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Abstract: A quantitative analysis of the morphology, as well as an analysis of the distribution of
components and surface/interfacial properties in poly(lactic acid)(PLA) InegoTM 3251D, poly(ε-
caprolactone) (PCL) Capa 6800 and nano-silica (SiO2) Aerosil®200 blends, was conducted in this
research. The study aimed to improve the understanding of how PLA, PCL, and nano-SiO2 interact,
resulting in the specific morphology and surface properties of the blends. Samples were produced by
varying the concentration of all three components. They were analyzed using SEM, EDS mapping,
water contact angle measurements, surface free energy calculation, adhesion parameter measure-
ments, and FTIR-ATR spectroscopy. The results showed that the addition of SiO2 nanoparticles led
to an increase in the contact angle of water, making the surface more hydrophobic. SEM images of
the blends showed that increasing the PCL content reduced the size of spherical PCL elements in
the blends. FTIR-ATR analysis showed that SiO2 nanoparticles influenced the structure ordering of
PLA in the blend with equal portions of PLA and PCL. In the samples with a higher PCL content, the
spherical elements present in the samples with a higher PLA/PCL ratio have been reduced, indicating
better interactions at the interface between PLA, PCL, and SiO2. SEM-EDS mapping of the PLA/PCL
100/0 blend surfaces revealed the presence of SiO2 clusters and the silicon (Si) concentration reaching
up to ten times higher than the nominal concentration of SiO2. However, with the addition of 3%
SiO2 to the blend containing PCL, the structure became more granular. Specifically, Si protrusions
in the sample PLA/PCL 90/10 with 3% SiO2 displayed 29.25% of Si, and the sample PLA/PCL
70/30 with 3% SiO2 displayed an average of 10.61% of Si at the protrusion locations. The results
confirmed the affinity of SiO2 to be encapsulated by PCL. A better understanding of the interactions
between the materials in the presented blends and the quantitative analysis of their morphology
could improve the understanding of their properties and allow the optimization of their application
for different purposes.

Keywords: poly(lactic acid); poly(ε-caprolactone); nano-silica; morphology; adhesion parameters;
EDS mapping

1. Introduction

Polymer composites are materials that have been introduced to improve the various
functional properties of the material produced. In this context, when bio-based and/or
biodegradable materials are used as components of the produced polymer composite, there
is an additional environmental benefit, as they promote the circular economy and help
to reduce the use of conventional petroleum-based polymers [1,2]. Unfortunately, there
are certain limitations to the use of these materials, particularly concerning their inferior
properties, which do not match those of conventional materials. In order to improve their
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performance and utilize their potential, the modification of these materials by blending
them with other polymers is the focus of various scientific research.

There are various methods for producing and adjusting the properties of the re-
sulting mixture to the intended application. Some of these are mechanical mixing, i.e.,
extrusion [3–5]; injection molding [6,7]; roller milling, in which the polymers are mixed
using heated rollers that can shear and blend the materials together; and solution mixing,
in which the polymers are dissolved in a common solvent and then blended together [8–10].
It can be used in the pharmaceutical industry, in the plastics industry [11,12], in the textile
industry, and elsewhere [13–15]. In addition, in situ polymerization is often used to obtain
a material with improved properties [11,12], as well as reactive blending, in which chemical
reactions between the polymers take place during the mixing process [16–18], and other
processes in which different mixing methods are combined to obtain acceptable results.

From an economic point of view, mechanical mixing is most commonly used, as it
is the simplest and most cost-effective method in the production of composites. If the
components are optimally selected and the mixing conditions carefully defined, the process
can result in a homogeneous mixture with improved or customized properties that meet
the requirements of the intended application.

One of the most important influences on the properties of the produced material is
the degree of miscibility and compatibility of the selected components. Due to the ability
to form an improved material, the mixtures obtained can be miscible, partially miscible,
and immiscible [19,20]. Miscible polymer composites (single-phase) are homogeneous
at the molecular level, optically transparent, and have good mechanical properties. In
partially miscible polymer composites, the components of the mixture can be distinguished
based on the improved physical and/or chemical properties of the resulting mixture. The
immiscible polymer composites produced are heterogeneous, optically opaque, and have
poorer mechanical properties than the individual components of the mixture.

The greatest influence on the properties of a heterogeneous system is the compatibility
between the polymer phases in the mixture, which is characterized by the interfacial tension.
In a system in which the interactions between the phases are strong, the interfacial tension
approaches zero, making the mixture miscible. In systems where the interfacial tensions
between the components are high, phase separation occurs, the particle size changes,
and certain properties are reduced. This is, actually, the main reason why it is necessary
to harmonize and adjust the components with optimal properties in order to prevent
phase separation and deterioration of the properties of the mixture obtained. To improve
specific properties of polymer composites, various nanofillers and compatibilizers can be
added to polymer mixtures, and their application in various polymer blends is constantly
increasing [21–23]. Currently, very popular nanomaterials used as compatibilizers in
two- or three-component matrices are graphene oxide, carbon black, carbon nanotubes,
nano-silica, fullerenes, and others [24,25]. Their dispersion, distribution, and interaction
within the matrix determine the properties of the resulting composites. They can be used
as compatibilizers or nucleating agents to stabilize the morphology of the mixture and
improve the mechanical, thermal, and chemical properties of the produced composites. To
improve/modify the properties of the produced material, they should reduce the interfacial
tension by aligning with the interfaces between the polymer phases.

Poly(lactic acid) (PLA) is considered one of the most interesting biodegradable poly-
mers derived from natural resources, with promising uses in many medical and tech-
nical applications, 3D printing, packaging, agriculture, the clothing industry, and other
fields [26–29]. It is the most promising matrix material for the production of sustainable
biocomposites, which, with certain adjustments, can overcome the major weaknesses of
PLA, such as stiffness and brittleness. To overcome these limitations, PLA is often blended
with another polymer or a nanoscale filler to customize the properties of the resulting
mixture [30–32].

Like in other industries, the need to utilize environmentally friendly processes and
materials has arisen in the printing industry. Apart from the use of biodegradable materials
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for packaging production, application in the production of printing plates has become
interesting, since printing plates are considered an integral part of the printing process. One
of the methods of transferring images from the printing plate to the substrate is embossing.
Our previously published study aimed to determine the influence of poly(ε-caprolactone)
(PCL) and silica nanoparticles on the mechanical and thermal properties of PLA [33].

In that study, the effects of adding PCL and nano-silica in different concentrations to
the PLA matrix were investigated. PLA and PCL were chosen due to their biodegradability
and the fact that they can be used as an alternative to conventional petroleum-based
polymers, which are mainly used for the production of conventional relief printing plates
for embossing. The results of the research have shown that a blend of PCL and PLA with
the addition of nano-silica has a significant potential to produce materials that match the
properties of conventional polymeric materials currently used as relief printing plates and
introduce the sustainable approach to using resources in the production of printing plates
for embossing. Silica nanoparticles (SiO2) were used due to their positive influence on the
compatibilization of different polymer materials.

