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ABSTRACT

This study investigated the potential use of waste photopolymer printing matrices as fillers in polymeric materi-
als. Ground printing matrices were incorporated into polypropylene at concentrations of 10, 20, and 30 wt.% and
evaluated for selected physical, mechanical, and thermal properties. A spectroscopic analysis indicated that the
matrices consist of polyesters and styrene—butadiene copolymer. The resulting composites maintained low den-
sity (<1 g/cm?), compared to 0.896 g/cm? for neat polypropylene. Contrary to most literature reports, the addition
of ground printing matrices led to a reduction in mechanical performance. At the highest filler content, tensile
strength decreased by 50% (from 22.7 to 10.9 MPa), Young’s modulus by 33% (from 1290 to 825 MPa), and
flexural strength by 38% (from 37 to 23 MPa). The most pronounced decrease was observed in impact strength,
which dropped by 67% to 17 kJ/m?. Thermal properties were affected to a lesser extent. The filler slightly reduced
the crystallization temperature but simultaneously improved the thermal stability of the composites, with higher
filler loading yielding greater enhancement. The observed reduction in material properties is primarily attributed to
poor matrix—filler adhesion, representing a key challenge for further development. Nevertheless, the performance
remains acceptable for the intended applications. Overall, the study successfully demonstrates the feasibility of
using post-production label waste as a polymer filler.

Keywords: polypropylene, printing matrices, polymer waste, recycling, circular economy.

INTRODUCTION

which the consumption of primary raw materials,
the generation of waste, as well as emissions and

The waste from production processes, includ-
ing the waste material from printing industry, is
a significant problem for companies. Very often,
specialized disposal of such waste is necessary,
which, given the large production volume, is as-
sociated with high costs for enterprises. Addition-
ally, the waste disposal processes themselves,
which largely involve pyrolysis, pose a heavy
burden on the natural environment, even when
modern disposal methods are used. Therefore,
recently, great emphasis has been placed on pro-
moting and applying the behavior consistent with
the assumptions of circular economy [1-3].

The circular economy (CE) constitutes a re-
generative model of economic development, in

energy losses are minimized through the estab-
lishment of closed-loop processes. Within this
framework, by-products and waste streams from
certain operations are reintroduced as inputs into
others, thereby ensuring the highest possible re-
duction in overall waste generation. This model
is the opposite of a linear economy, based on
continuous growth and increasing consumption
of raw materials and the volume of waste. In the
circular economy model, the aim is to maintain
the value of resources for as long as possible (and
not to create added value as in the linear economy
model), to optimize resource management (and
not to optimize resource flows) and to increase
the efficiency of the use of goods (and not the
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efficiency of goods production) [4]. It should be
noted that the transition to the circular economy
model is the official goal of the European Union
[5], so its implementation is crucial for the com-
panies operating in Europe.

The printing industry represents a sector fo-
cused on the manufacture of printed materials.
This domain encompasses various printing tech-
niques, including offset printing, digital printing,
screen printing, and large-format printing. As
with other industrial sectors, printing processes
are associated with the generation of waste. Sig-
nificant forms of solid, liquid, and gaseous waste
arise before, during, and after the printing pro-
cess. These include waste inks, residual ink and
solvents from machine cleaning, wastewater from
water-based inks, plate and film developer and
fixer solutions, waste paper, waste film, defective
prints, cleaning solvents, and emissions of vola-
tile organic compounds (VOCs) resulting from
the use of isopropyl alcohol (IPA), as well as used
printing matrices composed of diverse materials,
such as metals and polymers [6—10].

In the modern printing industry, one of the
most popular materials used for the production
of printing matrices is photopolymers. Photo-
polymer printing matrices most often consist of
four main components/layers [11]. The first layer,
most often made of polyester or polystyrene foils,
serves as protection against dirt and is removed
before the process of creating the actual printing
matrix. The second layer, also having a protective
function, is most often made of polyamide copo-
lymers or vinyl acetate copolymers. This layer
can also be removed in the process of producing
the actual polymer matrix, but this requires the
use of appropriate solvents. The third layer is the
curable layer, which is the main element of the
photopolymer printing matrix. This layer consists
of a photosensitive elastomeric composition com-
prising: a layer of a thermoplastic elastomeric
block copolymer, e.g., a styrene/butadiene copo-
lymer, and polymerization initiators that can be
activated by exposure to light of the appropriate
wavelength. The fourth and last layer is the sup-
porting layer, usually made of polyesters.

