considering the reactions which occurred during the setting
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time [73,74], thus contributing to the hydration reaction of the cementitious material. As
expected, the influence of the age of curing affected the compressive strength more than
the hydrogel.

4. Conclusions

Hydrogels based on polyacrylamide and pectin and containing rice husk ash were
successfully synthesized, as can be seen from the FTIR, XRD, and SEM images. The
hydrogel obtained from the H4 formulation showed a better Q value. In addition, the H4
and H8 samples showed a controlled and quite similar release of water over time. This
makes these hydrogels rather interesting materials to apply to cementitious material as an
internal curing agent, as it releases water at the right time for the setting process and thus
contributes to cement hydration and improving its mechanical strength.

In this work, the influence of the addition of different contents of hydrogel formulation
H4 for application in cement mortar at days 7 and 28 of curing was also studied. The result
showed that the addition of hydrogels improved the mechanical resistance of the mortar,
and the addition of 0.06% presented a better result for resistance to compression at day
7 of curing (4.07% higher) and at 28 days of curing (8.06% higher) when compared with
the reference mortar (without the addition of PSAs). Furthermore, the FTIR, DRX, and
TG analyses showed that the addition of the hydrogels in the pastes did not change the
crystallographic structure or the chemical characteristics of the cement.

To the best of our knowledge, this is the first time that hydrogel formulations using
pectin, rice husk ash (RHA), and crosslinked polyacrylamide were used as curing agents
for cementitious materials. Beyond the technological use of hydrogel as a curing agent,
this methodology is also interesting because it uses a natural product (pectin) and RHA as
byproduct from rice agro-industries. Therefore, it should be also seen as a contribution to
the environment. In this way, it can be concluded that the production of polyacrylamide
hydrogels containing RHA and pectin can be used as an internal curing agent for cementi-
tious media, in addition to adding commercial value to rice husk and preventing it from
being discarded incorrectly and thus causing environmental problems.
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Abstract: Internal curing is a process based on the addition of materials that function as water
reservoirs in cementitious media. Superabsorbent hydrogels are an alternative that can be used
as an internal curing agent, as they have the ability to absorb and release water in a controlled
manner. In the present work, superabsorbent hydrogels based on crosslinked polyacrylamide in the
presence of starch and sugarcane bagasse ash (SCBA) were developed and applied to mortars as
an internal curing agent. The synthesized hydrogels were evaluated by SEM, FTIR, and swelling
analysis. Cement pastes and mortars were produced using different amounts of hydrogel (0.03%,
0.06%, and 0.1% by weight). An analysis of the cement pastes and mortars revealed that hydrogel
contributes to hydration, thus improving the quality of the product. Furthermore, the addition of
0.03% hydrogel by weight increased the mechanical resistance of the mortars in up to 26.8% at 28 days
of curing as compared with reference (without hydrogel). To the best of our knowledge, this is the
first study to use a hydrogel based on polyacrylamide crosslinked with starch and SCBA as a curing
agent for mortars and cement pastes. This approach is environmentally friendly, because it uses a
natural product (starch) and a byproduct from the sugarcane industry (SCBA).

Keywords: hydrogel; starch; sugarcane bagasse; hydrolysis; mortar; mechanical resistance

1. Introduction

In recent decades, there has been a marked growth in both civil construction and the
trailer industry. These changes have demanded new types of cementitious materials that
meet different requests in current and unconventional applications [1]. One of the most
used materials in this field is cement, which can be utilised in the production of concrete
and mortars [2]. Mortars are heterogeneous composite materials used in civil construction;
they comprise a binder (cement, lime, or gypsum), fine aggregate (sand), and water. Their
use is versatile: they can serve as binding elements for other materials (blocks, bricks, and
stones) and be used as surface coverings, such as plaster and base for ceramic coverings [3].

When a cementitious material comes into contact with water, hydration reactions
begin and underlie the curing process. Proper mortar curing requires maintaining a
satisfactory moisture content and temperature in freshly cast mortar for a specific period
of time immediately following placement [4]. An effective curing process can drastically
reduce the appearance of fissures and cracks [5]. So, it is important to maintain constant
moisture in the mix during mortar curing, which minimises the effect of water loss through

Materials 2024, 17, 5889. https://doi.org/10.3390/ma17235889 https://www.mdpi.com/journal/materials109



Materials 2024, 17, 5889

evaporation. Curing also helps maintain heat in the mixture, which speeds up the chemical
reaction between cement and water [6]. In the case of cement, the cementitious mixture is
moistened by the presence (or further introduction) of water for the hydration reactions.
The main product of cement hydration is calcium silicate hydrate (C-S-H). Poorly cured
concrete loses around 30% of its strength, thus facilitating the appearance of fissures and
cracks in its structure [7].

There has been much attention directed towards the curing process due to the tech-
nological importance of cementitious materials, including their expected long life and the
safety of their use [8]. Currently, internal curing is gaining prominence as an alternative
to improve the hydration of the cementitious environment [9]. Internal curing involves
supplying water to the aggregates in the cementitious material, which can occur by incor-
porating a curing agent into the cement and/or mortars. In other words, as the hydration
reactions take place, the internal curing agent releases water in a controlled manner into
the cementitious matrix [9,10]. The released water is concomitantly used in the chemical
reactions that comprise the curing process.

One of the options to increase the water concentration in a cementitious material is
the application of superabsorbent hydrogels [11]. Hydrogels are networks of crosslinked
polymers that can absorb large amounts of water and release the absorbed water in a
gradated manner over time. The water inside the hydrogel structure allows for the diffusion
of the solute through the swollen polymer, allowing it to be applied as a release system
control [12–14]. In this sense, hydrogels participate in the controlled release of water and
can improve the continuation of hydration reactions that occur over time in the cementitious
matrix, thus ensuring a more satisfactory internal cure [3]. Hydrogels can be synthesised
from different materials, using synthetic ones, such as acrylamide/acrylate monomers,
and/or natural polymers, such as polysaccharides [15]. A good example of a natural
polymer used in hydrogel formulations is starch due to its composition, structure, and
great abundance [15,16]. Starch is a complex polysaccharide composed of two components,
amylose and amylopectin, each of which presents a specific characteristic structure [15,16].
Starch appears in a considerable proportion in plants, including cereal grains (rice, corn,
etc.) and tubers (potatoes, cassava, etc.). So, it is easy to acquire in natural or chemically
modified form [17], and it is often not expensive. Therefore, starch is one of the important
natural polymeric materials [16,17].

Hydrogels prepared through the combination of natural and synthetic moieties have
been described in the literature [15,18] and represent a good alternative for several techno-
logical applications [13,15,19–21]. The swelling process of a hydrogel is guided by physical
factors related to the three-dimensional (3D) network, such as the degree of crosslinking
and the presence of hydrophilic groups (e.g., -COOH, -OH, and-NH2) in the structure
of the polymeric chains, and by external factors, such as the temperature, pH, and ionic
strength [12,20,21]. The presence of hydrophilic groups on polymeric chains contributes to
lowering the required crosslinking density and allows for high flexibility of the polymeric
network [22]. In this sense, low crosslinking and high chain flexibility certainly contribute
to the swelling of the studied material. The incorporation of sugarcane bagasse ash (SCBA),
a burned agro-industrial residue, into the formulations for a cementitious matrix is another
alternative to improve the properties of cement-based materials (i.e., concrete and mortars).
The amount of silica in SCBA can facilitate curing and might improve the mechanical
properties of the prepared concrete and mortar [23,24].

This work presents a new approach to prepare hydrogels, namely polymerisation/
crosslinking of acrylamide in the presence of starch and SCBA. The hypothesis is that apply-
ing such a hydrogel in mortar and concrete improves the mechanical properties [23,24]. So,
mortar formulations with different hydrogel content (0.03, 0.06, and 0.10 by weight) were
prepared. The prepared hydrogels were characterised with scanning electron microscopy,
Fourier transform infrared (FTIR) spectroscopy, and water absorption/desorption anal-
ysis, and the mortars were characterised by FTIR spectroscopy, X-ray diffraction (XRD),
thermogravimetric analysis (TGA), and compressive strength assays.
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2. Materials and Methods

2.1. Materials

Acrylamide (AAm, Sigma-Aldrich, St. Louis, MO, USA) was used as a monomer in
colourless solid form with a melting point of 80 ◦C, boiling point of 125 ◦C, and density
of 1.12 g/cm3; potassium persulfate (Synth, São Paulo, Brazil) in white powder form,
with a melting point of 100 ◦C and density of 2.477 g/cm3, was used an as initiator; and
N,N’-methylenebisacrylamide (MBAAm, Fisher Scientific, Hampton, NH, USA) in white
powder form, with a melting point above 300 ◦C, boiling point of 333.8 ◦C, and density
of 1.216 g/cm3, at 20 ◦C was used as a crosslinking agent. The hydrogels also comprise
commercial cassava starch (dissolved in distilled water) and SCBA; the properties of SCBA
may vary depending on the conditions in which the sugar cane was grown. The SCB was
purchased locally in Teresina–Piauí, Brazil and then burned at a specific temperature at
atmospheric pressure to obtain SCBA. The mortars were prepared with Portland cement
type CP II-F and sand (normal Brazilian in four fractions: coarse (1.19 mm), medium coarse
(0.59 mm), medium fine (0.297 mm), and thin (0.149 mm), according to the ABNT/NBR
7214/2015 [25].

2.2. Methods
2.2.1. Preparation of SCBA, Synthesis, and Hydrolysis of the Hydrogels

The SCBA was obtained by burning SCB in an EDG-3000 muffle furnace at 600 ◦C
for 2 h. Subsequently, the ash was crushed and sieved (75 mesh) [1]. The hydrogels
were prepared by using a 23 factorial design with three replications at the central point,
totalling 11 formulations. The influence of three factors—(i) the amount of acrylamide,
(ii) the amount of starch, and (iii) the amount of SCBA—(shown in Table 1) on the swelling
capacity of the hydrogels was analysed. The levels for each factor were defined based on
studies that have already synthesized acrylamide hydrogels in the presence of rice husk
ash [26]. From this factorial design (shown in Table 2), the hydrogels with the highest
swelling values were chosen for the subsequent experiments.

Table 1. Factors and their levels used in the development of factorial design.

Factors
(g)

Lower Level
(−)

Central Point
(0)

Upper Level
(+)

AAm 1.5 2.5 3.5
Starch 1.0 2.0 3.0
SCBA 0.10 0.20 0.30

Table 2. Complete factorial design matrix with all formulations used for hydrogel synthesis.

Run
AAm

Content
Starch

Content
SCBA

Content

H1 1.5 1.0 0.10
H2 3.5 1.0 0.10
H3 1.5 3.0 0.10
H4 3.5 3.0 0.10
H5 1.5 1.0 0.30
H6 3.5 1.0 0.30
H7 1.5 3.0 0.30
H8 3.5 3.0 0.30

H9a 2.5 2.0 0.20
H9b 2.5 2.0 0.20
H9c 2.5 2.0 0.20

To prepare the hydrogels, initially, the starch was dissolved in distilled water (using
sufficient volume to maintain the concentration of the entire formulation at 136 g L−1) at
50 ◦C and magnetically stirred until its complete solubilization. Then, the solution was
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stirred for 24 h at room temperature. After this process, the required amount of SCBA
was added, keeping the system at 70 ◦C with magnetic stirring. After 10 min, the required
amount of AAm, 0.04 g of MBAAm, as a crosslinker, and 0.08 g of potassium persulfate, as
an initiator, were added, with 10 min between the addition of each reactant. The system
was stirred until it gelled. The hydrogels were cut into small pieces and immersed in
distilled water (ca. 1 g swollen hydrogel per 50 mL of water) for washing. The water was
changed every hour for 6 h. Then, the washed material was placed in an oven at 60 ◦C for
24 h to dry. After drying, the hydrogels were crushed and sieved (250 mesh).

For the hydrolysis of the hydrogels, 40 mL of 0.5 mol L−1 NaOH solution was added
per 1 g of dry hydrogel. In a hood, the solution was magnetically stirred for 1 h at
50 ◦C. Then, the hydrogels were washed with distilled water until reaching pH 7 and,
subsequently, dried in an oven at 60 ◦C for 24 h [27].

2.2.2. Preparation of Mortars and Cement Pastes

The hydrolysed H2 hydrogel (Table 2) was applied to the mortar formulations at 0.03%,
0.06%, or 0.1% relative to the mass of the cement (w/w). The hydrolysed H2 hydrogel
was chosen due to its degree of swelling (Q) of 200.20 g/g. The mortars were prepared
in accordance with ABNT/NBR 7215 standards [28]. The cement/sand ratio was 1:3. As
described in Section 2.1, four fractions of sand were used. The hydrogels were crushed,
sieved (250 mesh), and swollen over a period of 20 h. The cement pastes were produced by
applying the same amount of hydrolysed H2 hydrogel used in mortars, with the aim of
better understanding the hydration process, because they are less complex than mortars, as
they only contain cement hydration products [29,30]. Figure 1 shows the preparation of the
mortars and cement pastes.