The research has shown that it was possible to optimize the properties of the observed
blends by taking into account their concentration, which must be related to the potential
application. It was found that the mechanical properties of the blends were improved by
the addition of nanoparticles. In addition, the results showed that the nanoparticles have a
positive influence on the thermal stability as well as the thermal degradation of the blends
obtained. Furthermore, the results have shown that the addition of smaller amounts of
SiO2 can contribute to an increase in the storage modulus, indicating a good dispersion
and distribution of the nanoparticles in the mixture matrix.

Despite the positive results in terms of mechanical and thermal properties of the ob-
served PLA/PCL and PLA/PCL/SiO2 blends, no quantitative analysis of the morphology
and distribution of the fillers in the obtained materials, as well as no analysis of the surface
and interfacial properties of the involved components, was performed in that study. In
order to obtain detailed information about these properties of the produced composites, this
research focuses primarily on the study of the morphology of the PLA-based blends with
the addition of PCL and nano-SiO2, as well as the distribution and adhesion properties of
the involved materials, to contribute to a better understanding of the interactions between
the components.

These interactions and morphology are of high significance for understanding the
functionality of the prepared blends in specific applications, since they can affect the
thermal, surface, mechanical, and other properties of the material.

2. Materials and Methods
2.1. Materials

The PLA InegoTM 3251D, Nature Works LLC (Plymouth, MN, USA) was used as a
basic matrix. PLA is stiff and brittle below its glass transition temperature (Tg = 50–60 ◦C)
and with a melting temperature of Tm = 170 ◦C [34]. The tensile strength of neat PLA is
60 MPa, and tensile elongation equals 3.5%. PCL Capa 6800, Perstorp (Warrington, UK) was
added to PLA in a certain weight ratio. The glass transition and the melting temperatures
of PCL are −60 ◦C and 60 ◦C, respectively [35]. The tensile strength of neat PCL is 20 MPa,
and tensile elongation equals 800%.

The first set of samples was prepared by adding a PCL in the PLA matrix, up to
50 wt.% of PLA. The following blend compositions of PLA/PCL were obtained: PLA/PCL
100/0, 90/10, 80/20, 70/30, 60/50, and 50/50. The fumed silica (Aerosil®200) was kindly
supplied by Evonik (Hanau, Germany), CAS No. 112945–52–5. The average particle size
of the silica was 12 nm, and it was used as received without any pre-treatment. In order
to observe the interaction of PLA and PLC with nano-silica, silica was added by mixing a
new set of samples with the same concentration of PLA and PCL and with added silica at
concentrations of 1 wt.% and 3 wt.%. The following blend compositions of PLA/PCL/SiO2
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were obtained: PLA/PCL/SiO2 100/0/1, 100/0/3, 90/10/1, 90/10/3, 80/20/1, 80/20/3,
. . ., 50/50/1, and 50/50/3.

To form a PLA-based polymer blend, the materials were blended in the Brabender®

(Duisburg, Germany) internal mixer for 5 min at a temperature of 190 ◦C. After the for-
mation of a homogeneous mixture, it was cut to pieces and molded into plates with
dimensions of 100 mm × 100 mm × 1.4 mm. The hydraulic press was used for 7 min
(2 min of preheating and 5 min of pressing) at a temperature of 190 ◦C and a pressure of
16 MPa production of plates. Overall, one set of six plates was prepared with PLA/PCL
components and another set of twelve samples with PLA/PCL/SiO2 components, which
were ready for analysis.

2.2. Characterization Methods
2.2.1. Surface Morphology and Cross-Sections of Samples

In order to observe the surface morphology and cross-sections of the produced ma-
terials, a scanning electron microscope (SEM) was used (JSM–6060LV, Jeol, Tokyo, Japan).
Before the imaging, the high vacuum evaporation process was used for coating samples
with a thin gold layer.

2.2.2. Contact Angles, Surface Free Energy, and Adhesion Parameters

Contact angles of the referent liquids on the polymer blends were measured using a
DataPhysics OCA 30 goniometer (DataPhysics Instruments GmbH, Filderstadt, Germany).
Contact angles were measured using the sessile drop method. Ten drops with a volume
of 1 µL of each referent liquid with known surface tension were applied to the samples at
different spots. Demineralized water, diiodomethane, and glycerol were used as referent
liquids. Total, dispersive, and polar surface tension components of probe liquids expressed
in mJ/m2 were: diiodomethane—50.8, 50.8, and 0; glycerol—64.0, 34.0, and 30.0; and
water—72.8, 21.8, and 51.0; respectively. The measurements of the contact angle were per-
formed at the same moment after the droplet touched the sample surface, and the average
value of 10 measurements was calculated. The contact angle of water on the polymer blends
was of special interest for providing basic information on the changes in hydrophilicity of
the surface with the changed ratios of the components in PLA/PCL/SiO2 blends.

After the average value of the contact angle was calculated for each of the three liquids
on each polymer blend, these values were used to determine the surface free energy (SFE)
and its polar and dispersive component, using the OWRK method [36]. The determination
of SFE and its components was carried out to gain insight into the surface properties of the
PLA/PCL/SiO2 blends and to determine the adhesion parameters between the components
in the blends. The obtained results contributed to a detailed morphological and surface
characterization of the blends.

Adhesion parameters between the components in the PLA/PCL/SiO2 blends can be
described and expressed by observing the two-component and three-component systems.
Adhesion parameters of two-component systems are surface free energy of the interphase
(γ12), thermodynamic work of adhesion (W12), and spreading coefficient (S12). The thermo-
dynamic work of adhesion (W12) (Equation (1)) is defined as the work required to overcome
the forces of attraction between two different molecules in a liquid or solid. It is used for
the prediction of interactions at the interface of two phases in contact. A higher amount of
work of adhesion signifies better adhesion [37–39].

W12 = γ1 + γ2 − γ12 (1)

The subscripts refer to the SFE of the solids in contact, and the γ12 denotes the surface
free energy of their interphase. The surface free energy of the interphase was calculated
according to Equation (2):

γ12 = γ1 + γ2 − 2
√

γd
1 γd

2 − 2
√

γ
p
1 γ

p
2 (2)
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Furthermore, the positive spreading coefficient (S12, Equation (3)) indicates a sponta-
neous wetting:

S12 = γ1 − γ2 − γ12 (3)

where γ1 is the SFE between the first solid surface and vapor, γ2 is the SFE between the
other solid surface and vapor, and γ12 is the SFE between the solid surfaces in contact.