Only a small number of articles presenting
the use of used photopolymer printing matrices
can be found in the literature. Cordeiro et al.
[12] used waste photopolymer matrices to im-
prove the properties of polypropylene (PP) and
ethylene-vinyl acetate (EVA). In their research,
they introduced up to 15 wt.% of ground matrix
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waste consisting of butadiene-styrene copolymer
and polyester with a particle size smaller than 24
mesh (0.5 mm) into the polymer matrix by extru-
sion. The tests carried out showed that the addi-
tion of ground particles of printing matrices did
not significantly affect the mechanical properties
of the obtained composites. However, their ther-
mal resistance improved, as the recorded degra-
dation temperatures were slightly higher. How-
ever, no changes were observed in the chemical
structure of the produced composites.

Girler et al. [13] used polymer matrices in
amounts up to 30 wt.% to modity the biodegrad-
able polymer — polycaprolactone (PCL) — in or-
der to use the obtained materials in the packaging
industry. New materials were produced by solu-
tion casting. The conducted tests revealed that
the thermal stability of the obtained materials de-
creased with increasing filler content. It was also
observed that higher filler loadings increasingly
restricted the mobility of polymer chains, result-
ing in an elevated glass transition temperature of
the pure PCL matrix. The films containing filler
particles exhibited greater opacity compared to
pure PCL films. Additionally, the incorporation of
filler was associated with enhanced barrier prop-
erties against water vapor. However, the study did
not report the mechanical performance of the pre-
pared materials.

Kok et al. [14] used waste photopolymer
printing matrices to modify bitumen. The func-
tional properties of asphalt modified with photo-
polymer printing matrices were compared with
pure asphalt and styrene-butadiene-styrene (SBS)
modification. It was found that the materials con-
taining waste matrices had better properties in
terms of higher softening temperature, viscos-
ity, storage modulus and lower phase angle value
compared to pure bitumen. The modified waste
exhibited greater flexibility than SBS at low tem-
peratures and demonstrated slightly enhanced
storage stability.

Ferretto et al. [15] used the remains of photo-
polymer plates (rubber microparticles) to modify
a thermosetting epoxy polymer consisting of bi-
sphenol A diglycidyl ether and triethylenetetra-
mine (DGEBA/TETA). New materials were pro-
duced by pouring. The filler planned for use was
prepared in two ways. In the first method, used
photopolymer plates were shredded and then clas-
sified according to particle size. In the second
method, polyester layers were separated from
used photopolymer plates, and then the remaining
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elastomeric fraction was ground by cryogenic
grinding. The fillers obtained using this method
were incorporated into the polymer matrix at con-
centrations of up to 7.5 wt.%. The results dem-
onstrated that the filler prepared using the first
method was ineffective as a modifier of the epoxy
system, as evidenced by a reduction in mechanical
properties, including maximum tensile strength
and elongation, regardless of filler concentration.
In contrast, the filler prepared using the second
method led to improvements in tensile strength,
deformation capacity, and impact resistance.

Zimmermann et al. [16] examined the ef-
fect of introducing photopolymer plate remnants
from the flexographic process into polyester-
glass composites. The composites were prepared
by hand lamination with different waste contents
(0, 2.5, 5 and 10 wt.%). The results indicated
that the incorporation of spent matrix particles
increased lamination difficulty and promoted the
formation of larger voids at higher filler contents.
While the filler reduced impact resistance, it did
not diminish flexural strength or storage modulus,
suggesting that, despite the elastomeric nature of
the material, the photopolymer plate residue act-
ed predominantly as a reinforcing, rather than a
toughening agent.

In their previous work, the authors presented
the possibility of using another type of waste
from the printing industry, i.e. waste from the la-
bel production process, as a filler for polymeric
materials [17]. This research aimed to determine
the feasibility of utilizing another significant
waste material of the printing industry, namely
the used photopolymer printing matrices. The el-
ement that distinguishes the presented research
from prior works found in the literature is the
deliberate use of the simplest possible techno-
logical operations for both filler preparation and
composite production, ensuring a direct path
toward industrial scalability. The methodology
was intentionally minimalistic, involving only
ambient-temperature mechanical shredding of
the waste material followed by its incorporation
into a polypropylene matrix via conventional
melt-processing techniques, such as single-screw
extrusion and injection molding. By avoiding
such specialized, costly, or non-scalable opera-
tions, the current study prioritized a low-cost and
accessible recycling pathway, thereby enhanc-
ing the feasibility of its adoption by industry
for the valorization of post-production printing
waste. This will simplify the production of new

polymer composites, potentially increasing their
output and reducing the waste from unused print-
ing matrices. Additionally, selected physical, me-
chanical and thermal properties of the obtained
composites were examined to determine how
the addition of ground matrices would affect the
characteristics of the obtained composites and to
assess whether the obtained properties would en-
able their possible use.