Figure 1. Procedure for preparing the (a) mortar and (b) cement paste formulations.

2.3. Characterisation
2.3.1. Degree of Swelling and Desorption of Hydrogels in Aqueous Solutions

The water absorption of the prepared hydrogels over time was measured using solu-
tions at pH 4, 7, and 11 and in saline solution (0.1 mol L−1 NaCl). For these measurements,
approximately 10 mg of dry hydrogel was used. Each hydrogel was immersed in 100 mL
of solution and weighed with an analytical balance after 1, 2, 3, 4, 5, 6, 7, 8, 24, 48, and 72 h.
The degree of swelling (Q) was calculated using Equation (1):

Q = [(m − m0)/m0] (1)

where m is the mass of the swollen hydrogel, and m0 is the dry mass of the hydrogel
sample. To measure desorption, the hydrogels were swollen to equilibrium in distilled
water and then transferred to an oven at 40 ◦C. The mass was determined after 1, 2, 3,
4, 5, 6, and 24 h. The results are represented as the percentage of remaining water, with
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the initial mass of the swollen hydrogel considered to be 100% water. The swelling and
desorption tests were carried out in triplicate.

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)

The hydrogel samples were dried and crushed with 250 mesh. Attenuated total
reflectance (ATR)-FTIR spectra were obtained using a Vertex 70 apparatus (Bruker, Billerica,
MA, USA) in the range of 600–4000 cm−1 for the hydrogels and the range of 400–4000 cm−1

for the mortars. The mortars and cement pastes were aged 7 and 28 days and then dried
and crushed. Pastilles were prepared in the form of potassium bromide tablets at 1% (w/w).

2.3.3. X-Ray Diffraction (XRD)

X-ray diffractograms of the mortars, in powder form, for 2(θ) of 10◦−70◦ were obtained
using an XRD-6000 diffractometer (Shimadzu, Kyoto, Japan) operating at a speed of
1◦ min−1, a divergent angle of 1◦, 40 kV Cu radiation, and a current of 30 mA.

2.3.4. Thermogravimetric (TGA)

Thermogravimetric was performed to monitor the degree of hydration and curing
reactions of mortars aged for 28 days. A DTG-60 apparatus (Shimadzu) was used with
nitrogen as a carrier gas, a temperature of 25–600 ◦C, a heating rate of 10 ◦C, and a flow
rate of 100 mL min−1.

2.3.5. Scanning Electron Microscopy (SEM)

A Quanta 250 scanning electron microscope (FEI) was used to analyse the morphology
of the hydrogels. The samples were covered with a thin layer of gold (ca. 50 nm). The
microscope operated at an accelerating voltage of 20 kV. The pore size and its distribution
were measured using Image J® 1.8.0 software; for this, the pore contours were manually
delimited through the SEM images.

2.3.6. Compressive Strength Tests

The compressive strength tests of the mortars were performed according to the NBR
7215 standard (ABNT/1996) [28,31], using cylindrical specimens with 50 mm in diameter
and 100 mm in height. The samples were aged for 7 and 28 days and analyzed in quadru-
plicate in an EMIC Pc 100 machine, applying a load of 0.3–0.8 MPa s−1 until rupture. The
tests provided the force applied to the specimen. The individual strength was calculated in
mega Pascals (MPa) as a function of the specimen cross area.

3. Results

3.1. Water Absorption of Hydrogels

Figure 2a shows the degree of swelling in distilled water of the non-hydrolysed
hydrogels as a function of hydration time. Figure 2b demonstrates that amide hydrolysis
in an alkaline medium effectively increased the degree of swelling of the hydrogels more
than 10-fold compared with the non-hydrolysed ones. Moreover, both non-hydrolysed
and hydrolysed hydrogels showed a variable degree of swelling, probably due to the
amount of AAm used in the formulation. The swelling equilibrium time was around 20 h
for the non-hydrolysed hydrogels (Figure 2a) and >50 h for the hydrolysed hydrogels
(Figure 2b). The presence of hydrophilic and hydrophobic groups is another factor linked
to the absorption of water by the hydrogel, since hydrophilic groups interact with water,
causing it to remain inside the hydrogel, unlike hydrophobic groups that prevent water
from remaining inside the hydrogel. The synthesized hydrogels have amide -NH2 groups,
hydroxyls OH, and also, the presence of silanol groups (SiO2) that can interact with water,
causing it to remain inside the hydrogel.
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Figure 2. The degree of swelling as a function of time for the (a) non-hydrolysed and (b) hydrolysed
H2, H4, and H9 hydrogels.

Non-hydrolysed polyacrylamide hydrogels undergo changes from neutral hydrogels
(before hydrolysis) to partially charged hydrogels (polyelectrolytes) after hydrolysis. As the
neutral polyacrylamide hydrogel is immersed in an alkaline solution for a given time, the
amide groups (-CONH2) are gradually transformed into ionized carboxyl groups due to
hydrolysis. In other words, the amide groups in the polymeric chains in the network react
with hydroxyl ions in an alkaline solution and are partially converted into the carboxylate
and amine groups, [-CONH2 + NaOH → -COO−Na+ + NH3]. Therefore, the hydrolysed
polyacrylamide/starch/SCBA in the H2 hydrogel increased its volume by almost 200-fold
compared with the dry hydrogel, much higher than the 15-fold volume increase in the non-
hydrolysed H2 hydrogel. This is due to the repulsion of negatively charged carboxylate
groups in the hydrolysed hydrogel. Carboxylic groups interact more with water, thus
leading to a higher degree of swelling [32–35].

PAAm hydrogels resulting from the polymerization of acrylamide present lower
swelling values (Q) when the hydrogel presents a high degree of crosslinking, because
the more crosslinked the polymer chain is, the less flexibility it will have, which makes it
difficult for the expansion to occur and for water to diffuse into the interior of the hydrogel
matrix. It can be noted that the hydrogels before the hydrolysis process presented swelling
values of 10–15 g/g, which is related to the crosslinking of the polymer chain; that is,
the polymer chain was not very flexible, which influenced the diffusion of water into
the interior of the hydrogel. After hydrolysis, the formation of -COO− groups occurred,
which undergo electrostatic repulsion between themselves, being capable of increasing the
expansion of the polymer chain and, thus, increasing the diffusion of water into the interior
of the hydrogel. Consistently, the hydrolysed hydrogels presented a higher degree of
swelling than the non-hydrolysed hydrogels. This fact arises from the interaction between
the hydrogel that is favoured by hydrolysis. However, this interaction is not necessarily fast.

3.2. Swelling Behaviour of the Hydrogels at Different pHs and in Saline Solution

Figure 3 shows the degree of swelling of the hydrolysed hydrogels at different pHs.
The hydrogels, except for the H2 hydrogel, swelled less in the acidic medium compared
with the neutral and alkaline media. In this scenario, the carboxylate groups undergo
protonation in acidic medium (pKa ≈ 4.5), and this minimises the anion–anion repulsive
forces [36]. This fact may be related to the ionisation of the carboxyl groups present in
the hydrogels. In this case, ionisation promotes the formation of carboxylate and through
electrostatic repulsion between the carboxylate-containing chains, promoting the diffusion
of water into 3D matrix to minimise the repulsive forces, leading to an expansion of the
entire polymeric chain’s matrix [27]. The hydrogel becomes less hydrophilic when the
pH is less than the pKa, which decreases the degree of swelling. Hydrogen bonds are
possible in an acidic environment; that is, the degree of crosslinking of the chains increases.
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Therefore, the formation of hydrogen bonds hinders the movement of the chains in the
hydrogel, forming a consistent hydrogel network when the pH is less than the pKa [27,37].

Figure 3. Degree of swelling of the hydrolysed H2, H4, H6, and H9 hydrogels in acidic (pH 4), neutral
(pH 7.0), and alkaline (pH 11) media.

The degree of swelling increased for the H6 and H9 hydrogels, but not for the H2 and
H4 hydrogels, at pH 7 compared with pH 4. The H4 hydrogel presented the smallest Q
value at this pH. The H4 hydrogel contains more starch (approximately 3.5 g) than the
H2 (1.0 g), H6 (1.0 g), and H9 (2.0 g) hydrogels. The higher amount of starch reduced the
Q value at pH 7 due to increased mechanical crosslinking (entanglement) points in the
polymeric network, which increased the crosslinking density of the hydrogel, resulting in a
decrease in water diffusion in the hydrogel. This decrease may also be related to the fact
that starch is partially filled in the hydrogel network; therefore, the number of hydrophilic
groups is considerably smaller, and the Q value tends to decrease [38].

At pH 10, the Q value increased for the H4 hydrogel and decreased for the H2, H6, and
H9 hydrogels. This phenomenon may be related to the ionisation of the carboxy groups
present in the studied hydrogel formulations. Ionisation promotes electrostatic repulsion
between the chains, promoting the diffusion of water into the 3D matrix to minimise the
repulsive forces, thus expanding the entire polymeric chain matrix [27].

In summary, the H2 and H6 hydrogels presented the highest Q values and the H4
and H9 hydrogels presented the lowest Q values in all studied media. These data may be
related to the starch content present in the gels, given that the H2 and H6 hydrogels have
the lowest starch content, while the H4 and H9 hydrogels have the highest starch content.
The data also indicate that the addition of SCBA does not influence the swelling process
as much as starch: the H6 hydrogel has the highest SCBA content, but its Q values were
higher than the H4 and H9 hydrogels, which have the lowest SCBA content.

Due to the large number of ions present in the cement matrix, it is important to evaluate
the performance of the degree of swelling in saline solution, which is representative of
the cement medium. Figure 4a shows the Q values for the H2, H4, H6, and H9 hydrogels
in saline solution. The H2 hydrogel presented the highest Q value, and the H9 hydrogel
presented the lowest Q value. As shown in Figure 4b, the Q values in saline solution
reduced sharply compared with acidic, neutral, and alkaline media, as denoted by the
sensitivity factor (f), calculated with Equation (2):

f = 1 − [Qsal/Qwater] (2)

where Qsal is the degree of swelling in saline solution, and Qwater in distilled water. Based
on the f values, the saline effects are not as pronounced for the H9 and H4 hydrogels, as
they are from the H2 and H6 hydrogels. The results indicate that the ash content does not
affect the f value. Ash calcined at 600 ◦C was used in all the hydrogels: 10% for the H2
and H4 hydrogels, 30% for the H6 hydrogel, and 20% for the H9 hydrogel. The amount of
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SCBA in hydrogels and the ash granulometry should affect the swelling capacity. It was
expected that, in high quantities, ash can fill the pores of the gels, making it difficult to
increase Q. However, this behaviour was not observed for the solution, because the H6
hydrogel presented higher Q values than the H4 and H9 hydrogels.

Figure 4. (a) A graph showing the degree of swelling graph as a function of time in saline solution
for the non-hydrolysed H2, H4, H6, and H9 hydrogels; (b) the sensitivity factor (f) for the H2, H4, H6,
and H9 hydrogels at equilibrium.

These results corroborate findings from the literature: the presence of ions reduces the
degree of swelling [24]. When the hydrogel is immersed in a saline solution (containing
positive ions), interactions may occur between the hydroxyl groups present in the polymer
chain and the sodium ions of NaCl, thus forming ionic pairs between the species [39,40]. In
other words, there are electrostatic repulsions between the polymer chains of the hydro-
gel [22,41]. The contraction of polymer networks may also occur, contributing to reduce
the hydrophilicity of the material.

3.3. Evaluation of Desorption of Water Absorbed by the Hydrolysed Hydrogels

Figure 5 shows the results of the water desorption assays. For this analysis, the
swelling achieved during immersion for 24 h was considered to be the initial swelling.
Therefore, the initial mass indicates 100% water present in the hydrogel matrix. Within 6 h,
the H4 and H6 hydrogels released around 50% of the absorbed water, while the H2 and
H9 hydrogels released 35% of the absorbed water. Furthermore, by 24 h, each hydrogel
had released around 95% of the absorbed water, with no difference between the hydrogels.
The desorption test was carried out in water, but the results are expected to be different in
mortar. Therefore, if the hydrogel releases all the water retained in the polymeric matrix
within 24 h, then the hydrogel is not completely effective, because mortar cures over a
period of more than 28 days [4].

Figure 5. Water desorption from the H2, H4, H6, and H9 hydrogels over time.
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3.4. Morphology of the Hydrogels

Figure 6a–d shows representative scanning electron micrographs of the hydrolysed
H2, H4, H6, and H9 hydrogels. They show that the hydrogels presented porous surfaces, as
pores in irregular shapes and sizes are distributed throughout the polymer matrix, thus in-
dicating that the addition of SCBA did not prevent the formation of pores in the hydrogels.
Figure 6e–h shows the average pore size of the hydrolysed H2, H4, H6, and H9 hydro-
gels: 4804.97 ± 2067.45, 2772.35 ± 1130.99, 5159.91 ± 3759.45, and 4460.17 ± 1838.54 μm,
respectively. It can be noted that the presence of SCBA can influence the formation of
pores, since the H6 hydrogel presented larger pores than the others, and its formulation
has the highest SCBA content. The H6 hydrogel has a larger pore size compared with the
other hydrogels, a surprising finding given that it did not have the highest Q value; this
may be related to a low starch content (1.0 g) compared with the H4 and H9 hydrogels
(3.0 g and 2.0 g, respectively), thus indicating that the interactions between the hydrophilic
groups present in the polymer matrix favour swelling more than the hydrogel pore size,
considering that the H4 and H9 hydrogels have smaller pore sizes and higher Q values
than the H6 hydrogel.