In the three-component system, there are potentially three different arrangements of
dispersed phases in the matrix. If X is a matrix, and Y and Z are dispersed phases, they can
remain separated in the X matrix. Furthermore, the Y phase can encapsulate the Z phase,
or the Z phase can encapsulate the Y phase. In a three-component system, there is only
one parameter that describes the adhesion, and that is the spreading coefficient (S23 or S32).
The coefficient S23 represents the tendency of the dispersed phase Y(2) to encapsulate the
dispersed phase Z(3) within the matrix X(1):

S23 = γ31 − γ21 − γ23 (4)

The coefficient S32 represents the tendency of the dispersed phase Z(3) to encapsulate
the dispersed phase Y(2) within the matrix X(1):

S32 = γ21 − γ31 − γ23 (5)

Encapsulation will occur if the parameter S has a positive value. The parameters
S23 and S32 are also called Harkin coefficients, and they give a better insight into the
morphology of the mixture [40]. In Equations (4) and (5), the parameter γ denotes the
interfacial tension between different pairs of matrix and dispersed phases.

In this work, the adhesion parameters were calculated to determine whether the
mixing of two otherwise immiscible polymers took place and whether the addition of SiO2
nanoparticles could contribute to the improvement of miscibility. In the three-component
system, PLA represents the matrix, and PCL and SiO2 nanoparticles are the dispersed
phase. The case where PCL was the matrix and PLA the dispersed phase was analyzed as
well because of the varied ratio of PLA to PCL up to 1:1.

If the coefficient S23 takes on a positive value, it means that SiO2 is located in the
dispersed polymer (PCL), that is, that SiO2 is encapsulated by the dispersed polymer.
Suppose the coefficient S23 takes on a negative value. In that case, it means that the SiO2
nanoparticles have settled into the matrix, that is, that SiO2 and the dispersed polymer
have remained separated phases within the matrix. The third case is when the value of the
coefficient S23 would be close to zero, in which case SiO2 would be placed at the polymer
interface, which would contribute to the reduction in the interfacial energy, resulting in a
finer morphology of the blend.

2.2.3. FTIR-ATR Analysis of PLA/PCL and PLA/PCL/SiO2 Blends

Fourier transform infrared spectroscopy–attenuated total reflectance (FTIR-ATR) was
performed to provide information about the chemical nature and molecular structure of
the samples, as well as to analyze the differences in the sample structure related to the
PLA/PCL ratio and the amount of added SiO2 nanoparticles. FTIR-ATR analysis was
performed using the IRAffinity–1 FTIR Spectrophotometer (Shimadzu, Kyoto, Japan). The
crystal type was ZnSe (index of refraction 2.4), number of scans was 15, and the resolution
was 4 cm−1. IR spectra were recorded in the spectral range between 3000 and 600 cm−1,
and the areas of interest (with detectable changes) were displayed.

2.2.4. SEM-EDS Analysis

Surface morphology and chemical composition analyses of the samples were con-
ducted using the ThermoFischer Scientific Quattro S Field-Emission Scanning Electron
Microscope (FEG-SEM) (Thermo Fisher Scientific Inc., Waltham, MA, USA), equipped with
an Oxford Instruments 64 Energy-Dispersive Spectrometer (EDS) (Abingdon, UK). The
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instrument operated in low-vacuum mode, with an acceleration voltage of 10 kV and a
beam current of 10 nA. EDS analyses were performed at a working distance of 10 mm, and
spectrum acquisition occurred over a 60 s period.

The samples were firstly cut at 30–45◦ with an IsoMet low-speed saw (Buehler, IL,
USA) with sintered cubic boron nitride (CBN) cutting blades. The cut surfaces were then
sanded first with 60, 80, 120, 600, 800, and 1200 grit paper and then polished with 3M
polyester polish. Finally, the samples were cleaned with soap in an ultrasonic bath for
5 min to remove residual hydrocarbons.

The samples were mounted onto an aluminum sample holder in such a way that the
cut section of each sample was perpendicular to the direction of the electron beam. Along
the edges, carbon tape was attached to enable the flow of electrons of the sample and
prevent charging.

3. Results
3.1. Morphology and Cross-Section of Samples

The morphology of PLA/PCL and PLA/PCL/SiO2 blends was used to observe the
possible distribution and interfacial bonding between the materials. SEM images of these
samples are shown in Figure 1a–c.

In our previous research [33], we found that PLA/PCL samples without nanoparticles
have two distinct phases in the surface fracture, with spherical domains of dispersed PCL
in PLA. In Figure 1a, SEM images show the PLA matrix and the dispersed PCL domains,
taken at 3000× magnification. The spherical PCL domains are marked with black arrows
and correspond to the typical morphology of sea-island morphology [30]. The sample with
the same amount of components, the PLA/PCL 50/50 sample, shows visible cracks and
slight delamination of the materials (marked with white arrows), indicating that PLA and
PCL are incompatible and immiscible polymers.

In the observed PLA/PCL samples with 1% SiO2, spherical PCL domains are still
visible, especially in the PLA/PCL/SiO2 90/10/1 and 80/20/1 samples. In the samples
with a higher PCL content, the spherical elements have been reduced, indicating better
interactions at the interface between PLA, PCL, and 1% SiO2. On the samples, tiny elements,
probably agglomerates of nano-SiO2, are visible in the images (marked with red arrows),
indicating the possible placement of SiO2 nanoparticles in the PCL domain, which was
confirmed by the results presented in the continuation of this research. There were no
visible changes on the PLA/PCL images with a higher amount of SiO2 nanoparticles in
comparison to 1% SiO2.

3.2. Surface Properties and Adhesion Parameters of PLA/PCL and PLA/PCL/SiO2 Blends

The contact angle of water on the solid is indicative of the changes in the hydrophilicity
of a solid material. Measured contact angles of water on PLA/PCL/SiO2 blends are
presented in Figure 2.

From the results of the water contact angle on polymer blends, it is evident that the
blends with 0% of SiO2 nanoparticles and with PCL in the samples display a lower water
contact angle than pure PLA. The reason for the decreased contact angle of water when
PCL is added to PLA is the higher polar component of PCL’s SFE (Table 1). Furthermore,
measured contact angles of water indicate that the addition of SiO2 nanoparticles leads to
an increase in the contact angle, i.e., the surface becomes more hydrophobic. Such results
are contrary to initial expectations because, considering that SiO2 nanoparticles (Aerosil
200) are hydrophilic, the contact angle of water on the samples should decrease.
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Figure 1. SEM micrographs of fracture surfaces of PLA/PCL/SiO2 samples: (a) without SiO2, (b) with 
1% SiO2, and (c) with 3% SiO2 (mag. 3000×). Black arrows show spherical PCL domains, red arrows 
show agglomerates of nano-SiO2, and white arrows mark the cracks and slight delamination of the 
materials. 

Figure 1. SEM micrographs of fracture surfaces of PLA/PCL/SiO2 samples: (a) without SiO2, (b) with
1% SiO2, and (c) with 3% SiO2 (mag. 3000×). Black arrows show spherical PCL domains, red arrows
show agglomerates of nano-SiO2, and white arrows mark the cracks and slight delamination of
the materials.
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Figure 2. Contact angle of water on PLA/PCL and PLA/PCL/SiO2 blends.