MATERIALS AND METHODOLOGY

Materials

Polypropylene (PP) Moplen EP548U (Ly-
ondellBasell, the Netherlands) was chosen as the
matrix for the new polymer composites. This poly-
mer is characterized by (according to the safety
data sheet): density 0.90 g/cm®, mass flow rate
70 g/10 min (230 °C/2.16 kg), tensile strength
28 MPa, elongation at break 30%, impact strength
(notched) 4 kJ/m? and Young’s modulus 1450 MPa.

The PP matrix was filled with used photo-
polymer printing matrices. The matrices were in-
dustrial waste from the printing process carried
out at the Blue System Sp z o. o., (Bydgoszcz,
Poland) printing house. The input material was a
mixture of printing matrices from various manu-
facturers and/or distributors from a wide period of
the printing house’s activity. Therefore, the exact
composition of the photopolymer printing matri-
ces used cannot be clearly determined. Therefore,
as part of the research, an analysis of the compo-
sition of the matrices was carried out, the results
of which are presented later in the article.

Before being introduced into the polymer ma-
trix, used photopolymer printing matrices were
shredded using a laboratory grinder for polymer
materials. The final form of shredded matrices is
shown in Figure 1.

Methodology

The shredded waste material of photopolymer
printing matrices was incorporated into polypro-
pylene through the extrusion process. Extrusion
was performed using a W25-30D single-screw
extruder (Metalchem, Poland). To achieve pre-
cise homogenization of the filler within the poly-
mer matrix, an intensive mixing screw equipped
with additional kneading and reverse segments
was employed. The screw rotation speed was
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Figure 1. Waste photopolymer printing matrices before and after the shredding process

maintained at a constant 200 rpm. The tempera-
tures of the individual extruder zones were set
to 175, 185, 195, and 195 °C, while the extru-
sion head temperature was maintained at 195°C.
The extrudate was subsequently cooled in a wa-
ter bath and pelletized using a knife granulator.
Three composite formulations were prepared,
containing 10, 20, or 30 wt.% of shredded print-
ing matrices, designated as P10, P20, and P30,
respectively (the numerical designation indicates
the filler content). The properties of these com-
posites were compared with those of neat poly-
propylene (sample P).

Test specimens, in the form of standardized
paddles, were produced from the granulate via
injection molding (Figure 2). Injection molding
was carried out on a TRX 80 Eco machine (Ted-
eric, China) under the following conditions for
all compositions: zone temperatures of 180, 185,
and 200 °C, with a nozzle temperature of 200
°C. Additional processing parameters included a
mold temperature of 35 °C, injection pressure of
36 bar, and a cooling time of 20 s.

Infrared spectroscopy was performed using a
Nicolet iS10 FTIR spectrophotometer (Thermo
Scientific, USA) in attenuated total reflection
mode (ATR-FTIR). Each spectrum represents the
average of 16 scans collected over the wavenum-
ber range 4000-500 cm™'.

Material densities were measured using a
MVP-D160E gas pycnometer (Quantachrome In-
struments, USA) with helium as the probe gas.
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The reported values correspond to the mean of
three independent measurements.

Mechanical characterization included tensile
and flexural testing on an Instron 3367 machine
(Instron, USA) at strain rates of 50 mm/min
and 10 mm/min, respectively. Tensile tests were
conducted on standardized paddle-shaped speci-
mens, whereas flexural tests used bars (80 x 10 x
4 mm) supported at both ends (three-point bend-
ing mode). Twelve replicates were analyzed per
material, and the mean values are reported.

Fracture surfaces were examined via optical
microscopy VHX7000 (KEYENCE, Belgium)
and scanning electron microscopy Phenom XL
(Thermo Scientific, USA). SEM imaging was
performed at 300x magnification, 5 kV accelerat-
ing voltage, in mapping mode using a backscatter
electron detector (BSD Full) under high vacuum
(0.1 Pa). The specimens were sputter-coated with
gold for 60s using a SEC MCMI100P coater
(SEC, South Korea). Final fracture surface imag-
es were generated by stitching 24 individual SEM
micrographs using the microscope software.