Figure 6. Scanning electrons micrographs (200× magnification) and the pore distribution of the
hydrolysed (a) and (e) H2, (b) and (f) H4, (c) and (g) H6, and (d) and (h) H9 hydrogels.
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3.5. FTIR of the Hydrogels and XRD of SCBA

The FTIR spectra of SCBA, PAAm, starch, and the hydrolysed H2, H4, H6, and
H9 hydrogels are shown in Figure 7. For SCBA, the bands at 3392 and 1664 cm−1 are
attributed to the O-H deformation of the silanol group (-SiOH); the bands at 1043 and
667 cm−1 are attributed, respectively, to the symmetric stretching and deformation of Si-O-
Si [40,42]. For PAAm (formed from the polymerization of acrylamide (Amm)), the bands
at 3357 and 3195 cm−1 refer to the axial deformation of the N-H bond, and the bands at
1676 cm−1 and 1605 cm−1 are attributed to the stretching vibration of the C=O groups and
the N-H stretching vibration of the amide groups, respectively, belonging to the PAAm
molecule [43,44]. For starch, the band at 3435 cm−1 refers to the O–H stretching vibration of
the hydroxyl group present in the starch molecule. The carbon chain present in the starch
molecule that generates the bands observed in 2943 cm−1 is due to the C–H stretching
vibration; the bands at 1647, 1458, and 1353 cm−1 are related to the C–OH bending; and the
bands at 1147, 1076, and 980 cm−1 correspond to the C–O stretching vibration [45].

Figure 7. The attenuated total reflectance Fourier transform infrared spectra of sugarcane bagasse
ash (SCBA), crosslinked polyacrylamide (PAAm), starch, and the hydrolysed H2, H4, H6, and
H9 hydrogels.

It can be noted that the spectra of the hydrolysed hydrogels H2, H4, H6, and H9 are
similar and have bands characteristic of both AAm and starch. In the spectrum of the
hydrogels, a broad band can be noted at 3500–3100 cm−1 that is related to the overlap of
the stretching band of the starch hydroxyl group (-OH) with the stretching band of the
N-H bond of the amide present in the polyacrylamide, formed by the polymerisation of the
acrylamide monomer. In addition, the band around 1700 cm−1 corresponds to carboxyl
(C=O) also present in acrylamide. The hydrogels H2 and H4 showed a decrease in the band
corresponding to carboxyl, possibly due to the hydrolysis reaction, since, in this process,
the amide groups (-CONH2) are converted to carboxylate groups (-COO−Na+). It can also
be noted that the shift of the N-H vibration band of the amide at 1605 cm−1 to 1461 cm−1

in the hydrogels indicates that crosslinking reactions occurred [24].
The SCBA was obtained through the calcination of SBA at 600 ◦C. This material had

a higher level of pozzolanic activity [23]. Calcination at 600 ◦C eliminates, by burning,
almost all the carbon present in the sample structure [23,24]. The X-ray diffractogram
presented in Figure 8 showed an amorphous halo originating from the silica between 2θ of
10◦ and 50◦. Moreover, there are no crystallinity peaks. Therefore, its reactivity is better,
and, consequently, it has better applicability to cementitious media [46].
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Figure 8. The X-ray diffraction profile of sugarcane bagasse ash obtained by calcination at 600 ◦C for
2 h.

3.6. FTIR, XRD, and TGA of the Cement Pastes

Figure 9 shows the FTIR spectra of the aged cement pastes. After ageing for 7 and
28 days, there were no changes in the absorption bands in relation to the reference cement
paste. This result indicates that the addition of hydrogel into the concrete matrix did not
significantly change the composition of the cement pastes. The bands observed at 3629,
3638, and 3658 cm−1 correspond to the hydroxyl group (-OH) present in Ca(OH)2; this
formation results from the hydration reactions of the compounds C3S, C2S, and C-S-H [45].
The bands observed at 1452 and 732 cm−1 refer to the -CO bond of the carbonate groups.
The band at 991 cm−1 is attributed to the asymmetric stretching of the Si-O vibrations of the
SiO4 tetrahedron of the silicate phase present on C3S and C2S. In all samples, the vibrations
at 713 and 870 cm−1 indicate the presence of calcite (CaCO3) [47].

Figure 9. The Fourier transform infrared spectra of cement pastes aged for 7 days (a) and 28 days (b).

The hydrolysed H2 hydrogel was used to produce the cement pastes due to its degree
of swelling from the water absorption and desorption tests (see Table 2 and Figures 2 and 3).
Figure 10 shows the XRD profiles obtained in cement pastes after ageing for 7 and 28 days
from the reference paste (Paste-ref) and pastes with 0.06%, 0.03%, and 0.1% hydrogel by
weight. The pastes with hydrogel and the reference paste (without gel addition) present
similar X-ray diffractograms, indicating that the addition of hydrogel did not modify the
profiles of the cement paste matrix during curing for 7 and 28 days.
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Figure 10. Comparison of the X-ray diffractograms of the cement pastes after ageing for (a) 7 and
(b) 28 days and (c) broadening of the (CaOH)2, C-S-H, and C2S and C3S peaks.

The X-ray diffractograms were analysed to identify the anhydrous and hydrated
crystalline phases in the pastes: (1) portlandite (Ca(OH)2), (2) ettringite, (3) C-S-H, (4) di-
calcium silicate (C2S), and (5) tricalcium silicate (C3S). In general, portlandite was most
detectable, with 2θ peaks of 18◦, 31◦, 34◦, and 46◦ after 7 and 28 days of curing. Portland
cement basically consists of C2S and C3S. During the hydration reactions, C2S and C3S are
transformed into Ca(OH)2 and C-S-H. In other words, the presence (or absence) of C2S,
C3S, Ca(OH)2, and C-S-H can be noted in the X-ray diffractogram patterns, so it may be
indicative of the formation (or not) of such compounds during ageing. The addition of
hydrogel to the cement matrix can delay the hydration of the concrete, as it adheres to the
particles, thus preventing heat conduction between the cement particles [48,49].

Figure 10c shows that, for all cement pastes containing hydrogel, the peak at 2θ = 18◦
is more intense than the reference paste for both curing ages studied, i.e., there was greater
production of Ca(OH)2, thus indicating better hydration of the medium. Furthermore, it
can also be noted that the peak at 2θ = 29◦ (referring to C-S-H) is also more intense for
the pastes containing hydrogel, indicating more formation of C-S-H. It is also possible to
note that the peaks referring to C2S and C3S (2θ = 39◦ and 41◦) are more intense for the
reference paste (without the addition of hydrogel), indicating that this sample contains a
greater presence of non-hydrated products, while the samples with hydrogel have smaller
peaks of these compounds, indicating that hydration was more efficient [30].

Figure 11 shows the thermogravimetric (TG)/first-derivative thermogravimetric
(DTG) curves of the hydrated cement pastes, after ageing for 28 days. The TG/DTG
profiles demonstrate the reactions that occurred in the hydrated cement pastes when sub-
jected to a continuous increase in temperature. The TG/DTG curves of the pastes present
a peak close to 100 ◦C; this peak is associated with the release of water and dehydration
of C-S-H and ettringite. Due to this overlap, it is not possible to calculate the C-S-H dose
accurately. However, another peak around 440 ◦C corresponds to the dehydration of
Ca(OH)2 [6,47,49]. At this temperature, it can be noted that the cement paste without hy-
drogel (Figure 11a) presented a mass loss of 10%, while those with the addition of hydrogel
presented a mass loss of 15%, thus indicating a greater presence of Ca(OH)2 [30].
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Figure 11. Thermogravimetric (TG)/derivative thermogravimetric (DTG) analysis of Portland cement
pastes aged for 28 days: (a) reference paste, (b) with 0.1% hydrogel by weight, (c) with 0.03% hydrogel
by weight, and (d) with 0.06% hydrogel by weight.

3.7. Compressive Strength Tests of the Mortars

Figure 12 shows the compressive test results for the mortars containing the hydrolysed
H2 hydrogel (0.1%, 0.03%, and 0.06% by weight: Mort-01, Mort-003, and Mort-006, respec-
tively). After ageing for 7 days, only Mort-003 presented an increase in resistance relative to
the reference mortar (Mort-Ref); the resistance of Mort-006 and Mort-001 decreased relative
to Mort-Ref. After ageing for 28 days, similar behaviour was exhibited: an increase for
Mort-003 and a reduction for Mort-006 and Mort-01 relative to Mort-Ref.

The addition of 0.03% hydrogel proved to be effective in increasing the mechanical
resistance of the mortar. This may be related to the controlled release of water in the
cementitious matrix, favouring the curing process [47,50]. This increase can be attributed
to the presence of swollen hydrogel in the formulation, because the added hydrolysed H2
hydrogel was swollen at equilibrium. So, in the preparation of the mortar, no additional
water was added to the specimens, differently from the cement pastes prepared without
hydrogel. The hydrogel released water during ageing, favouring effective curing. The
addition of 0.1% and 0.06% hydrogel by weight was unfavourable in terms of resistance.
After ageing for 28 days, the discrepancy in the resistance was considerable. The reduction
in the strength of Mort-01 and Mort-006 due to the addition of hydrogel can be caused
by the formation of voids in the mortar microstructure, precisely because, as water is
released by the swollen hydrogels in the cement matrix, there is a reduction in the polymer,
causing the formation of voids in the microstructure. The differences in the compressive
test results are related to different factors, such as climate and the moulding of the test
specimens [51–53]. The compressive test results showed that the developed hydrogels
have the capacity to act as an internal curing agent, providing better hydration for the
cementitious medium and, consequently, greater mechanical resistance. Furthermore, only
a small amount of the hydrolysed H2 hydrogel (0.03% by weight) is necessary to improve
the resistance of the material, while higher levels can reduce resistance.
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Figure 12. Compressive strength test for the mortars aged for 7 and 28 days. Mort-ref, reference mor-
tar; Mort-003, mortar with 0.03% hydrogel by weight; Mort-006, mortar containing 0.06% hydrogel
by weight; and Mort-01, mortar containing 0.1% hydrogel by weight.

The fact that Mort-01 and Mort-006 presented lower resistance compared with Mort-
Ref does not mean that the hydrolysed H2 hydrogel cannot act as an internal curing agent.
Instead, it can be said that high levels of hydrogel end up releasing a greater amount
of water than is necessary to act in the hydration process. This excess water harms the
resistance of the material, because a cementitious medium must have a proper balance of
its constituent materials [54,55].

In the literature, there are no discussions about the interaction between the hydrogel
and the cementitious medium. However, what can occur is the interaction between the
polymer matrix and the ions formed in the cement hydration process. As has already been
discussed, the presence of ions reduces the absorption of water by the hydrogel. For this
reason, in our research, the hydrogels were already swollen when added, so that they could
absorb and release the greatest possible amount of water, without being influenced by the
environment in which they were inserted.

In addition to hydrogels, another material that is widely studied for use as an internal
curing agent is prewetted lightweight aggregates (LWAs), which, like hydrogels, improve
relative humidity in the environment by releasing water [56]. However, despite being
effective in reducing autogenous shrinkage, the use of LWAs caused a reduction in the
mechanical strength of the material, due to the formation of large pores and the increase in
the porosity of the material [56–58]. Furthermore, the use of LWAs implies the reduction in
fine and coarse aggregates [56,57], which can also be a factor responsible for the reduction
of mechanical resistance. Thus, the results obtained can indicate that hydrogels have an
advantage over LWAs, as they are capable of reducing autogenous shrinkage and increasing
mechanical resistance without the need to reduce another component of the medium.

The water contained in the inner part of the hydrogel is more difficult to be lost
through evaporation, as it interacts with the hydrophilic groups present in the polymer
matrix, when compared with the free water in the cement pores. In addition, the water
absorbed by the hydrogel will be desorbed directly into the cementitious medium, since
the hydrogel will be surrounded by the mass formed by the cement hydration process, thus
creating another barrier to water loss through evaporation.
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The compressive test data were subjected to analysis of variance (ANOVA) to evaluate
the statistical significance of the main factors: age (7 and 28 days) and the hydrolysed
hydrogel content (0.03%, 0.06%, and 0.01% by weight). Table 3 shows the age, hydrolysed
H2 hydrogel content as well as the age × hydrolysed hydrogel content interaction. The
age, hydrolysed hydrogel content, and age × hydrogel content interaction were significant.
Hence, the amount of hydrolysed hydrogel in the cementitious material (e.g., mortar in
this study) and the curing time are highly relevant to the mechanical properties of the
cementitious material.