Table 1. Surface free energy components of pure PLA, pure PCL, and nano-SiO2 (Aerosil 200).

Component γdispersive γpolar γtotal

PLA 40.72 2.38 43.10
PCL 30.59 6.61 37.21

SiO2—Aerosil 200 [6] 29.40 50.60 80.00

The reason for such results may be in the surface of SiO2 nanoparticles, which contain
hydrophilic silanol areas (Si–OH) and hydrophobic areas of siloxane bridges (Si–O–Si) that
can be activated at elevated temperatures. The formation of hydrophobic areas can occur
at a temperature of 177 ◦C and above (the temperature during the preparation of blends
was 190 ◦C) when the loss of hydroxyl pairs begins, and the silica surface slowly becomes
hydrophobic. Hydrophobicity can also occur because of silanol condensation in siloxane
bridges. Ultimately, due to the decrease in the number of silanols and the increase in the
number of siloxane bridges on the surface, there is an increase in the value of the contact
angle of water on samples containing SiO2 nanoparticles [41–44].

Table 1 and Figure 3 show the results of surface free energy (SFE) values of the
components in polymer blends and SFE of the blends, respectively. Surface free energy was
determined by the OWRK method, and the table shows the values of the dispersive, polar,
and total SFE. SFE components of pure PLA, PCL, and SiO2 were needed for the calculation
of the adhesion parameters between the components in the PLA/PCL/SiO2 system.

Components of the SFE of pure PLA and PCL were calculated from the values of
referent liquids’ contact angles, and the SFE of SiO2 nanoparticles (Aerosil 200) was taken
from the literature [45].

The obtained results of PLA/PCL/SiO2 blends’ SFE indicate that the addition of
nanoparticles caused a decrease in the SFE. The reason for this occurrence could be the
mentioned surface properties of the nanoparticles. The highest total SFE (43.61 mJ/m2)
was calculated on the sample without the addition of nanoparticles, specifically, the
PLA/PCL/SiO2 blend 60/40/0 (Figure 3a). The lowest total SFE values were generally
calculated on the blends with 1% SiO2 (specifically, 34.83 mJ/m2 on the blend 60/40/1,
Figure 3b). Blends with 3% SiO2 probably had higher SFE values than blends with 1%
SiO2 (Figure 3c) because of the SiO2 agglomeration detected in EDS mapping. Moreover,
the polar component of the SFE was low (below 10 mJ/m2) for all samples and decreased
further after the addition of the nanoparticles to the blends. The change in the proportion of
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PCL in the mixture did not significantly affect the change in the total surface free energy of
the samples, since the difference in the SFE values of PLA and PCL are not that significant.

Polymers 2024, 16, 1739 9 of 21 
 

 

Components of the SFE of pure PLA and PCL were calculated from the values of 
referent liquids’ contact angles, and the SFE of SiO2 nanoparticles (Aerosil 200) was taken 
from the literature [45]. 

The obtained results of PLA/PCL/SiO2 blends’ SFE indicate that the addition of na-
noparticles caused a decrease in the SFE. The reason for this occurrence could be the men-
tioned surface properties of the nanoparticles. The highest total SFE (43.61 mJ/m2) was 
calculated on the sample without the addition of nanoparticles, specifically, the 
PLA/PCL/SiO2 blend 60/40/0 (Figure 3a). The lowest total SFE values were generally cal-
culated on the blends with 1% SiO2 (specifically, 34.83 mJ/m2 on the blend 60/40/1, Figure 
3b). Blends with 3% SiO2 probably had higher SFE values than blends with 1% SiO2 (Figure 
3c) because of the SiO2 agglomeration detected in EDS mapping. Moreover, the polar com-
ponent of the SFE was low (below 10 mJ/m2) for all samples and decreased further after 
the addition of the nanoparticles to the blends. The change in the proportion of PCL in the 
mixture did not significantly affect the change in the total surface free energy of the sam-
ples, since the difference in the SFE values of PLA and PCL are not that significant. 

  
(a) (b) 

 
(c) 

Figure 3. Surface free energy of PLA/PCL blends with: (a) 0% SiO2, (b) 1% SiO2, and (c) 3% SiO2. 

Table 2 shows the calculated adhesion parameters in two-component and three-com-
ponent systems. The optimal conditions for achieving adhesion in a two-component sys-
tem are the maximum thermodynamic work of adhesion (𝑊ଵଶ), a positive value of the 
spreading coefficient (𝑆ଵଶ), and a minimum value of the free interfacial energy (𝛾ଵଶ). In the 
case of a three-component system, if the coefficient 𝑆ଶଷ takes on a positive value, it means 
that the SiO2 compatibilizer is encapsulated by the dispersed polymer (PCL). If 𝑆ଶଷ  has a 
negative value, it means that the SiO2 nanoparticles have settled in the matrix (PLA), that 
is, that the compatibilizer and the dispersed polymer have remained in separate phases 
within the matrix. The third case would be if the value of 𝑆ଶଷ is close to zero, in which 

0

5

10

15

20

25

30

35

40

45

50

55

60

PL
A/

PC
L 

10
0/

0 
+ 

0%
 S

iO
2

PL
A/

PC
L 

90
/1

0 
+ 

0%
 S

iO
2

PL
A/

PC
L 

80
/2

0 
+ 

0%
 S

iO
2

PL
A/

PC
L 

70
/3

0 
+ 

0%
 S

iO
2

PL
A/

PC
L 

60
/4

0 
+ 

0%
 S

iO
2

Su
rfa

ce
 fr

ee
 e

ne
rg

y 
(m

J/
cm

2 )

 Total SFE
 Dispersive SFE
 Polar SFE

Polymer blend

PL
A/

PC
L 

50
/5

0 
+ 

0%
 S

iO
2

0

5

10

15

20

25

30

35

40

45

50

55

60

Su
rfa

ce
 fr

ee
 e

ne
rg

y 
(m

J/
cm

2 )

 Total SFE
 Dispersive SFE
 Polar SFE

PL
A/

PC
L 

50
/5

0 
+ 

1%
 S

iO
2

PL
A/

PC
L 

60
/4

0 
+ 

1%
 S

iO
2

PL
A/

PC
L 

70
/3

0 
+ 

1%
 S

iO
2

PL
A/

PC
L 

80
/2

0 
+ 

1%
 S

iO
2

PL
A/

PC
L 

90
/1

0 
+ 

1%
 S

iO
2

PL
A/

PC
L 

10
0/

0 
+ 

1%
 S

iO
2

Polymer blend

0

5

10

15

20

25

30

35

40

45

50

55

60

Su
rfa

ce
 fr

ee
 e

ne
rg

y 
(m

J/
cm

2 )

 Total SFE
 Dispersive SFE
 Polar SFE

PL
A/

PC
L 

50
/5

0 
+ 

3%
 S

iO
2

PL
A/

PC
L 

60
/4

0 
+ 

3%
 S

iO
2

PL
A/

PC
L 

70
/3

0 
+ 

3%
 S

iO
2

PL
A/

PC
L 

80
/2

0 
+ 

3%
 S

iO
2

PL
A/

PC
L 

90
/1

0 
+ 

3%
 S

iO
2

PL
A/

PC
L 

10
0/

0 
+ 

3%
 S

iO
2

Polymer blend

Figure 3. Surface free energy of PLA/PCL blends with: (a) 0% SiO2, (b) 1% SiO2, and (c) 3% SiO2.