Charpy impact testing was performed us-
ing an XJ 5Z impact tester (Liangong, China)
equipped with a 2 J hammer, operating at a fall-
ing speed of 2.9 m/s. The tests were conducted
on bar-shaped specimens (80 x 10 X 4 mm) cut
from the measuring section of the paddle-shaped
samples produced via injection molding. The un-
notched impact strength (a ) was determined for
each specimen. Twelve replicates were tested for
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P P10

P20 P30

Figure 2. Test samples made by injection molding

each material, and the reported values correspond
to the arithmetic mean of the measurements.

Thermomechanical analysis (DMA) was
performed using a Q800 dynamic mechanical
analyzer (TA Instruments, USA). Measurements
were conducted over a temperature range of
30-150 °C with a heating rate of 3 °C/min. Bar-
shaped specimens (60 x 10 X 4 mm), cut from the
measuring section of the paddle-shaped samples
obtained via injection molding, were used. The
applied strain was 15 um, and the oscillation fre-
quency was 1 Hz.

Differential scanning calorimetry (DSC)
analyses were carried out using a Q200 calo-
rimeter (TA Instruments, USA) under a nitrogen
atmosphere, over a temperature range of —60 to
220 °C with a heating/cooling rate of 10 °C/min.
The samples with mass between 9.3 and 9.6 mg
were subjected to three thermal cycles: first heat-
ing, cooling, and second heating. The first heat-
ing step aimed to eliminate the thermal history of
the materialsinduced during the processing stage.
From the cooling and second heating curves, the
glass transition temperature (T, ), crystallization
temperature (T), crystallization enthalpy change
(AH,), melting temperature (T ), melting enthal-
py change (AH ), and degree of crystallinity (X )
were determined using the TA Universal Analysis
software. The degree of crystallinity (X ) was cal-
culated according to Equation 1.

Y _( AH,,
¢ AHm1g09 * (1 — )

where: AH . —value of the enthalpy change of
100% crystalline PP; 207 J/g [18],

x — filler content.

>-100% (1)

Thermogravimetric analysis (TGA) was con-
ducted using a Q500 thermobalance (TA Instru-
ments, USA) under a nitrogen atmosphere over a
temperature range of 25-700 °C, with a heating
rate of 10 °C/min. Sample masses ranged from
21.2 to 22.2 mg. From the thermogravimetric
curves, the temperatures corresponding to 5%,
50%, and 95% mass loss (T, , T, and T, , re-
spectively) were determined. The T,, value was
used as an indicator of the thermal stability of
the material (T,). Additionally, the temperatures
of maximum mass loss rates (T __ ) for individual
degradation stages were derived from the differ-
ential thermogravimetric (DTG) curve, obtained

as the first derivative of the TG curve.

RESULTS AND DISCUSSION

FTIR analysis

Due to the lack of detailed information about
the type of polymers constituting the photopolymer

421



Advances in Science and Technology Research Journal 2026, 20(2), 417-436

printing matrices used in the research, an FTIR
analysis was first performed to approximate the
composition of the matrices. Since the input ma-
terial constituting a potential filler for polymeric
materials consisted of many printing matrices
from different manufacturers and from different
operational periods, several FTIR spectra measure-
ments were made. The matrices turned out to be
materially homogeneous, as most of the obtained
spectra were very similar to each other. The main
differences (if any) were limited primarily to slight
differences in the absorbance of individual bands.
Therefore, Figure 3 shows the average FTIR spec-
tra of the stamp and reverse sides of the photopoly-
mer printing matrices, and the presented analysis
will refer to all the matrices tested.

According to the multi-material and layered
structure of photopolymer printing matrices de-
scribed in the introduction section, the FTIR spec-
tra of the stamp side (Figure 3a) and the reverse
side (Figure 3b) were different. The spectropho-
tometer software assigned the obtained spectra to:
styrene-butadiene block copolymer (stamp side)
and terephthalic acid-based polyester (reverse
side). The identified polymers are typically used
in the production of photopolymer printing matri-
ces, therefore it can be assumed that the identifica-
tion is correct. The styrene-butadiene copolymer
constitutes the curable layer, while the polyesters
act as the protective/ support layer.