Table 3. Analysis of variance of the compressive strength test data of the mortars, considering the
main factors age and the hydrolysed hydrogel content.

Effect SQ * DF ** MQ *** F p-Value Result

Age 2.83 × 1014 11 2.56 × 1013 3.8 2.3 × 10−3 Significant
Hydrogel 2.28 × 1014 6 7.60 × 1013 11.2 4.0 × 10−4 Significant
Residue 1.10 × 1014 - 6.77 × 1012 - - -

* SQ, quadratic sum; ** DF, degrees of freedom; *** MQ, mean of squares.

4. Conclusions

The synthesis of hydrogels from crosslinked PAAm, starch, and SCBA was successful;
however, the hydrogels presented low Q values (between 10–15 g/g). After the hydrolysis
process, an increase of more than 10 times in the Q value (110–200 g/g) was observed, thus
producing superabsorbent hydrogels. SEM images showed that the addition of SCBA did
not influence the formation of pores, and SCBA particles were not deposited on the surface
of the hydrogel.

FTIR and XRD analyses of the cement pastes indicate that the addition of the hydrogel
to the cementitious medium does not alter the composition of the cement pastes, showing
that the hydrogel can be added to the cementitious medium without damaging the main
characteristics of product. When analysing the mechanical properties, it can be noted
that the addition of the 0.03% content was able to increase the mechanical strength in the
curing period of 7 and 28 days, indicating that the hydrogel acted as an internal curing
agent, improving hydration and, thus, improving the mechanical strength. However,
when contents higher than 0.03% (0.06% and 0.1%) were added, a reduction in mechanical
strength occurred in up to 26.8% at 28 days of curing, as compared with reference (without
hydrogel). This does not mean that the hydrogel did not act as an internal curing agent
and is related to the formation of voids after the release of water by the hydrogel, which
negatively influences the strength of the material.

In addition to what was reported above, to the best of our knowledge, this is the
first time that a hydrogel containing crosslinked PAAm, starch, and SCBA has been used
as a curing agent for mortars and cement pastes. In addition to the technological use of
hydrogel as a curing agent, this approach is environmentally friendly, because it uses a
natural product (starch) and SCBA, a byproduct of the sugarcane industry. This research
paves the way for the development of new research using hydrogels containing crosslinked
PAAm, starch, and SCBA with application in the cementitious medium (using the hydrogels
that have not yet been applied in the cementitious medium) and for new applications that
require materials that can absorb and release large amounts of water.
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Abstract: Nonmetallic ionic liquids (ILs) exhibit unique advantages in catalyzing poly (ethylene
terephthalate) (PET) glycolysis, but usually require longer reaction times. We found that exposure
to UV radiation can accelerate the glycolysis reaction and significantly reduce the reaction time. In
this work, we synthesized five nonmetallic dibasic ILs, and their glycolysis catalytic activity was
investigated. 1,8-diazabicyclo [5,4,0] undec-7-ene imidazole ([HDBU]Im) exhibited better catalytic
performance. Meanwhile, UV radiation is used as a reinforcement method to improve the PET
glycolysis efficiency. Under optimal conditions (5 g PET, 20 g ethylene glycol (EG), 0.25 g [HDBU]Im,
10,000 μW·cm−2 UV radiation reacted for 90 min at 185 ◦C), the PET conversion and BHET yield
were 100% and 88.9%, respectively. Based on the UV-visible spectrum, it was found that UV radiation
can activate the C=O in PET. Hence, the incorporation of UV radiation can considerably diminish the
activation energy of the reaction, shortening the reaction time of PET degradation. Finally, a possible
reaction mechanism of [HDBU]Im-catalyzed PET glycolysis under UV radiation was proposed.

Keywords: PET glycolysis; nonmetallic dibasic ionic liquids; UV radiation; catalyst

1. Introduction

PET has an important position in the field of plastic applications since it is non-toxic,
odorless, and tasteless [1]. These unique qualities allow PET to be employed in diverse textiles
and soft drink bottles [2,3]. However, it poses a serious threat to both the environment and
ecosystems due to the accumulation of large quantities of PET waste [4]. Furthermore, while
PET itself is considered nontoxic, certain additives and colorants present in PET products
have the potential to accumulate in the body and lead to toxicity in organisms [5]. And under
100% humidity conditions, the life expectancy of a PET bottle is approximately 93 years [6].
Therefore, achieving complete degradation of PET in natural environments is an almost
impossible challenge. In addition, approximately seven barrels of petroleum resources can
be saved for every ton of mixed plastic recycled [7]. Hence, the recycling of waste PET holds
significant importance for the environment, resources, and economy.

Chemical recycling of waste PET has garnered increasing attention as a means to achieve
a closed-loop process and diminish the reliance on fossil energy resources. It facilitates the
efficient utilization of waste PET by depolymerizing it into monomers or other chemical
compounds [8,9]. Various chemical manners have been studied including glycolysis [10],
hydrolysis [11], methanolysis [12], and aminolysis [13]. Among them, glycolysis has attracted
great attention because of its mild reaction conditions and because no toxic substances are
released during the reaction. PET glycolysis is a process of transesterification with EG at a
certain temperature to generate bis (hydroxyethyl) terephthalate (BHET). In the absence of
a catalyst, the reaction takes place very slowly [14]. Therefore, various glycolysis catalysts
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have been developed [15]. Some catalysts, such as ZnO [16], Mn3O4 [16], zeolite [17], and
SO4

2−/ZnO [18] have been adopted, but they can not dissolve in EG [19]. Thus, the catalytic
activity is relatively low due to the complexity of mass transfer. Compared with these solid
catalysts, ILs exhibit superior catalytic activity. In 2009, our team first used [Bmim]Cl as a
solvent to dissolve and degrade PET [20]. Since then, more and more imidazolium-based ILs
have been adopted, such as [Bmim]2[CoCl4] [21], [Amim][ZnCl3] [22], and [Bmim][ZnCl3] [23].
Similar to metal salts, ILs that contain Zn2+ exhibit excellent catalytic efficiency. However, the
residual Zn2+ in BHET can seriously downgrade the quality of BHET and recycled PET. There-
fore, to solve this issue, some nonmetallic ILs catalysts were designed, such as [Ch][OAc] [24]
and [Ch]3[PO4] [25]. All of them are biocompatible ILs, but it takes more than three hours to
fully degrade PET, which leads to high energy consumption and is not conducive to large-scale
production. Therefore, it is imperative to improve the reaction rate of nonmetallic IL catalysts.
Previous researchers have indicated that alkaline ILs often exhibit better catalytic activity
than acidic ILs in PET glycolysis reactions. The catalytic performance of DBU, which has
stronger alkalinity, has been demonstrated [26]. Additionally, imidazole anion ([Im]-) also
exhibits alkalinity. Therefore, it is considered desirable to design and synthesize [HDBU]Im as
a nonmetallic dibasic catalyst, with the anticipation of showcasing remarkable catalytic efficacy
in the PET glycolysis reaction.

On the other hand, researchers have developed various auxiliary promotion methods to
further enhance PET glycolysis reactions. Alnaqbi et al. [27] used [Bmim]Br as a catalyst for
PET glycolysis under microwaves, which could reduce the glycolysis time from nearly 9 h
(conventional heating) to 2 h, dramatically increasing the catalytic reaction rate. Imran et al. [28]
utilized supercritical ethylene glycol (450 ◦C and 15.3 MPa) for PET degradation, resulting
in a BHET yield of 93.5% within 30 min. The shortened reaction time is attributed to its
solubility and high solvent density. However, the temperature and pressure under supercritical
conditions are relatively high. Le et al. [29] developed a co-solvent-assisted PET glycolysis
method that can complete PET decomposition by reacting at 153 ◦C for 2 h using anisole as a co-
solvent. However, anisole has a detrimental impact on the environment. As part of the sunlight
spectrum, ultraviolet (UV) radiation is cheaper, more accessible, and more environmentally
friendly than other auxiliary promotion methods. UV radiation has been identified as the
primary factor for plastic degradation in the natural environment [30]. MacLeod et al. [31]
reported that under marine conditions, the photo-induced oxidation of PET is likely to occur,
which leads to a reduction in molecular weight. In this process, the function of UV radiation is
to induce the cleavage of the carbon–carbon backbone, leading to chain scission. Lee et al. [32]
identified the photo-degradation products of PET films including esters, peresters, and benzoic
acids. More et al. [33] applied UV radiation in PET aminolysis. It can be found that the speed
of the degradation process was enhanced, which was due to the UV radiation attacking the
ester linkage of the PET [33]. Therefore, UV radiation can be used as an efficacious method
to promote the occurrence of PET degradation. However, the research on IL-catalyzed PET
glycolysis under UV radiation-assisted systems is still limited. Motivated by this, UV radiation
was introduced into the PET degradation system to enhance the catalytic reaction rate of
nonmetallic ILs and the yield of BHET.

In this study, UV radiation was introduced into the IL-catalyzed PET glycolysis system
as an auxiliary strengthening method. Meanwhile, five nonmetallic dibasic ILs catalysts
were synthesized, and their activity was tested under the same conditions. Among them,
[HDBU]Im exhibited the best activity. The optimization of the reaction conditions was
achieved through the evaluation of influencing parameters. The reaction kinetics under
UV radiation and without UV radiation were studied, and the impact of UV radiation on
the reaction mechanism was subsequently examined. Finally, based on the experimental
findings a potential degradation mechanism was suggested. Compared with conventional
heating methods, UV radiation can shorten the reaction time of nonmetallic IL-catalyzed
PET glycolysis and increase the yield of BHET. This approach conserves energy and pro-
cessing expenses without using hazardous reagents, offering a novel strategy for enhancing
the efficiency and sustainability of PET chemical recycling.
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2. Materials and Methods

2.1. Materials

Raw PET material was acquired from DuPont (Wilmington, DE, USA). They were
smashed to 40–60 mesh. At this particle size, PET has a large surface area, which is con-
ducive to mutual contact between PET, EG, and IL, which can speed up the reaction rate
and achieve faster degradation of PET. The molecular weight (Mn) of the PET powder was
4.35 × 104 g·mol−1, determined using GPC analysis. Imidazole (Im), 2-methylimidazole (2-
MeIm), 2-ethylimidazole (2-EtIm), 4-methylimidazole (4-MeIm), and 2-ethyl-4-methylimidazole
(2-Et-4-MeIm) were purchased from Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing,
China.

2.2. Synthesis of ILs

A series of nonmetallic dibasic ILs were synthesized according to reported proce-
dures [34,35]. Taking [HDBU]Im as an example, it was synthesized through the neutraliza-
tion reaction of DBU and imidazole. A certain amount of imidazole was added dropwise
to the anhydrous ethanol solution of DBU. The molar amount of imidazole in the mixture
is equimolar to DBU. DBU, imidazole, and anhydrous ethanol were stirred vigorously at
25 ◦C for 24 h. The anhydrous ethanol was removed using vacuum evaporation, and a
pale yellow transparent liquid was obtained. The synthesis steps of 1,8-diazabicyclo [5,4,0]
undec-7-ene 2-methylimidazole ([HDBU][2-MeIm]), 1,8-diazabicyclo [5,4,0] undec-7-ene
2-ethylimidazole ([HDBU][2-EtIm]), 1,8-diazabicyclo [5,4,0] undec-7-ene 4-methylimidazole
([HDBU][4-MeIm]), and 1,8-diazabicyclo [5,4,0] undec-7-ene 4-methylimidazole 2-ethyl-4-
methylimidazole ([HDBU][2-Et-4-MeIm]) were similar to [HDBU]Im.

2.3. PET Glycolysis under UV Radiation

The reaction was conducted in a dark box under UV radiation. In each experiment, a
50 mL three-neck flask containing a thermometer, a condensation device, and a magnetic
stirrer was utilized, and 5.0 g PET powder, 20 g EG, and a definite amount of catalyst
were added. They were heated in an oil bath. The temperature was from 160 ◦C to 195 ◦C
and the reaction time was from 20 min to 150 min. After the completion of degradation,
the mixture was cooled to 25 ◦C, then poured into 500 mL deionized water and stirred
vigorously at 70 ◦C for 1 h to separate the unreacted PET particles through filtration. The
unreacted PET was dried at 65 ◦C for 12 h, and it was weighted to compute PET conversion,
which was defined using Equation (1)

PET Conversion =
W0 − W1

W0
× 100% (1)

where W0 represents the initial weight of the PET and W1 represents the weight of the unreacted
PET. The filtrate was subsequently subjected to rotary evaporation in a vacuum at 65 ◦C, and
the concentrated filtrate was cooled at 4 ◦C for 12 h. Finally, a needle-like BHET monomer was
obtained through filtration and drying. The BHET yield is defined using Equation (2):

BHET Yield =
WBHET/MBHET

W0/MPET
(2)

where WBHET is the weight of BHET and MBHET and MPET are the molecular weight of
BHET and the PET repeat unit, respectively.