Table 2 shows the calculated adhesion parameters in two-component and three-
component systems. The optimal conditions for achieving adhesion in a two-component
system are the maximum thermodynamic work of adhesion (W12), a positive value of the
spreading coefficient (S12), and a minimum value of the free interfacial energy (γ12). In the
case of a three-component system, if the coefficient S23 takes on a positive value, it means
that the SiO2 compatibilizer is encapsulated by the dispersed polymer (PCL). If S23 has a
negative value, it means that the SiO2 nanoparticles have settled in the matrix (PLA), that
is, that the compatibilizer and the dispersed polymer have remained In separate phases
within the matrix. The third case would be if the value of S23 is close to zero, in which
case the nanoparticles are placed at the PLA/PCL interface, thereby contributing to the
reduction in the energy of the interface between the two polymers.

Table 2. Adhesion parameters in two-component and three-component systems.

System
Two-Component System Three-Component System

γ12 W12 S12 S23

PLA/PCL 1.79 78.52 4.10 /
PLA/SiO2 31.95 91.15 −68.85 /
PCL/SiO2 20.65 96.56 −63.44 /

PLA/PCL/SiO2 / / / 9.51
PCL/PLA/SiO2 / / / −13.09
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Of the three analyzed two-component systems (PLA/PCL, PLA/SiO2, and PCL/SiO2),
the optimal adhesion parameters were achieved for the PLA/PCL system. Although the
other two systems have a slightly higher thermodynamic work of adhesion, the PLA/PCL
system has the lowest value of the interfacial tension (1.79 mJ/m2) and a positive value of
the spreading coefficient (4.10 mJ/m2).

In the three-component system PLA/PCL/SiO2, S23 was 9.51 mJ/m2, which means
that in such a system, the nanoparticles should be located within the dispersed (PCL) phase.
Since the ratio of PLA to PCL in this research reached 1:1, the case of S23 if PLA was a
dispersed phase in the PCL matrix was calculated, and a negative value of −13.09 mJ/m2

was obtained, confirming the placement of SiO2 nanoparticles in PCL.
In addition to the adhesion parameters, the location of the nanoparticles within a

system is also influenced by the polymer viscosity [46]. The lower viscosity of a polymer
enables easier encapsulation of nanoparticles by that polymer. PCL has a lower viscosity
and higher polar part of the surface free energy compared to PLA, and this certainly
influenced the placement of nanoparticles within PCL. Also, the melting temperature
plays an important role because a polymer that melts at a lower temperature encapsulates
nanoparticles more easily than one that melts at a higher temperature. This feature is also
in favor of PCL because it melts at a lower temperature than PLA [47].

3.3. FTIR-ATR Spectra of PLA/PCL and PLA/PCL/SiO2 Blends

FTIR-ATR spectra of all samples can be observed in Figure 4. The specific areas of
functional groups for PLA and PCL in general are highlighted.
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At 2993 cm−1, a band belonging to C–H asymmetric stretching in CH3 appears in
PLA [41–43]. With an increase in the proportion of PLA in the mixture, this band moves to
higher values (from 2995 to 2997 cm−1). The next band belongs to the symmetric stretch-
ing of C–H in CH3, which is located at a lower wavelength than that of the asymmetric
stretching (from 2926 to 2943 cm−1) and is specific for PLA [48–50]. Also, the asymmetric
stretching of C–H in CH2, which occurs in PCL, is specific for this interval. Symmetric
stretching of C–H in CH2 of PCL occurs at 2862 cm−1 [51,52]. With an increase in the
proportion of PLA in the mixture, it moves towards lower values, so in samples with pure
PLA, this band appeared at 2854 cm−1. The next visible band represents the stretching of
the C=O bond, which is characteristic of polyester materials such as PLA and PCL [50]. It
appears in the interval from 1725 to 1745 cm−1. Asymmetric and symmetric stretches of
the CH3 group, specific for PLA, appear at 1452 and 1357 cm−1 for pure PLA, and with
the addition of PCL in the mixture, these values shift to 1456 and 1363 cm−1 for samples
with 50% of the proportion of PCL in the mixture. C–O–C asymmetric and symmetric
stretches in PLA are visible at values around 1180 and 1080 cm−1 [48–50]. Furthermore, in
samples PLA/PCL/SiO2 50/50/0, PLA/PCL/SiO2 50/50/1, and PLA/PCL/SiO2 50/50/3,
a band at 1236 cm−1 corresponding to C–O–C asymmetric stretching of PCL can be ob-
served [53]. CH rocking occurs at 1126 cm−1 for pure PLA, and with the addition of PCL,
this band moves to higher values—in samples with 50% of PCL in the mixture, it is at
1136 cm−1 [49,50]. In the Interval from 1035 to 1039 cm−1, there is a band corresponding
to C–CH3 stretching. The amorphous and crystalline phases appear In the region below
1000 cm−1 [49].

Figure 5 presents more detailed, specific changes in chosen FTIR – ATR spectra of
PLA/PCL/SiO2 blends with different concentrations of the nanoparticles.
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In Figure 5a, FTIR – ATR spectra of PLA/PCL 100/0 blends are presented. It is
noteworthy that the band at 1645 cm−1 of low intensity, belonging to the bound water, is
observable regardless of the SiO2 concentration. This can be related both to the hygroscop-
icity of pure PLA and to the agglomeration of the nanoparticles that occurs at their higher
concentration. This occurrence is more expressed in pure PLA than in the PLA/PCL blend,
according to the EDS mapping.

Figure 5b presents FTIR – ATR spectra of PLA/PCL 70/30 blends. The areas of interest
are similar to the areas for the 50/50 blend (Figure 5c). However, the band at 1267 cm−1

is pronounced only for the 70/30/3 blend. This band is associated with C=O bending
vibration [54]. It was generally observed in spectra with 3% of nanoparticles and on
the spectra of the blends 100/0 and 50/50 (Figure 4). This points to the changes in the
interactions of PLA and PCL in the polymer blends, related to the PLA/PCL ratio.