I

To validate the software-based identification,
an independent analysis of the acquired spec-
tra was performed. This analysis confirmed the
correct identification of the styrene-butadiene
copolymer, as the observed spectra were con-
sistent with literature data [19-21]. The broad
absorption band at 3410 cm™ corresponds to
—O-H stretching vibrations of hydroxyl groups.
The —CH stretching vibrations of both alkyl and
aromatic moieties were observed at 2921 and
2850 cm™. A distinct peak at 1731 cm™ is attrib-
uted to C=O stretching, indicating the presence
of ester linkages in the polymer. Furthermore, the
bands at 967, 909, and 757 cm™! are characteris-
tic of trans-1,4-, 1,2- and cis-1,4-polybutadiene,
respectively, while the band at 699 cm™ is typi-
cal of the benzene ring of polystyrene.

Also, the FTIR spectrum identified as poly-
ester is in agreement with literature reports for
this class of polymers [22-24]. The absorption
bands at 2968 and 2905 cm™ correspond to the
symmetric and asymmetric stretching vibrations
of C—H bonds. Prominent bands at 1717, 1262,
1125, and 1101 cm™ are attributed to C=0 and
C—C-O stretching vibrations, reflecting the pres-
ence of ester groups within the copolymer. The
band at 1410 cm™ indicates aromatic ring vibra-
tions, while bands at 1341 and 1021 cm™! corre-
spond to ester or carboxylic anhydride groups.
The 1021 cm™ band also reflects O=C-O-C
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Figure 3. FTIR spectra of photopolymer printing matrices a) stamp side, b) reverse side
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linkages, and the band at 971 cm™ is assigned
to C=C stretching. The absorption at 872 cm™ is
characteristic of five-substituted hydrogen atoms
on the benzene ring, and the band at 728 cm™ cor-
responds to C—H bending vibrations.

In addition to the printing matrices them-
selves, the spectra of pure PP and te materials
containing shredded printing matrices were also
obtained and analyzed. Figure 4 shows the spec-
tra of samples P and P30. For greater readability,
the spectra of other materials were not presented,
but they were similar.

The FTIR spectra of pure polypropylene (PP)
and the composites containing shredded print-
ing matrices were found to be essentially identi-
cal, irrespective of the filler content. The spectra
predominantly exhibited the bands characteristic
of PP, with only minor variations in peak intensi-
ties. The observed bands include 2951, 2919, and
2838 cm™!, corresponding to —CH stretching vi-
brations; 1457 and 1377 cm™, attributed to CH,
bending and symmetric CH, deformation specific
to polypropylene; 1168 cm™, corresponding to
C—C bending inherent to the PP backbone; and
998, 973, and 842 cm™!, indicative of isotactic
polypropylene [25,26].

The lack of new bands in the spectra of
samples P10, P20 and P30 indicates the lack of
chemical interaction between the matrix (PP)
and the filler (shredded photopolymer printing
matrices). It therefore appears that the filler par-
ticles are only physically bound to the matrix
material, which may be less advantageous when
it comes to the potential mechanical properties
of new materials.

Density

The feature that distinguishes pure polypro-
pylene from most other polymers is its low densi-
ty, usually from 0.895 to 0.920 g/cm® (depending
on the type, production and processing methods).
The experimentally determined density of the PP
type used in the presented studies was 0.896 g/
cm?, so it was within the range typical for this
polymer. The shredded waste of printing matrices
was also characterized by a relatively low den-
sity of 1.058 g/cm?. Therefore, its addition into
the polymer, even in the highest amount assumed
in the research plan, should not significantly in-
crease the density of the composites in relation to
the pure polymer. This is confirmed by the theo-
retical calculations of composite density carried
out in accordance with the rule of mixtures. The
experimentally determined density values were
slightly lower than calculated theoretically, which
could have resulted from the errors in dosing the
filler in the extrusion process or the influence of
injection process parameters (Figure 5). The de-
termined density values of the tested compos-
ites were: 0.893 g/cm® for P10 (theoretical value
0.912 g/cm?), 0.914 g/cm® for P20 (theoretical
value 0.927 g/cm®) and 0.928 g/cm? for P30 (the-
oretical value 0.943 g/cm?).