2.4. Recycling of the EG and Catalyst

After the BHET was extracted through filtration, the remaining EG and catalyst in the
filtrate were subjected to rotary evaporation at 65 ◦C and then stored in a vacuum oven at
70 ◦C for over 12 h to remove as much water as possible. In the succeeding cycle, a certain
amount of the EG was added to ensure that the quantity of the solution was equal to 20 g.
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2.5. Characterization

The 1H NMR spectra were analyzed using an AVANCE-III 600 NMR spectrometer (Bruker,
Fällanden, Switzerland), operated at 600 MHz in CDCl3 and DMSO-d6. The FT-IR testing of
the catalysts and main product were performed with a Nicolet 380 FT-IR spectrograph (Thermo
Nicolet, Waltham, MA, USA). The differentials scanning calorimeter (DSC) STARe system
was applied to generate the DSC curve from 25 ◦C to 200 ◦C at the heating rate of 10 ◦C/min
under a nitrogen atmosphere. The thermogravimetric analysis (TGA) curve was tested using
DTG-60H (Shimadzu, Tokyo, Japan) under the nitrogen atmosphere, and the samples were
heated from 25 ◦C to 600 ◦C at the heating rate of 10 ◦C/min. Gel permeation chromatography
(GPC) (Agilent, PL-50, Santa Clara, CA, USA) was applied to determine the molecular weights
of PET pellets and oligomers. The testing condition was as follows: the oven temperature was
30 ◦C, the mobile phase was chloroform.

3. Results

3.1. Screening of Catalysts

To investigate the effect of imidazole derivatives anions on catalytic activity, a series of
nonmetallic dibasic ILs were prepared. Their structures are shown in Scheme 1. The steric-
hindrance effect of anions can significantly affect the catalytic activity. From Table 1, it is
evident that [HDBU][Im] exhibits the highest catalytic activity, with a BHET yield of 82.9%.
It was also found that when the position of 2-H, 4-H, and 5-H of the imidazole ring are
replaced by other functional groups, the catalytic activity can be reduced. For entry 2 and
entry 3, the catalytic activity is similar. Therefore, the position of the substituent group
on the imidazole ring has relatively tiny influence on catalytic activity. For entry 3 and
entry 4, if the volume of the substituent group is bigger, the steric-hindrance effect is
noticeable and the hydrogen bonds between the catalyst and the EG will be weakened.
Meanwhile, the electron density will be reduced. Thus, the catalytic activity decreases.
It can be proved that the 2-H of the imidazole ring plays a crucial role in catalyzing
PET glycolysis. 2-H is more active than others, which can leave the imidazole ring and
become H+. The H+ can attack the carbon of C=O in PET, and then the electrophilicity will
be improved. Thus, [HDBU][Im] is the best catalyst, and the structure of the [HDBU][Im]
was characterized using FT-IR and 1H NMR (see Supplementary Materials). On the other
hand, through a series of characterizations of the main product, it was proved that the main
product obtained from the degradation of PET catalyzed by [HDBU][Im] is the monomer
BHET (see Supplementary Materials for more detail).

Scheme 1. Molecular formula of DBU-based ionic liquids (atoms were numbered).

Table 1. Different catalysts activities for PET glycolysis 1.

Entry ILs PET Conversion (%) BHET Yield (%)

1 [HDBU][Im] 100 82.9
2 [HDBU][4-MeIm] 100 78.3
3 [HDBU][2-MeIm] 100 77.2
4 [HDBU][2-EtIm] 96.2 74.1
5 [HDBU][2-Et-4-MeIm] 100 70.5

1 Reaction conditions: 5.0 g PET, 5.0 wt% catalyst, 20.0 g EG reacted for 90 min at 190 ◦C under 5000 μW·cm−2

UV radiation.
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3.2. The Effect of UV Radiation

In order to explore the effect of UV radiation on this reaction, the conversion of PET
and the yield of BHET were compared with and without UV radiation. The experimental
data are shown in Figure 1. UV radiation has been shown to enhance the depolymerization
reaction of PET, resulting in a 100% conversion rate after 30 min compared to 120 min
without UV radiation. Therefore, UV radiation can significantly accelerate the reaction and
shorten the reaction time, and it can also increase the yield of BHET. This may be because
UV radiation can degrade the polymer into oligomers effectively. To verify this conjecture,
the oligomers generated under UV radiation and without UV were separated and analyzed
using GPC (Table 2). UV radiation reduced the Mn of oligomers by approximately 50%.
This shows that UV does accelerate polymer degradation, so more oligomers with lower
molecular weight were produced. Son et al. [36] found that UV radiation can reduce the
activation energy of the reaction system. Therefore, it is speculated that in this glycolysis
reaction, UV radiation can also reduce the activation energy, accelerating the reaction rate. The
effect of UV radiation on activation energy will be discussed in detail in subsequent sections.

Figure 1. Effect of UV on PET conversion and BHET yield at different reaction time (reaction
conditions: 5 g PET, 5 wt% catalyst/PET ratio, 1/4 PET/EG weight ratio at 185 ◦C).

Table 2. GPC analysis for oligomers.

Condition Mn (g·mol−1) Mw (g·mol−1) PD

Without UV radiation 2419 2461 1.02
With UV radiation 1084 1102 1.02

Mn: number-average Molecular Weight, Mw: weight-average Molecular Weight, PD = Mw/Mn.

3.3. Influence of Reaction Conditions

To determine the optimal reaction conditions for [HDBU][Im], various factors includ-
ing temperature, reaction time, catalyst amount, and UV radiation intensity were explored.
The effect of the reaction temperature is shown in Figure 2a. Below 150 ◦C, BHET is barely
detectable. As the temperature increases, the conversion rate of PET and yield of BHET
increase sharply. From 180 ◦C to 195 ◦C, the conversion rate was maintained at 100% and
the BHET yield remained steady up to 78.96% from 185 ◦C to 195 ◦C. It was obvious that the
transesterification reaction is an endothermic reaction, and the reaction temperature played
a crucial role in the degradation of PET, so the increase in temperature was conducive to the
progress of the reaction. The BHET yields at 185 ◦C and 195 ◦C were 78.82% and 78.96%,
respectively. At these two temperatures, there is no significant difference in the yield of
BHET. It is worth noting that as the temperature rises, so does the energy consumption.
Therefore, in terms of energy conservation, 185 ◦C is the optimal temperature.
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Figure 2. Effect of temperature (a) (reaction conditions: 5 g PET, 5 wt% catalyst/PET ratio,
1/4 PET/EG weight ratio with 5000 μW·cm−2 UV radiation for 40 min), time (b) (reaction con-
ditions: 5 g PET, 5 wt% catalyst/PET ratio, 1/4 PET/EG weight ratio with 5000 μW·cm−2 UV
radiation at 185 ◦C), catalyst dosage (c) (reaction conditions: 5 g PET, 1/4 PET/EG weight ratio
with 5000 μW·cm−2 UV radiation at 185 ◦C for 90 min), and UV radiation intensity (d) (reaction
conditions: 5 g PET, 5 wt% catalyst/PET ratio, 1/4 PET/EG weight ratio at 185 ◦C for 90 min) on
PET degradation.

The effect of the reaction time is shown in Figure 2b. It is observed that from 40 min
to 150 min, the conversion of PET was maintained at 100%. Under UV radiation, the PET
conversion reached 100% within 40 min. Degradation was quicker than in conventional
experimental conditions [21]. In this process, the conversion of PET reached 100%, while
the yield of BHET demonstrated a notable increase as the reaction time was prolonged from
40 min to 90 min. Therefore, we speculated that PET was first degraded into oligomers and
then the oligomers turned into BHET. Furthermore, the glycolysis of PET is a reversible
reaction, with a dynamic equilibrium existing between the BHET and the oligomers. The
reaction reached equilibrium after 90 min; further extending the reaction time did not
enhance the yield of BHET. Thus, 90 min was determined as optimal.

Figure 2c illustrates the effect of the amount of catalyst. PET is difficult to degrade
without a catalyst. As the [HDBU]Im increased, the PET conversion remained at 100%.
However, as the [HDBU]Im dosage increased from 0.1 g to 0.25 g, the yield of BHET
increased significantly. The BHET yield attained its maximum value when the catalyst
dosage reached 0.25 g, and the BHET yield decreased marginally with further increase of
catalyst dosage. This may be due to the excessive amount of catalyst boosting the reverse
reaction, causing more BHET to be converted into oligomers. Therefore, excessive catalyst
dosage is not conducive to the acquisition of BHET; the optimized catalyst amount is 0.25 g.

Figure 2d illustrates the effect of UV radiation intensity. As the UV radiation intensity
increased from 5000 μW·cm−2 to 15,000 μW·cm−2, the PET conversion remained at 100%.
However, UV radiation intensity can markedly affect BHET yield. When the intensity
was raised from 5000 μW·cm−2 to 10,000 μW·cm−2, the BHET yield increased gradually.
Based on the experimental results above, it can be deduced that UV radiation has the
capability to facilitate the breakage of PET molecular chains, thereby accelerating the
decomposition of PET into oligomers and monomers. After that, as the intensity was
further increased, the yield of BHET decreased. It has been previously suggested that
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photo-grafting polymerization can occur under UV radiation for compounds containing
carbonyl or ester groups [37]. When the intensity of UV radiation exceeds 10,000 μW·cm−2,
it has the potential to polymerize BHET into oligomers [38], leading to a decrease in the
yield of BHET. Therefore, 10,000 μW·cm−2 is the optimal UV radiation intensity, with a
BHET yield of 88.9%.

3.4. Recycling of Solvent and Catalyst

Recycling of the remaining EG and catalyst is an important issue for environmental and
economic reasons. The recycling ability of the catalyst is also crucial for industrialization.
It was tested under optimal experimental conditions (5 g PET, 0.25 g IL, 20 g EG, 90 min,
185 ◦C, 10,000 μW·cm−2). The recycling results are shown in Figure 3, which demonstrates
that [HDBU][Im] could sustain its catalytic activity when reused up to six times. After
recycling seven times, the catalytic performance decreased, which may be due to the
loss of [HDBU][Im] catalyst. As shown in Figure S8, the TGA curve shows that the
thermal decomposition temperature of [HDBU][Im] is 201 ◦C. The reaction temperature
of [HDBU][Im]-catalyzed PET degradation is below 201 ◦C, but prolonged exposure to
this temperature may result in partial decomposition of the [HDBU][Im]. Therefore, the
catalytic activity of [HDBU][Im] decreased after it was recycled seven times.

 
Figure 3. Recycling of [HDBU][Im].

3.5. Kinetics of PET Glycolysis

Kinetics can reveal reaction processes [39]. Based on PET conversion, the kinetic of PET
is first order [40–42]. We used the shrinking core model to calculate the activation energy
of the [HDBU]Im-catalyzed PET glycolysis reaction system. To better understand the effect
of UV radiation, kinetics studies with and without UV radiation were all investigated.

Figure 4a demonstrates the effect of temperature on k under UV radiation. A rapid
increase in the reaction rate constant is observed as the temperature increases from 170 ◦C
to 185 ◦C, proving that temperature is an important factor. Calculated using the Arrhenius
equation, the relationship between lnk and temperature is shown in Figure 4b. A fine
straight line was obtained with correlation coefficient squares larger than 0.98. It indicated
that PET glycolysis conforms to a first-order kinetic model. Thus, the activation energy (Ea)
is 113.76 kJ·mol−1.

Figure 5a displays the influence of temperature on k without UV radiation, and
Figure 5b expresses the relationship between lnk and temperature based on the Arrhenius
equation. A fine straight line was obtained with correlation coefficient squares larger than
0.98. The Ea is 166.50 kJ·mol−1. It is evident that UV radiation can reduce the Ea from
166.50 kJ·mol−1 to 113.82 kJ·mol−1. The Ea is defined as the minimum amount of energy
necessary to initiate a chemical reaction [43]. The lower value of the Ea means the more
viable a reaction is and the faster the reaction process. UV radiation can significantly reduce
the activation energy of [HDBU][Im]-catalyzed PET glycolysis. Therefore, 100% conversion
of PET can be achieved in a shorter time, and the yield of BHET can also be increased.
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Figure 4. Effect of the temperature on the rate of glycolysis of PET (under UV radiation) (a). Arrhenius
plot of the rate constant of glycolysis of PET (under UV radiation) (b).

Figure 5. Effect of the temperature on the rate of glycolysis of PET (without UV radiation) (a).
Arrhenius plot of the rate constant of glycolysis of PET (without UV radiation) (b).

3.6. PET Degradation Mechanism

To explore the catalytic mechanism of [HDBU]Im, a series of experiments were con-
ducted under optimal conditions. The results are shown in Table 3. Obviously, the catalytic
activity of [HDBU]Im is higher than imidazole or DBU. It can be inferred that [HDBU]+

and [Im]− play a synergistic role.