In Figure 5c, FTIR – ATR spectra of PLA/PCL 50/50 blends are presented. Characteris-
tic bands related to the crystalline phase of PLA can be observed around 955 and 922 cm−1.
The amorphous phase can be observed at 908 cm−1 [55–57]. Furthermore, the band at
1135 cm−1, which is also indicative of the crystalline phase [58], shifted to 1130 cm−1 [59]
for the 50/50/3 blend. This indicates that nanoparticles in the PLA/PCL 50/50 blend
influence the structure ordering of PLA in the blend, which is aligned with the results
obtained in the previous research [33]. The low-intensity band around 1645 cm−1 is inter-
esting since it represents water absorbed by hygroscopic PLA [60,61]. The work from other
authors [62] suggests that both hydrophilic and hydrophobic nano-silica can be used to
reduce the hygroscopicity of PLA. According to FTIR – ATR spectra in Figure 5a–c, Aerosil
200 showed only a mild effect on the reduction in the bound water in blend 50/50/3.

Finally, the bands at 1725 and 1747 cm−1 represent the vibration of the carbonyl bond.
Specifically, the band at 1725 cm−1 represents C=O vibration in crystalline PCL, and the
band at 1747 cm−1 represents C=O vibration in the ester group of PLA [63,64].

3.4. Microstructure and Elemental Distribution (SEM-EDS Analysis)

The surface of the PLA/PCL/SiO2 100/0/1 sample was initially without pronounced
textures or protrusions. Short-term (minutes) exposure to the electron beam etched the
surface, revealing thin Si- and O-rich linear structures that protruded from the surface
of the sample, giving the sample a distinct topographical dimension. Moreover, in the
sample PLA/PCL/SiO2 100/0/1, a linear elemental analysis (SEM-EDS) was performed.
The analysis site was selected to cross both the matrix and the silica-rich linear domain, as
shown in Figure 6. In the profile, the light-colored graph represents the raw signal intensity
line, whereas the dark-colored graph denotes the averaged intensity line, providing a
clearer interpretation of elemental distribution. The elemental distribution along the line-
scan profile reveals a notable increase in the concentrations of Si and O at the locations of
the protruding lines. At the same time, a decrease in the concentration of C is observed,
indicating the presence of a Si–O phase.

The results of EDS point analysis are summarized in Table 3. The measured Si content
in the analyzed material is in a range between 0.50 and 1.44 wt.%, with an average of
1.05 wt.%, which closely corresponds to the quantity of SiO2 added to the sample.

Table 3. Content of C, O, and Si in the sample PLA/PCL/SiO2 100/0/1 (all data given in wt.%).

Element C [%] O [%] Si [%]

Min. 58.93 32.01 0.50
Max. 66.95 39.92 1.44

Average 66.14 37.55 1.05
S.D. 3.04 2.99 0.26
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Figure 6. The SEM – EDS line-scan profile of sample PLA/PLC/SiO2 100/0/1 (light – colored graph
represents the raw signal intensity line, whereas the dark – colored graph denotes the averaged
intensity line).

In the sample PLA/PCL/SiO2 100/0/3, SEM-EDS point elemental analysis (Table 4)
and mapping were conducted (Figure 7). The EDS element distribution map reveals
homogenously distributed Si-rich particles (depicted red), which appear densified in
certain regions of the sample. Consequently, separate analyses were performed for the PLA
matrix and the Si-rich densifications. The red areas observed on the sample surface suggest
the potential presence of SiO2 clusters (Figure 7).

Table 4. Content of C, O, and Si in the sample PLA/PCL/SiO2 100/0/3.

Sample PLA Matrix Densifications (SiO2 Clusters)

Element C [%] O [%] Si [%] C [%] O [%] Si [%]

Min. 58.14 30.86 2.46 53.37 14.06 30.51
Max. 66.25 38.52 3.49 54.45 15.04 32.54

Average 63.75 33.41 2.84 53.91 14.55 31.54
S.D. 2.91 1.61 0.31 0.76 0.69 1.45
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The EDS point analysis results of the sample PLA/PCL/SiO2 90/10/1 presented in Ta-
ble 5 indicate a notable difference in Si concentrations between areas without protrusion 
(0.58 wt.%) and those with protrusions (2.76 wt.%). Similarly, in sample PLA/PCL/SiO2 
90/10/3, a comparable trend is observed; however, with a less pronounced difference in Si 
concentration compared to the sample with 1% SiO2 addition. Additionally, in sample 
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Figure 7. The EDS element distribution map of sample PLA/PCL/SiO2 100/0/3 with the Si-rich
particles (arrows indicate Si-rich densifications).

The results of SEM-EDS point analysis of the sample PLA/PCL/SiO2 100/0/30 are
given in Table 4. The average Si content within the PLA matrix is 2.84 wt.%, aligning well
with the quantity of SiO2 added to the sample. In contrast, the results of analysis of the
densifications (red dots, Figure 7) reveal that the Si content is more than ten times higher
(31.54 wt.%), suggesting the formation of SiO2 clusters or segregations due to elevated SiO2
concentrations in the PLA matrix.

In the SEM images of sample PLCA/PCL/SiO2 90/10/1 (Figure 8), it is evident that
thin linear structures protruding from the sample surface, similar to those observed in
sample PLA/PCL/SiO2 100/0/1, remain visible at high magnifications. However, with
the addition of 3% SiO2 to the PLA/PCL 90/10 mixture, the structure adopts a more
granular appearance.
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The EDS point analysis results of the sample PLA/PCL/SiO2 90/10/1 presented in
Table 5 indicate a notable difference in Si concentrations between areas without protrusion
(0.58 wt.%) and those with protrusions (2.76 wt.%). Similarly, in sample PLA/PCL/SiO2
90/10/3, a comparable trend is observed; however, with a less pronounced difference in
Si concentration compared to the sample with 1% SiO2 addition. Additionally, in sample
PLA/PCL/SiO2 90/10/3, the distribution of Si in areas without protrusions may be uneven,
as evidenced by a significant difference between the minimum and maximum values of
Si content.
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Table 5. Content of C, O, and Si in the samples PLA/PCL/SiO2 90/10/1 and 90/10/3.