The density analysis of the PP composites
filled with waste material reveals a trend consis-
tent with the principle of additive mixture, yet the
observed experimental values were systemati-
cally lower than theoretical predictions. This de-
viation, attributable to the formation of interfacial
voids resulting from poor matrix-filler adhesion,
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Figure 4. FTIR spectra of selected samples containing shredded photopolymer printing matrices
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Figure 5. Density of the tested materials

aligns with the findings reporting on the epoxy
composites incorporating a similarly prepared
filler [15]. In contrast, the minimal density in-
crease and maintenance of low specific weight
even at high filler loadings are comparable to the
results presented in [12], who noted only a mar-
ginal density change in PP composites with up to
15 wt.% filler. However, the more pronounced di-
vergence from theoretical density in the present
study, compared to the work [13] on polycapro-
lactone-based composites, underscores the criti-
cal influence of the specific polymer matrix and
the absence of filler compatibilization. This com-
parison highlights that while the density behavior
of such composites is generally predictable, the
magnitude of structural imperfections — and thus
the final material density — is highly dependent
on the processing methodology and the intrinsic
compatibility of the constituent phases. However,
despite the high degree of filling of the compos-
ites, they are still characterized by low density,
which makes it possible to produce low-weight
shapes and products.

Mechanical properties

The mechanical properties of PP classify this
polymer between polyethylene (PE) and engi-
neering polymers. Compared to PE, polypropyl-
ene is stiffer and more resistant to stretching and
bending. However, its impact strength is lower.
The presented research focused on determining
the impact of shredded photopolymer printing
matrices on selected mechanical properties of the
thus obtained composites.
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Figure 6 shows the measurement results of
selected stress and strain parameters.

The tensile strength (o,,) of the pure PP sam-
ples was 22.7 MPa. Due to the physical state of
PP at the test temperature (highly elastic state)
and the occurrence of the necking phenomenon,
the stress at break (c,,) was significantly lower -
17.2 MPa. The photopolymer printing matrices
were characterized by much better mechanical
properties. The values of 6,, and o, determined in
accordance with the direction of matrix produc-
tion were 49.2 and 41.9 MPa, respectively. There-
fore, it would seem that after addition into the
polymer matrix, the mechanical parameters of the
composites should be better than those of the pure
polymer. Unfortunately, after grinding the waste
printing matrices and adding it into the polymer
matrix, a decrease in the mechanical parameters
of the composites was observed.

The decrease in the mechanical parameters of
the composites determined in the tensile test pro-
gressed with the increase in the content of shred-
ded filler. The 10 wt.% of the filler (sample P10)
reduced the tensile strength and stress at break
to the level of 16.4 MPa, 20 wt.% of the filler
(sample P20) to the level of 13.6 MPa, and 30
wt.% of the filler to the level of 10.9 MPa. The
total decrease in tensile strength after the addition
of the maximum filler content was therefore ap-
proximately 10 MPa, which is 50% of the initial
value of pure PP.

Pure PP was characterized by a large differ-
ence between the strain at maximum stress (g,,)
and the strain at break (¢,), which is typical for this
polymer [27, 28]. The ¢, and ¢, values of sample
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Figure 6. Results of measurement of a) stress, b) strain of the tested materials

P were 5.8 and 26.6%, respectively. Photopolymer
printing matrices were characterized by high defor-
mation values, where the recorded ¢, and g, were
53.1 and 55.5%, respectively. However, the addi-
tion of printing matrices in shredded form reduced
the recorded strains, especially in the &, range.
The ¢, value decreased from 5.8% for sample
P to 3.9% for sample P30, representing a 33%
decrease in the value of pure PP. A much greater
change was recorded for ¢,. Introduction of al-
ready 10 wt.% shredded filler reduced this pa-
rameter from 26.6% (sample P) to 4.5% (sample

P10). This is a decrease of as much as 83% com-
pared to pure PP. Increasing the amount of filler
in the composite did not cause any further signifi-
cant changes in this parameter.

The recorded changes in mechanical param-
eters (stress and strain) obtained during the static
tensile test are typical changes accompanying the
addition of this partial filler to the polymer ma-
trix, without prior modification of the filler or the
use of special compatibilizers improving inter-
facial adhesion. Due to the presence of particles
in the volume, stresses aggregate at the points of
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matrix/filler contact. The lack of special prepa-
ration of the filler material means that the indi-
vidual phases of the composite are poorly bonded
to each other, which results in large amounts of
empty spaces at the matrix/filler interface, which
reduces the mechanical strength of the material.
The presence of voids has been confirmed by
SEM tests (Figure 7).