Table 3. Catalytic activity comparison among imidazole, DBU, and [HDBU]Im 1.

Catalyst Conversion of PET (%) Yield of BHET (%)

Imidazole 22.5 14.5
DBU 100 71.5

[HDBU]Im 100 88.9
1 Reaction conditions: 5.0 g PET, 0.25 g catalyst, 20.0 g EG reacted for 90 min at 185 ◦C under 10,000 μW·cm−2

UV radiation.

According to the literature, some catalysts, such as [Ch][OAc], [dimim][FeCl4], [Ch][Gly],
and [Ch]3[PO4], can form hydrogen bonds (H-bonds) with the hydroxyl hydrogen of
EG [24,25,44,45]. The H-bonds elongate the O-H bond of EG hydroxyl and enhance the elec-
tronegativity of EG oxygen [46]. Hence, EG can easily attack the carbon of the ester group
in PET [21]. To reveal the interaction between [HDBU]Im and EG, FT-IR characterization
was conducted for [HDBU]Im/EG mixtures (Figure 6). The O-H vibration of EG showed
an obvious 14 cm−1 red shift as the [HDBU]Im was introduced into EG. This indicates that
[HDBU]Im and EG can form H-bonds, which can effectively activate the hydroxyl group of
EG. Therefore, the ability of EG to attack the ester groups in PET is enhanced. To further
realize the interaction between EG and catalysts, DBU/EG mixtures were also analyzed
(Figure S9). The weight ratios of DBU/EG mixtures are consistent with [HDBU]Im/EG. For
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DBU/EG mixtures, the red shift of EG hydroxyl vibration was 8 cm−1. This result further
indicates that the hydrogen bonding between [HDBU][Im] and EG is stronger. Therefore,
[HDBU]Im could efficiently catalyze the degradation of PET.

 

Figure 6. FT-IR spectra of [HDBU]Im/EG mixtures.

To verify the interaction between UV radiation and PET, it is essential to study the
UV absorption properties of PET (Figure 7). One strong absorption band appears at nearly
280 nm, corresponding to the benzene ring in PET [47]. The other absorption band appears
at nearly 310 nm and corresponds to the carbonyl group in PET [48]. The UV absorption
of the carbonyl group causes n→π*electronic transitions. The transition responsible for
UV absorption in the carbonyl group can be traced to the lone pair of electrons on the
O atom. One of the electrons in a lone pair can be excited to an empty π* orbital of the
carbonyl group [49], so the electronegativity of the oxygen of C=O in PET becomes higher.
Meanwhile, the electrophilicity of the carbon of the C=O group in PET is enhanced. It makes
the carbonyl group more vulnerable to EG attacks. As a result, the effect of UV radiation is
to activate the carbonyl group, which can promote PET glycolysis. The activation effect is
verified by the experimental results in Section 3.5.

Figure 7. The UV-Visible Spectrum of PET.

In addition, the crystallinity of PET during the reaction process was investigated
(Table S1), and it was found that as the degradation reaction progressed, the crystallinity
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of the residual PET gradually increased. This may be due to the loose arrangement of
PET molecular chains in the amorphous region, which is more prone to degradation.
The experimental results provide the basis for proposing the potential mechanism of PET
glycolysis catalyzed by [HDBU]Im, as illustrated in Scheme 2. EG is activated by [HDBU]Im
via H-bonds. The formed H-bonds make the O-H bond of EG hydroxyl longer and the
electronegativity of EG oxygen higher. These cause hydrogen to be lost more easily and
enhance the nucleophilicity of oxygen. Consequently, it facilitates the attack on the carbon
of the PET ester group. DBU has shown relatively high catalytic activity [27]. When DBU is
used as catalyst alone, it can activate the carbonyl group of the ester in PET [27]. Hence,
[HDBU]+ can activate PET by protonating the carbon of the carbonyl group. Meanwhile,
the carbonyl group in PET is also activated by UV radiation. Therefore, PET is more
electrophilic, and the highly nucleophilic EG oxygen attacks the carbon of the PET ester
group more easily. As the oxygen in the EG hydroxyl attacks the carbon of the ester group in
PET, a tetrahedral intermediate will be formed. Thereafter, the hydrogen in EG dissipates.
The acyl–oxygen bonds cleave, resulting in the detachment of the –OCH2CH2– group,
which subsequently combines with H+ to form HOCH2CH2–. These processes are repeated
to form oligomers and BHET monomers. Finally, chemical equilibrium is formed between
the oligomer and the BHET.

Scheme 2. Mechanism of the glycolysis of PET catalyzed by [HDBU]Im.

4. Conclusions

In summary, we synthesized a series of nonmetallic dibasic ILs, among which [HDBU]Im
showed the best performance in catalyzing PET glycolysis. The impact of UV radiation
on the PET degradation was further investigated. It was discovered that the utilization of
UV radiation expedited the reaction time and enhanced the yield of the monomer BHET.
Afterward, the effects of different reaction conditions on PET degradation were investigated;
the optimized experimental conditions were 5 g PET, 20 g EG, 0.25 g [HDBU]Im, 185 ◦C,
10,000 μW·cm−2 UV radiation reacted for 90 min, and the PET conversion and BHET yield
were 100% and 88.9%, respectively. Based on reaction kinetics, UV radiation can reduce the
Ea from 166.50 kJ·mol−1 to 113.76 kJ·mol−1

, so the rate of PET glycolysis is considerably
enhanced. Throughout the reaction, UV radiation can improve the electronegativity of
oxygen in C=O, so the electrophilicity of carbon in carbonyl can be enhanced. This makes
PET more vulnerable to EG attacks, accelerating the catalytic reaction rate.

This work verifies the high catalytic performance of dibasic nonmetallic ILs catalyst
and UV radiation. In follow-up research, UV radiation can be considered for other re-
action systems of PET degradation, aiming to reduce the reaction temperature further,
achieve efficient degradation of PET under mild conditions, and provide guidance for the
industrialization of PET recycling.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma17071583/s1, Figure S1: FT-IR spectrum of
[HDBU][Im] [35,50,51]; Figure S2: 1H NMR spectrum of [HDBU][Im] [34,52]; Figure S3: 1H NMR
spectrum of BHET [16]; Figure S4: HPLC spectrum of BHET; Figure S5: TGA curves of PET raw mate-
rial and BHET [16]; Figure S6: DSC curves of BHET [21]; Figure S7: FTIR spectrum of BHET [22,40,53];
Figure S8: The TGA curve of [HDBU][Im]; Figure S9: FT-IR spectra of DBU/EG mixtures; Table S1:
The changes in PET crystallinity during the degradation reaction [54–58].
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marcin.michalowski@pw.edu.pl
* Correspondence: marek.krolikowski@pw.edu.pl; Tel.: +48-22-234-7475

Abstract: Photovoltaic (PV) modules are highly efficient power generators associated with solar
energy. The rapid growth of the PV industry will lead to a sharp increase in the waste generated
from PV panels. However, electro-waste can be successfully used as a source of secondary materials.
In this study, a unique procedure for recycling PV modules was developed. In the first stage, the
aluminum frame and junction box, 18wt%. and 1wt%. of the module, respectively, were removed.
The following stage was crucial, involving a mechanical–thermal method to remove the glass, which
accounts for 70wt%. As a result, only 11wt%. of the initial mass of the PV was subjected to the next
stage of chemical delamination, which reduced the amount of solvent used. Toluene was used to
swell the ethylene vinyl acetate, EVA, and allow for the separation of the PV module. The effects of
temperature and ultrasound on separation time were investigated. After the separation of silicon cells,
metal ribbons, EVA, and the backsheet were obtained. The purity of the polymers was determined by
FTIR and elemental analysis. Thermal properties were measured using DSC calorimetry to determine
the basic parameters of the material.

Keywords: photovoltaic module; recycling PV module; chemical treatment; mechanical–thermal treat-
ment; FTIR spectroscopy; elemental analysis; EVA; PET; PVDF

1. Introduction

The widespread use of traditional fossil fuels, as well as the resultant increased
environmental pollution, has prompted a gradual transition in energy supply to renewable
energy. Additionally, developing sustainable renewable energy is an effective strategy
for reducing carbon emissions. Due to its non-toxic emissions and simple installation,
photovoltaic power generation is gradually gaining dominance in renewable energy. The
total global cumulative PV installed capacity was 1185 GW at the end of 2022 [1]. Compared
to 2021, this is an increase of 240 GW of new systems installed and commissioned. The
Chinese market continued to dominate new and cumulative capacity and added 106 GW.
Europe demonstrated continued strong growth with 39 GW installed, led by Spain, with 8.1
GW, Germany, with 7.5 GW, Poland, with 4.9 GW, and the Netherlands, with 3.9 GW. The
rapid growth of the photovoltaic industry will lead to a sharp increase in the waste that is
generated from PV panels. The most common silicon solar cells have a 20–30 year lifespan
on average. The amount of PV e-waste will rise to 60–78 million tons globally. Degraded PV
modules are predicted to produce 10% of all electronic waste by the year 2050 [2]. However,
electro-waste can be successfully used as a source of secondary materials. Recently, several
research publications, particularly review papers on the recycling of PV modules, have been
published [3–6]. In general, PV recycling involves three stages: (1) manual/mechanical
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disassembly; (2) delamination: thermal, physical/mechanical, chemical, or combined;
and (3) separation into silicon, metal and polymer fractions [7]. To separate specific
layers of PV modules, physical procedures, chemical swelling or dissolving processes,
and pyrolysis can be applied [8]. The physical and mechanical approaches focus on
crushing and sifting the materials of PV modules. The method is straightforward, but it
does not achieve sufficient separation of distinct layers, lowering the resource recovery
ratio. Because physical and mechanical approaches do not affect EVA characteristics, EVA
bonding remains effective. As a result, eliminating EVA bonding to adequately separate the
different layers is a precondition for adequately recovering the available resources in PV
modules. According to relevant studies [9,10], pyrolysis is the most effective approach for
directly eliminating EVA and separating different layers. However, fluorine compounds
from the polyvinyl fluoride, PVF, or polyvinylidene fluoride, PVDF, of the backsheet
can be released into the environment in a direct thermal process [11,12]. Furthermore,
glass and the backsheet inhibit the release of low-molecular-weight organic compounds
during EVA pyrolysis, which can result in the contamination of glass and silicon cells
with decomposition hydrocarbons and further mixing of glass and solar cells, lowering
resource recovery rates. The chemical swelling or dissolving methods appear to be a
promising way of separating the different layers of a PV module due to their low energy
consumption and high rate of separation [13–15]. In the first step, the tempered glass
was recovered using an organic solvent. Additionally, EVA copolymer contaminants were
removed from the PV cells by thermal decomposition. On the other hand, silicon was
obtained through a chemical etching process using HF and HNO3 with a surfactant by
removing metal impurities from the surface of the recovered PV cell. It was possible to
generate a high silicon yield [16]. The backsheet can be removed mechanically or using
ethanol or toluene vapor [12,15]. However, the chemical process has disadvantages. EVA
typically swells excessively, causing solar cells to be crushed [17]. Organic solvents such
as benzene, toluene, o-dichlorobenzene, trichloroethylene, tetrahydrofuran, methyl ethyl
ketone, methyl isobutyl ketone, or petroleum benzine are used in the swelling process, but
some of them are toxic or mutagenic and contain halogens. The processes require a large
amount of solvent and a high temperature, T > 70–80 ◦C, close to the boiling point of the
solvent at atmospheric pressure, and last a long time, over 1 h [16–18]. As a consequence,
recycling PV modules can be costly and time-consuming.

This study presents an alternative methodology for the separation of PV modules
after their end of life. At first, the aluminum frame, junction box, and connecting wires
were mechanically separated. The initial phase, while not novel, stands out primarily
due to simplicity, affordability, and expediency. Subsequently, within a thermomechanical
procedure, a layer of broken tempered glass was separated, which is a crucial stage since
glass limits contact of the organic solvent with the next copolymer EVA layer. Moreover,
it is worth noting that glass constitutes up to 70wt%. of the PV module, as well as a
significant volume. It is pointless to use excess solvent, which does not affect the glass.
The next procedure involves a chemical method with toluene as a solvent applied to the
delamination of PV cells and the backsheet. The process was carried out at T = 35 ◦C and in
a time below t = 40 min to obtain a swollen EVA copolymer separated from the silicon cells,
busbars, and backsheet. A significantly shorter delamination time for PV modules was
obtained in comparison to the procedures described in the literature [19–21]. The organic
solvent also caused the backsheet to separate into two distinct layers composed of PVDF
and PET. In a further step, the obtained polymers were confirmed and characterized by
FTIR spectroscopy, elemental analysis, EA, and differential scanning calorimetry, DSC. This
work presents the development of a straightforward approach for the environmentally
sustainable recovery of EVA, PET, and PVDF from wasted crystalline silicon PV modules.
The recovered materials can be effectively reused in PV modules, as well as find applications
in the packaging and textile sectors.
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2. Materials and Methods

2.1. Photovoltaic Modules

In order to analyze the various layers of PV modules, PV sheet sections were prepared
from standard 275 W commercial end-of-life PV modules (polycrystalline–silicon type)
obtained from the commercial PV facility of DAH Solar Co., Ltd., Hefei, China. The first
step in recycling PV modules is to remove the aluminum frame and junction box, 18%wt.
and 1%wt., respectively. This is usually conducted mechanically, and similar methods are
presented in the literature [22–24]. To obtain the lamination structure required for the study,
metal pliers and screwdrivers were used in advance to remove the aluminum frame and
junction box of the PV module.