Sample PLA/PCL/SiO2 90/10/1 PLA/PCL/SiO2 90/10/3

Element C [%] O [%] Si [%] C [%] O 1 [%] Si [%]

Area PLA/PCL 90/10 without protrusions
Min. 60.73 33.49 0.36 61.93 25.5 0.79
Max. 66.02 38.56 0.87 72.06 36.52 4.45

Average 63.09 36.33 0.58 67.65 30.02 2.13
S.D. 1.92 1.83 0.21 2.87 3.31 1.23

Protrusions—SiO2 clusters
Min. 58.19 31.35 1.31 62.49 25.61 1.65
Max. 67.29 40.50 4.52 71.84 34.58 6.38

Average 63.35 33.88 2.76 67.09 29.25 3.66
S.D. 2.78 3.18 1.16 3.03 2.65 1.21

The EDS analysis was conducted on both the PLA and PCL components in sample
PLA/PCL/SiO2 70/30/1, as shown in Figure 9. Protrusions on the surface, potentially SiO2
clusters, are represented by “Light”, while the PLA matrix is indicated in “Grey” and the
PCL component in “Black”. In the sample PLA/PC/SiO2 70/30/3, analysis was limited to
two different areas: the PLA matrix (denoted by “Light”) and the PCL component (denoted
by “Black”).
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The EDS analysis results for both samples are summarized In Table 6.
Table 6 reveals that the silicon (Si) concentration in the PCL component is consistently

higher in both samples compared to the PLA matrix. This outcome is to some extent
expected, as the glass transition and melting point of PCL is at a lower temperature than
that of PLA, and thus, the viscosity during mixing is higher, resulting in easier mixing with
SiO2 and taking up its higher fraction. Moreover, the interfacial properties described in
Table 2 support SiO2 dispersion within PCL. Furthermore, the interfacial properties of the
components in the polymer blend (Table 2) are in accordance with SiO2 having an affinity
of being dispersed in PCL. However, areas with higher Si concentrations (protrusions) are
still present in the sample mixture (probably clusters of SiO2).

Figure 10 presents the surface morphology of PLA/PCL 50/50 samples with the
addition of nano-SiO2. In both samples with 1% and 3% SiO2, lighter and darker areas
represent the PLA matrix and PCL added component, respectively.



Polymers 2024, 16, 1739 16 of 21

Table 6. Content of C, O, and Si in the samples PLA/PCL/SiO2 70/30/1 and 70/30/3.

Sample PLA/PCL/SiO2 70/30/1 PLA/PCL/SiO2 70/30/3

Element C [%] O [%] Si [%] C [%] O [%] Si [%]

PLA matrix
Min. 60.05 31.69 1.09 58.85 34.68 1.40
Max. 65.55 38.86 3.14 63.78 39.75 2.73

Average 62.35 35.96 1.69 61.24 36.81 1.96
S.D. 2.02 2.42 0.67 1.97 2.25 0.57

PCL component
Min. 64.42 24.43 1.38 57.96 31.18 1.50
Max. 71.62 32.31 4.04 64.12 40.54 5.23

Average 69.30 27.90 2.80 61.12 36.43 2.45
S.D. 2.35 2.77 0.88 2.45 3.47 1.29

Protrusions—SiO2 clusters
Min. 42.43 26.02 2.23 / / /
Max. 67.30 50.68 17.18 / / /

Average 55.26 34.13 10.61 / / /
S.D. 6.90 7.36 4.13 / / /
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50/50 with added (a) 1% SiO2 and (b) 3% SiO2 (mag. 350×).

SEM-EDS linear elemental analysis was performed on the PLA/PCL/SiO2 50/50/3
sample. As depicted in Figure 11, the PLA matrix exhibits a lower Si content compared to
the PCL areas, where the Si content is either close to or below the limit of quantification. This
finding correlates with the observations derived from the calculated spreading coefficients
in a three-component system (refer to Table 2).

As indicated in Table 7, the concentrations of carbon (C) and oxygen (O) are com-
parable in both areas, while the difference lies in the silicon (Si) content. It is expected
that the PLA component would have a lower percentage of Si compared to PCL. Notably,
both components exhibit a significant variation in Si content (as indicated by the range of
minimum and maximum percentages), suggesting the possibility of uneven distribution of
SiO2 within both components.
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Table 7. Content of C, O, and Si in the samples PLA/PCL/SiO2 50/50/1 and 50/50/3.

Sample PLA/PCL/SiO2 50/50/1 PLA/PCL/SiO2 50/50/3

Element C [%] O [%] Si [%] C [%] O [%] Si [%]

PLA matrix
Min. 61.83 33.50 1.81 61.93 25.50 0.79
Max. 64.66 36.36 2.01 72.06 36.52 4.45

Average 62.84 35.26 1.90 67.65 30.02 2.13
S.D. 1.14 1.12 0.08 2.87 3.31 1.23

PCL component
Min. 66.32 28.75 1.96 62.49 25.61 1.65
Max. 69.20 30.08 3.60 71.84 34.58 6.38

Average 67.84 29.47 2.69 67.09 29.25 3.66
S.D. 1.32 0.63 0.80 3.03 2.65 1.21

The results of this research are significant due to the observed impact of morphol-
ogy and interfacial properties on other properties of the PLA/PCL/SiO2 blends. Past
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research [26] has reported that the addition of nano-SiO2 to PLA/PCL blends with higher
portions of PCL (40–50%) can increase tensile strength and strain at break. This appears
to be due to a reduction in the size of PCL domains, which was confirmed in this study.
The addition of SiO2 in the correct concentration can improve the mechanical properties
of the blends, especially stiffness and toughness, while contributing to an increase in the
storage modulus through good dispersion and distribution within the matrix. However, an
increase in the concentration of SiO2 can decrease the strengthening effect on the material
due to nanoparticle agglomeration, which causes poor dispersion and distribution within
the mixture, resulting in surface irregularities and the creation of voids within the material
structure. The addition of SiO2 in the PLA/PCL blends also increased the maximum
temperature degradation rate, which improved the thermal degradation behavior of ob-
served blends, especially for blends modified with 3% SiO2. This improvement in thermal
stability could be attributed to the interaction between well-dispersed nanoparticles and
the polymer matrix.

4. Conclusions

The objective of this study was to improve the understanding of how PLA, PCL,
and hydrophilic nano-SiO2 interact in a blend that can be used in various industries
and other applications (for example, as a material for a relief printing plate made for the
embossing process). Eighteen samples of PLA/PCL/SiO2 blends were produced by varying
the concentration of all components. SEM analysis, EDS mapping, water contact angle
measurements, surface free energy calculation, and adhesion parameter measurements
were conducted on the samples. FTIR-ATR analysis was also performed to determine the
changes in the characteristic functional groups of the polymers used.

Results have shown that the addition of SiO2 nanoparticles leads to an increase in the
contact angle of water, i.e., the surface becomes more hydrophobic. The reason for such
results may be hydrophilic silanol areas (Si–OH) and hydrophobic areas of siloxane bridges
(Si–O–Si) that can be activated at elevated temperatures when the loss of hydroxyl pairs can
begin, thereby affecting the surface properties of the material. Furthermore, in the three-
component systems, calculated spreading coefficients indicated that SiO2 nanoparticles
have the affinity of being placed within the dispersed (PCL) phase. SEM images of the
blends with all three components showed the spherical PCL corresponding to the typical
morphology of the sea island. In the samples with a higher PCL content, the spherical
elements have been reduced, indicating better interactions at the interface between PLA,
PCL, and SiO2.

FTIR-ATR analysis showed that hydrophilic SiO2 nanoparticles showed a mild effect
on the reduction in the water bound by hygroscopic PLA. Shifts in the bands representing
the crystalline phase of PLA indicated that nanoparticles influence the structure ordering
of PLA in the blend with equal portions of PLA and PCL.