In the next step, the glass layer was removed. It should be noted that in most recycled
PV modules, the glass sheet is broken into pieces a few to several millimeters in diameter
and the glass is not recovered as a whole sheet due to physical damage during the lifetime,
the method of dismantling and transporting the PV modules, and damage during the
removal of the frame and junction box. The PV module on the glass side was thermally
treated using Steinel® HL1920 hot air guns (Steinel, Bloomington, MN, USA) with 2000 W
of power, an infinitely variable temperature adjustment from 80 to 600 ◦C, and airflow
control. The PV sample was heated to 170 ± 5 ◦C, at which point the EVA became soft
and glass could be recovered by applying mechanical force. The temperature of the PV
module was monitored using a pyrometer Benetech GM700 (Shenzhen Jumaoyuan Science
And Technology Co., Ltd., Shenzhen, China) with an accuracy ±1.5 ◦C. After removing the
glass, the laminated sample was cut into 5 cm × 5 cm pieces using scissors. Figure 1 shows
photos of the PV module, the resulting PV sheet sections obtained from it that were used
during the experiment, and the removed glass.

Figure 1. A photo of (a) an end-of-life PV module, (b) laminated PV samples after glass removal, and
(c) removed glass.

2.2. Swelling of EVA and Separation Process

Prepared in the previous stage, laminated samples were next subjected to solvent
treatment to swell and separate EVA, extract the PV cells and connecting wires (busbars
and fingers), and separate the backsheet. According to our experimental findings and the
available literature [13,16,17], toluene (CAS No. 108-88-3, supplier: Chempur, purity > 99%,
Piekary Śląskie, Poland) was used to swell the polymer. The swelling processes were
prepared in a jacketed and thermostatted glass vessel with a volume of 150 mL. The jackets
were connected to the thermostatic water bath, Julabo CORIO CD-BC6 (JULABO GmbH,
Seelbach, Germany), to maintain a constant temperature with an accuracy of T = 0.05 ◦C.
The heterogeneous mixtures of laminated samples and solvent were vigorously stirred
using a mechanical stirrer IKA Microstar 15 Control (IKA, Staufen, Germany) with an R
1355 centrifugal stirrer. The rotation speed of the stirrer was constant and equal to 500 rpm,
which was enough to provide perfect contact between the laminated samples and the
solvent. In the next part of the experiment, an ultrasonic bath, PROCLEAN 2.0M ECO
(Ulsonicx, Berlin, Germany), with a capacity of 2 dm3 and ultrasound power of 60 W
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was used. The bath was filled halfway with distilled water. The delamination process
was carried out in a 250 mL glass beaker placed in the bath. During the measurements,
the temperature of the solution in the beaker was measured using a P 750 thermometer
(Dostmann electronic GmbH, Wertheim, Germany) equipped with a PT100 sensor.

To determine the degree of delamination of PV modules during the EVA copolymer
swelling process, 2 cm3 of solvent was sampled and subjected to analysis of physicochemi-
cal properties, including density and dynamic viscosity. The swelling process of the EVA
copolymer entails partial dissolution, especially of its shorter, uncrosslinked chains. In
addition, some small-molecule compounds derived from the EVA copolymer migrate
into the solvent. Consequently, the density and dynamic viscosity of the solvent change
during the process of PV module delamination. The dependence of the physicochemical
properties of toluene as a function of the degree of PV module delamination is presented in
Figures S1 and S2 and Table S1 in the Supplementary Materials.

2.2.1. Density

The density of the toluene solution was determined under ambient pressure using
a vibrating tube densimeter—DMA 4500 M, Anton Paar, Graz, Austria. The densimeter
is equipped with an automated adjustment mechanism to account for the viscosity of
the liquid sample. Calibration was conducted using water that had undergone double
distillation and degassing, as well as air that had been dried. The utilization of two
integrated Pt 100 platinum thermometers enables the achievement of precise temperature
control with an accuracy of 0.05 ◦C. The measurement uncertainty was estimated to be
better than 5 × 10−4 g·cm−3.

2.2.2. Dynamic Viscosity

The dynamic viscosity was measured using a cone/plate rheometer, model DVNext-LV,
AMETEK Brookfield (Middleborough, MA, USA), with a relative uncertainty of ur(η) = 0.03 mPa·s.
The viscosity error was determined using the standards APN26E and APN75 from Paragon
Scientific Ltd. (Prenton, UK), as well as n-tetradecane (Alfa Aesar, Graz, Austria, purity > 99%).
All measurements were conducted at an atmospheric pressure of p = 100 kPa, with an
uncertainty in the temperature measurement of 0.1 K. The viscosity measurement was
conducted at a constant temperature, T = 25.0 ◦C.

2.3. Analysis Methods: FT-IR Spectrometry and Elemental Analysis

The Fourier transform infrared spectrum analyses of the polymers were carried out
using a Nicolet iS5, Thermo Scientific (Waltham, MA, USA) Mid Infrared FT-IR spectrometer
equipped with an iD7 ATR Optical Base. Immediately before the measurement, the ATR
crystal with ethanol was cleaned and dried. Then, the samples of polymers were directly
placed on the surface of the ATR. The wavenumber ranged from 3900 to 400 cm−1.

Elemental analysis (EA) was performed on a CHNS Analyzer VARIO EL III (Elementar
Analysensysteme GmbH, Langenselbold, Germany).

2.4. Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) technique was used to determine the
temperature (Tg) and heat capacity change in the glass transition (ΔCp(g)). The studies
were carried out using a Mettler Toledo DSC 1 STARe System calorimeter fitted (Mettler
Toledo, Toronto, ON, Canada) with a liquid nitrogen cooling system and set to heat-flux
mode. The sample cell was constantly fluxed with high-purity nitrogen at a constant flow
rate of 20 mL·min−1. The apparatus was calibrated with the 99.9999 mol% purity indium
sample and with high-purity ethylbenzene, n-octane, n-decane, n-octadecane, n-eicosane,
cyclohexane, biphenyl, and water. The calibration experiment was carried out with a
5 ◦C·min−1 heating rate in the temperature range from −95 ◦C to 200 ◦C.
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3. Results and Discussion

The external components of the crystalline PV modules consist of the aluminum frame
and junction box, which account for approximately 18%wt. of the total PV mass, and the
glass, which comprises around 70%wt. The process of removing the frame and junction
box can be considered rather straightforward from a mechanical standpoint. Furthermore,
a considerable fraction of PV modules that are stored lack these components, primarily
because the aluminum and copper materials present in the frame, cables, and junction box
hold significant value and are removed before the PV module becomes a waste of electrical
and electronic equipment, WEEE. The subsequent stage in the separation process of the
photovoltaic (PV) modules, which involves the elimination of the tempered glass layer,
holds significant importance. On the one hand, the heaviest fraction, the glass of the PV
module, is removed, and on the other hand, the direct exposure and chemical treatment of
the EVA lamination layer are enabled.

3.1. Thermal Separation of the Glass Layer

The process of delamination of PV modules at low temperatures, namely, those below
the thermal breakdown point of EVA, is a complex and challenging phenomenon. The
strong adhesion of the EVA copolymer to glass surfaces is due to the siloxane chemical
bonds formed [25]. Silane-based coupling agents are commonly used across several in-
dustries as adhesion promoters, facilitating the bonding of organic polymers to inorganic
(glass and Si) and organic (PVDF) substrates. These agents have gained recognition as a
regular ingredient in encapsulating materials specifically designed for PV module applica-
tions [26]. The methoxysilyl groups present in silane undergo hydrolysis, resulting in the
formation of silanols. These silanols then undergo condensation on the hydroxylated glass
surface, leading to the formation of siloxane bonds. The silane compound also exhibits
affinity toward EVA and undergoes polymerization with the polymer itself, resulting in the
formation of an interphase region, as depicted in Figure 2.

Figure 2. A schematic illustrating a potential interfacial configuration between EVA and glass,
considering the inclusion of a silane adhesion promoter [27].

The samples of PV modules on the glass side were thermally treated using hot air
guns. The surface of the glass exhibited a temperature range from 160 ◦C to 170 ◦C. The
glass layer is quite thick, 4 mm, and all of the heat does not penetrate the glass to the
polymer surface. A glass temperature of 170 ◦C ensures that EVA is above the melting
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point, Tm = 66.9 ◦C, and below the decomposition temperature, Td = 215–385 ◦C, in the
air environment [28,29]. Under these conditions, the EVA is soft, and the glass pulls easily
from the surface of the PV module. The process of separating the glass required the bending
of the PV module and the use of mechanical force, achieved through the utilization of
a metal blade to pry apart the glass fragments. Throughout the process, no instances of
EVA yellowing or residual gas release were recorded, indicating the absence of polymer
degradation. The PV module with separated glass is shown in Figure 1b.

In the process of heating the PV module, it is feasible to remove the outermost layer
of the backsheet as well, which is PET. It is possible after heating the backsheet to a
temperature above 130 ◦C and mechanically pulling off the PET layer. Moreover, the
separation of the PET layer from the backsheet also occurs when it is exposed to a solvent,
as detailed in the next paragraph.

3.2. Chemical Treatment of EVA

A variety of organic solvents were used to swell the EVA copolymer and fractionate
the photovoltaic module. The EVA copolymer exhibits the highest degree of swelling and
partial dissolution in toluene, cyclohexane, xylene, tetrahydrofuran, o-dichlorobenzene,
and trichloroethylene. In this study, toluene was selected due to its popularity, affordability,
lower volatility, and reduced harm compared to chlorohydrocarbons. Nevertheless, a
combination of xylene isomers exhibits comparable efficacy.

First, the effect of temperature on the rate of the delamination process was investigated.
Each time, a sample of a 5 cm × 5 cm PV module and the same amount of 100 mL of solvent
were used for the measurement. The system was stirred with a mechanical stirrer at a
rotational speed of 500 rpm. Measurements were performed at three distinct temperatures,
denoted as T1 = 25 ◦C, T2 = 35 ◦C, and T3 = 45 ◦C. In Figure 3, the dependence of the degree
of PV module delamination on the duration of the EVA swelling process is presented.

Figure 3. (a) The degree of PV module delamination as a function of time, t, during solvent expo-
sure. dots—experimental data. A solid line is a guide for the eye. •—T1 = 25 ◦C; •—T2 = 35 ◦C;
•—T3 = 45 ◦C. (b) Delamination time of PV modules as a function of temperature.

It can be seen from the above data that the effect of temperature on the delamination
process of PV modules is significant. For T1 = 25 ◦C, the delamination and swelling
process of EVA ended after 50 min; for T2 = 35 ◦C, after 35 min; and for T3 = 45 ◦C, after
30 min. As the temperature increases, the delamination process becomes shorter. At higher
temperatures, the process of solvent penetration into the polymer matrix is facilitated. The
degree of polymer segment mobility in the solvent phase experiences a significant rise.
EVA has a higher degree of swelling efficiency.

In the next step, an ultrasonic bath was used to test the effect of ultrasonics on the
swelling process of the EVA copolymer and the delamination of PV modules. A sample of
a 5 cm × 5 cm PV module and the same amount of solvent as in previous studies, 100 mL
of toluene, were placed in the beaker. The process was carried out in two ways: without
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mechanical stirring and with 500 rpm mechanical stirring. The process was carried out until
constant values of density and viscosity of the solvent solution and delamination of the
photovoltaic module were established. Figure 4 shows the results compared to the process
carried out at a constant temperature, T = 35 ◦C, with mechanical stirring of 500 rpm.

Figure 4. (a) The degree of PV module delamination as a function of time, t,, during solvent exposure.
dots—experimental data. A solid line is a guide for the eye. •—constant temperature, T1 = 25 ◦C;
stirring at 500 rpm; •—ultrasonic bath without stirring; •—T3 = ultrasonic bath, stirring at 500 rpm.
(b) Temperature changes in the ultrasonic bath during the delamination process: •—ultrasonic bath
without stirring; •—T3 = ultrasonic bath, stirring at 500 rpm.

The EVA swelling and delamination of PV modules using the ultrasonic bath without
mechanical stirring exhibited a less dynamic and slower behavior compared to the proce-
dure performed at a constant temperature, T = 35 ◦C, with mixing. Behavior is attributed
to two factors: first, the lack of stirring makes it more difficult to access the EVA and for the
solvent to penetrate it, detaching fragments of the swelling polymer from the surface of
the module. Moreover, the delamination process began at a slightly lower temperature of
24.3 ◦C. As depicted in Figure 4, the temperature exhibited an upward trend throughout the
procedure. As the temperature increases, the delamination and swelling process becomes
more active. The temperature of the solution in an ultrasonic bath increases in a nearly
linear manner.

The most dynamic effect of EVA swelling and PV module delamination was achieved
using both mechanical stirring and ultrasound, as shown in Figure 4. Ultrasound is thought
to have two effects: firstly, it raises the temperature of the system, making it easier for the
EVA to expand. Secondly, it helps the solvent penetrate the polymer chains and further
breaks down the swollen EVA copolymer into smaller pieces. A delamination time of
35 min was achieved. The current time is similar to the delamination time achieved in a
procedure conducted at a consistent temperature of T = 35 ◦C with agitation at 500 rpm.

The chemical delamination process can be divided into the following distinct steps,
which are presented in Figure 5. During the initial stage (stage 1), there is an indication
of swelling and fragmentation of the top laminating layer of silicon cells, as shown in
Figure 5a. Stage 2 of the procedure entails removing the laminate layer, which causes
the metal dust and crushed silicon cells to separate and fall into the solvent solution, as
shown in Figure 5b. Suspension of metallic dust particles is obtained. Stage 3 involves
the swelling and defragmentation of the inner laminating EVA layer that is bonded to the
PVDF polymer. In stage 4, the backsheet undergoes a process of separation into two distinct
components, namely, PVDF and PET, presented in Figure 5c,d, respectively. The backsheet
separation is facilitated by the presence of a solvent and the application of mechanical
forces generated through mixing.
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Figure 5. (a) Swollen and fragmented laminating EVA layer, (b) metallic dust suspension in the
solvent, (c) PVDF, and (d) PET.

During the chemical delamination process, the following material fractions are ob-
tained: polymers, silicon cells, and metals. From the polymer fraction, the backsheet,
separated into PET and PVDF, can be easily isolated from crushed EVA and PV cells with a
diameter < 3 mm using a sieve with a mesh diameter of 6–10 mm. Both PET and PVDF
exhibit resistance to swelling and dissolution upon exposure to toluene; however, they are
separated from each other. PET is obtained in pure form after evaporation of the residual
solvent, as will be confirmed by the analyses described in the next section. The purity of
separated PVDF is comparatively lower than that of PET. The PVDF surface exhibits a
coating of copolymer EVA residues. It occurs as a result of the interpenetration of PVDF
and EVA polymer chains during the lamination process, which is conducted at an elevated
temperature. The solvent used is unable to dissolve the EVA and separate it from the
PVDF surface.

In the next step, the EVA and the crushed PV cells are separated, as illustrated in
Figure 5a. Following the evaporation of the residual solvent, the separation of the PV cells
from the EVA material occurs due to the disparity in density between these substances. For
this purpose, the mixture of EVA and PV cells was placed in a glass beaker with water, as
shown in Figure 6b. The density of EVA is lower than that of water and the polymer floats
on the surface. A qualitative analysis was performed on the EVA that had been isolated
and dried. Some of the recovered and dried PV cells contain a crosslinked EVA laminating
polymer on their surface which has not been swollen and separated by etching with the
solvent, toluene. The only way to remove the residue of laminate contamination is by
pyrolysis or burning [28,29]. Figure 6c shows the PV cells after EVA burns in the flame of a
gas burner.

Figure 6. (a) A mixture of EVA and PV cells after chemical treatment, (b) the separation of EVA (on
the surface) and PV cells (at the bottom of the beaker) in water, and (c) PV cells after burning.

3.3. Characteristics of Separated Materials

The recovered polymers were subjected to a range of characterization procedures to
assess their structural composition, elemental composition, and thermal behavior.
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3.3.1. FTIR Spectroscopy

The chemical compositions of the recovered polymer samples were analyzed using
Fourier transform infrared (FTIR) spectroscopy in attenuated total reflectance (ATR) mode.
The FTIR results show that the encapsulating material is EVA (Figure 7) and that the
backsheet layer is composed of PET (Figure 8) and PVDF (Figure 9). To determine the
functional groups present in the recovered EVA, PET, and PVDF polymers, the material
was analyzed in the spectral range from 4000 to 400 cm−1 and compared to the reference
spectra of EVA, PET, and PVDF available in the literature [22,30]. The major vibrations
of the EVA and literature sample are described and shown in Figure 6. Two bands at
2888 cm−1 and 2848 cm−1 are assigned to the symmetric and antisymmetric stretching
bond of C–H in the −CH2 group. The band at 1735 cm−1 comes from the stretching bond
of the carbonyl group, C=O. Two bands are present at 1468 cm−1 and 1370 cm−1, which is
due to the bending of C−H. The EVA sample has a very concentrated band at 1233 cm−1,
which indicates the presence of a C−O−C bond in the ester functional group. Lastly, there
are two minor bands observed at 1018 cm−1 and 719 cm−1, which are attributed to the
stretching of the C−O bond and the rocking vibration of the −CH2 group, respectively.

Figure 7. The FTIR spectra of recovered EVA after separation of PV module.

Furthermore, the broad peak between 3200 cm−1 and 3600 cm−1 corresponds to the
vibration of the hydroxyl group −OH. The presence of moisture in the EVA is due to
the production of acetic acid during deacetylation [31], as well as moisture permeating
the laminating layer during use and the separation process. The FTIR spectrum of the
investigated recovered material fully corresponds to the spectrum from the literature data
for both the recycled and virgin polymers [30].

In the PET spectra, small bands were observed in the region of 2918 cm−1; these are
symmetric and antisymmetric stretching bonds of C−H in the −CH2 group that were
also present in the EVA. The larger band observed at 1712 cm−1 corresponds to the bond
stretching of the carbonyl group, C=O, and at 1340 cm−1 to the bending vibrations of
C-H bonds in a methylene group. The bands detected at 723 cm−1, 872 cm−1, and 1409
cm−1 were ascribed to modifications arising from the CH=CH aromatic ring. Additionally,
1094 cm−1 bands associated with symmetric C−O stretching vibrations and 1245 cm−1

bands associated with asymmetric C−O−C stretching vibrations in the ester group were
identified. The FTIR spectrum of the PET recovered from the backsheet is in complete
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agreement with the spectrum found in the published data [22]. FTIR analysis confirms that
the EVA from the laminating layer and PET recovered from the backsheet, during both
the lamination process and the use of PV panels, as well as during the mechanical and
chemical recycling processes, have not undergone degradation and have maintained their
original structure.

Figure 8. The FTIR spectra of recovered PET after separation of PV module.

Figure 9. The FTIR spectra of recovered PVDF after separation of the PV module.

The laminated PV module also includes a white plastic layer that was placed between
the EVA and PET layers. According to the literature, this can be assumed to be a thin PVDF
layer. Nevertheless, the FTIR spectrum obtained from the sample, presented in Figure 8,
does not validate this hypothesis. On the recorded spectrum, characteristic bands for the
EVA polymer can be observed at 1740 cm−1 due to the bond stretching of the carbonyl
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group, C=O, which is attributed to the ester group. Two bands at 1239 cm−1 indicate
the asymmetric C−O−C stretching vibrations in the ester group, and at 1018 cm−1, they
are associated with the stretching of the C−O bond. However, significantly more intense
bands originating from the methylene −CH2 group can be detected in the spectrum. The
symmetric and antisymmetric stretching bonds of C-H are associated with two bands
located at 2914 cm−1 and 2847 cm−1, respectively. The presence of two bands at 1462 cm−1

and 1370 cm−1 can be attributed to the C−H bending. The rocking vibration of the −CH2
group occurs at 719 cm−1.

The FTIR spectrum indicates that the PVDF, which has been separated, contains
leftover EVA polymer both on its surface and within its material. Neither mechanical nor
chemical recycling methods achieved complete separation of the pure PVDF, compared
to EVA and PET polymers. The PVDF spectrum does not fully match the spectrum seen
in the literature [22] for the material extracted from the PV module. It has been verified
that PVDF was obtained through recycling from the backsheet, but it is contaminated with
EVA inclusions.

3.3.2. Elemental Analysis

The molar percentages of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) in
the separated EVA, PET, and PVDF polymers are presented in Table 1. The polymers lack
nitrogen and sulfur atoms in their structure, and these elements were not identified in
the investigation.

Table 1. Elemental analysis of C and H for EVA, PET, and PVDF.

Polymer Element (%) Observed Calculated

EVA C 71.63 70.58
H 10.76 10.59

PET C 63.10 62.50
H 4.33 4.17

PVDF C 47.23 37.51
H 5.31 3.15

The C and H contents of the EVA and PET polymers showed a satisfactory level of
agreement with the composition derived from their structure. This provides additional
proof that the polymers, which were separated using mechanical and chemical methods,
were successfully obtained in their pure form. However, the quantified carbon and hydro-
gen composition of the PVDF layer exceeds the calculated values. This suggests that the
layer has been contaminated with another polymer, EVA, that contains a high concentration
of C and H atoms.

3.3.3. Differential Scanning Calorimetry

The results of the differential scanning calorimetry, DSC, measurements for EVA,
PET and PVDF film samples recovered during the recycling of PV modules are shown in
Figure 10. The measurements were performed over a wide range from −30 ◦C to 180 ◦C.

On the thermogram of the EVA, two overlapping endothermic peaks can be observed.
The notable characteristic of these findings is the presence of two endothermic processes
resulting from two groups of crystalline perfection. Published literature contains examples
of this dual endothermic behavior [32–34]. The low-temperature endotherm corresponds
to the melting of a group of imperfect, smaller crystallites, whereas the high-temperature
endotherm is from the melting of larger, more regularly formed crystallites. The imperfect
crystals are the result of the incorporation of branching and vinyl acetate comonomers into
the polyethylene crystal lattice [33]. The peak temperature and total enthalpy of melting
are summarized in Table 2.
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Figure 10. DSC analysis of separated polymers from the PV module.

Table 2. Thermal properties of separated polymers. Glass transition temperature, Tg; heat capacity at
glass transition, ΔgCp; melting temperature, Tm; and enthalpy of melting, ΔmH.

Polymer Tg (◦C)
ΔgCp

(J·g−1·K−1)
Tm (◦C) ΔmH (J·g−1)

EVA - - (1) 47.4, (2) 66.9
(1) 49, (2) 72 [34] 55.0

PVDF 32.3 0.57 101.4 78.1

Standard uncertainties u are as follows: u(T) = 0.3 ◦C; u(ΔgCp) = 0.05 J·g−1·K−1; u(ΔmH) = 0.5 J·g−1.

In the temperature range studied, no thermal transitions are observed on the ther-
mogram of the PET, whether related to glass transition, melting, or crystallization of the
plastic. This is consistent with the literature because for PET, a melting peak between 170
and 270 ◦C, with a maximum of 256 ◦C, is observable [35].

The thermogram of the PVDF material exhibits two distinct temperature transitions.
At a temperature, Tg = 32.3 ◦C, the glass transition is observed. The melting peak is
between 60 ◦C and 115 ◦C, with a maximum at Tm = 101.4 ◦C and a melting enthalpy
value of 78.1 J·g−1. The recorded temperatures of both phase transformations are lower
than for the literature values, where the glass transition between 55 and 65 ◦C and the
melting peak in the range from 110 to 180 ◦C were observed [35]. Moreover, the measured
melting enthalpy value is higher than the literature value, which is 30 J/g for a degree of
crystallinity of about 30% [35]. The results suggest that the recovered material is not pure
PVDF, but rather consists of unseparated impurities in the form of EVA, as confirmed by
FTIR spectrum analysis.

All three investigated polymers do not undergo thermal decomposition up to the
tested temperature of 180 ◦C in an atmosphere of the inert gas, nitrogen.

4. Conclusions

The present research develops an alternative method for the separation of PV modules
once they have reached the end of their lifespan. First, the PV module was heated to the
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temperature T = 170 ◦C, which allowed for the softening of the EVA and the mechanical
separation of the glass layer. The removed glass exposed the EVA encapsulation layer
and improved contact with the solvent in the chemical step. The most dynamic effect of
EVA swelling and PV module delamination was achieved using mechanical stirring and
ultrasound. A very short delamination time, t = 35 min, during the chemical process was
achieved under mild temperature conditions, T = 35 ◦C.

FTIR spectroscopy, elemental analysis, and DSC thermal measurements confirmed
that the recovered polymers were EVA applied as a laminating layer and PET derived
from the backsheet. The laminated PV module also included a white plastic layer that was
placed between the EVA and PET layers. According to the literature, this can be assumed
to be a thin PVDF layer. However, the conducted study did not confirm the acquisition of a
pure PVDF polymer through the proposed separation method as it is mainly contaminated
with EVA.

Hence, it is concluded from various characterization techniques that the separated
EVA and PET polymers show quite similar properties as those of commercial polymers.
Therefore, they can be reused for encapsulation or as a backsheet and in other applications
in the packaging and textile industries.
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