SEM-EDS mapping of the PLA/PCL 100/0 blend surfaces revealed the presence of
SiO2 clusters, and silicon (Si) concentration reaching up to ten times higher than the nominal
concentration of SiO2. However, with the addition of 3% SiO2 to the blend containing PCL,
the structure became more granular.

A better understanding of the morphology and interactions between materials in the
presented blends, as well as the advantages and disadvantages of their varied composition,
can lead to optimization of their application for different purposes.

Author Contributions: Conceptualization, S.M.P., D.P. and T.T.; methodology, S.M.P., D.P. and T.T.;
software, S.M.P., D.P., T.T., A.Š. and U.S.E.; validation S.M.P., D.P., T.T., A.Š. and U.S.E.; formal
analysis, S.M.P., D.P., T.T., A.Š. and U.S.E.; investigation, S.M.P., D.P., T.T., A.Š. and U.S.E.; resources,
S.M.P., D.P., T.T., A.Š. and U.S.E.; data curation, S.M.P., D.P., T.T., A.Š. and U.S.E.; writing—original
draft preparation, S.M.P.; writing—review and editing, S.M.P., D.P., T.T., A.Š. and U.S.E.; visualization,
S.M.P., D.P., T.T., A.Š. and U.S.E.; supervision, S.M.P., M.L. and U.S.E.; project administration, S.M.P.,
D.P. and T.T.; funding acquisition, S.M.P. and T.T. All authors have read and agreed to the published
version of the manuscript.



Polymers 2024, 16, 1739 19 of 21

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to privacy and contractual limit.

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

References
1. Imre, B.; Pukánszky, B. Compatibilization in bio-based and biodegradable polymer blends. Eur. Polym. J. 2013, 49, 1215–1233.

[CrossRef]
2. Tokiwa, Y.; Calabia, B.P.; Ugwu, C.U.; Aiba, S. Biodegradability of Plastics. Int. J. Mol. Sci. 2009, 10, 3722–3742. [CrossRef]

[PubMed]
3. Vieweger, D.; Diel, S.; Schweiger, H.-G.; Tetzlaff, U. Mechanical Properties of Raw Filaments and Printed Specimens: Effects of

Fiber Reinforcements and Process Parameters. Polymers 2024, 16, 1576. [CrossRef] [PubMed]
4. Lee, J.K.; Han, C.D. Evolution of polymer blend morphology during compounding in a twin-screw extruder. Polymer 2000, 41,

1799–1815. [CrossRef]
5. Cabrera, G.; Bouquey, M.; Ibarra-Gomez, R.; Lefort, F.; Mani, S.; Falher, T. Processing of polymer blends by twin-screw extrusion

and reactive blending: A route towards the valorization of plastic food packaging waste. AIP Conf. Proc. 2023, 2607, 050001.
[CrossRef]

6. Deng, L.; Fan, S.; Zhang, Y.; Huang, Z.; Zhou, H.; Jiang, S.; Li, J.; Bruno, C.; Fernandes, P.; Faroughi, A.; et al. Multiscale Modeling
and Simulation of Polymer Blends in Injection Molding: A Review. Polymers 2021, 13, 3783. [CrossRef] [PubMed]

7. Yoshikawa, I.; Hikima, Y.; Ohshima, M. In-Line Chemical Composition Monitoring for the Injection Molding Process of Biodegrad-
able Polymer Blends Using Simultaneous Measurement of Near-Infrared Diffuse Reflectance and Transmission Spectra. Appl.
Spectrosc. 2024; online first. [CrossRef]

8. Wilpiszewska, K.; Spychaj, T. Ionic liquids: Media for starch dissolution, plasticization and modification. Carbohydr. Polym. 2011,
86, 424–428. [CrossRef]

9. Purohit, P.; Bhatt, A.; Mittal, R.K.; Abdellattif, M.H.; Farghaly, T.A. Polymer Grafting and its chemical reactions. Front. Bioeng.
Biotechnol. 2023, 10, 1044927. [CrossRef]

10. Ashfaq, A.; Clochard, M.C.; Coqueret, X.; Dispenza, C.; Driscoll, M.S.; Ulański, P.; Al-Sheikhly, M. Polymerization Reactions and
Modifications of Polymers by Ionizing Radiation. Polymers 2020, 12, 2877. [CrossRef]

11. Slagman, S.; Zuilhof, H.; Franssen, M.C.R. Laccase-Mediated Grafting on Biopolymers and 3Synthetic Polymers: A Critical
Review. ChemBioChem 2018, 19, 288–311. [CrossRef]

12. Zhan, Y.K.; Du, S.; He, M.; Zhang, D.H.; Liu, Y.F.; Li, L.P. Enhancing the Interfacial Properties of Composites by Grafting
Polyethylene Glycol and Polyvinyl Alcohol Onto a CF Surface. Polym. Eng. Sci. 2019, 59, 1043–1050. [CrossRef]

13. Ávila-Orta, C.A.; González-Morones, P.; Espinoza-González, C.J.; Martínez-Colunga, J.G.; Neira-Velázquez, M.G.; Sáenz-Galindo,
A.; López-López, L.I.; Ávila-Orta, C.A.; González-Morones, P.; Espinoza-González, C.J.; et al. Toward Greener Chemistry Methods
for Preparation of Hybrid Polymer Materials Based on Carbon Nanotubes. Synth. Appl. Carbon Nanotub. Their Compos. 2013, 2023,
1–20. [CrossRef]

14. Nawaz, M.; Baloch, M.K.; Rehman, W. Investigating the Compatibility of Polymers in Common Solvent. J. Chil. Chem. Soc. 2010,
55, 90–93. [CrossRef]

15. Khairutdinov, V.F.; Khabriev, I.S.; Gumerov, F.M.; Khuzakhanov, R.M.; Garipov, R.M.; Yarullin, L.Y.; Abdulagatov, I.M. Blending
of the Thermodynamically Incompatible Polyvinyl Chloride and High-Pressure Polyethylene Polymers Using a Supercritical
Fluid Anti-Solvent Method (SEDS) Dispersion Process. Polymers 2023, 15, 1986. [CrossRef] [PubMed]

16. Khan, I.; Mansha, M.; Mazumder, M.A.J. Polymer Blends; Springer: Cham, Switzerland, 2018; pp. 1–38. [CrossRef]
17. Abdilla, A.; D’Ambra, C.A.; Geng, Z.; Shin, J.J.; Czuczola, M.; Goldfeld, D.J.; Biswas, S.; Mecca, J.M.; Swier, S.; Bekemeier,

T.D.; et al. Silicone-based polymer blends: Enhancing properties through compatibilization. J. Polym. Sci. 2021, 59, 2114–2128.
[CrossRef]

18. Dmitruk, A.; Ludwiczak, J.; Skwarski, M.; Makuła, P.; Kaczyński, P. Influence of PBS, PBAT and TPS content on tensile and
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