The minimal differences in strain observed
among the composites containing fillers can be
attributed to the presence of at least one filler par-
ticle within the cross-section of each specimen.
Stress concentrations around these particles lead
to sample failure prior to the onset of necking.

Consequently, the incorporation of shredded
printing matrices into the polymer matrix also af-
fected the elasticity of the materials. The addition
of these fillers significantly reduced the Young’s
modulus of the resulting composites compared to
that of pure PP (Figure 8).

Pure PP had a Young’s modulus of 1290
MPa, while the printing matrices had a modulus
of 1407 MPa. The recorded values of the Young’s
modulus of the obtained composites were 1060
MPa for sample P10, 975 MPa for sample P20
and 825 MPa for sample P30. It is therefore vis-
ible that the elasticity of the material decreased

2 mm

2 mm

with the increase in the content of the filler used,
and the total decrease at the maximum amount
of filler was 33% in relation to the value of pure
PP. This decline is attributed to poor interfacial
adhesion between the non-polar PP matrix and
the polar filler, leading to the formation of stress
concentration points and voids, as confirmed by
SEM analysis.

The reduction observed in this study is con-
sistent with the patterns previously reported for
the polymer composites containing elastomeric
or poorly compatible waste-derived additives.
For example, comparable declines in stiffness
have been described for the polypropylene com-
posites incorporating waste tire rubber, where
the soft rubber inclusions function as compliant
regions within the otherwise rigid matrix [29].
In contrast, the addition of rigid mineral waste
fillers, such as fly ash or glass powder, general-
ly enhances the Young’s modulus of polyolefins
[30]. This clear disparity highlights that the me-
chanical performance of waste-filled composites
is not determined merely by filler loading, but is
largely dependent on the intrinsic characteristics
of the filler — most notably its stiffness — as well
as the interfacial adhesion with the polymer ma-
trix. Therefore, the findings presented here reflect

Figure 7. SEM images of the fracture of samples A — P; B-P10; C—P20; D-P30.
Voids between the matrix and the filler are marked with white circles
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a system in which a rigid matrix is combined with
a softer and incompatible filler, resulting in a re-
duction of elastic properties.

The use of shredded printing matrices as a
filler in polymeric materials also influenced the
flexure strength of the produced composites
(Figure 9).

The flexural strength (c,) of pure PP was 37
MPa with a strain at maximum flexural stress (g,)
of 6.6%. Due to the specificity of photopolymer
printing matrices, it was not possible to determine
their bending properties. The tested photopoly-
mer matrices were too flexible and did not have
sufficient stiffness to be properly mounted in the
bending holder of the testing machine. Hence, it
was impossible to determine the parameters of
these materials during the bending test.

The addition of shredded printing matrix par-
ticles into the polymer matrix resulted in an ap-
proximately linear decrease in flexural strength.
Adding 10 wt.% of the filler (sample P10) re-
duced o, to 31 MPa, 20 wt.% of the filler (sample
P20) to 27 MPa and 30 wt.% of the filler to 23
MPa. The total decrease in this parameter in the
case of the highest filler content was 38% com-
pared to the value of pure PP.

However, no significant effect was observed
in the case of €. Although a certain decrease was
observed after the introduction of 20 wt.% of the
filler, the recorded change was so small that it
could be considered insignificant. It can therefore
be concluded that the introduction of shredded
printing matrix particles into the PP matrix did
not affect the deformation at the maximum bend-
ing stress of the composites.

The observed reduction in tensile strength
(50%) and flexural strength (38%) for the 30
wt.% composite aligns with the typical behav-
ior of the polyolefin composites incorporating
non-compatibilized, elastomeric waste mate-
rials. A similar decline in mechanical perfor-
mance has been documented in other systems,
such as the PP filled with recycled tire rubber
and certain plastic blends or the PP composites
with the addition of wood industry waste, where
the lack of strong interfacial adhesion and the
presence of soft, incompatible phases lead to
inefficient stress transfer and premature failure
[29]. On the other hand, there are examples in
the literature where the use of waste leads to the
reinforcement of the composite. For example,
the addition of short recycled glass fibers to a
polyamide matrix can significantly improve its
mechanical properties, including tensile and
flexural strength, owing to strong interactions at
the fiber-polymer interface [31]. Similarly, the
composites containing rigid mineral waste fill-
ers (e.g., fly ash or glass powder) often exhibit
an increase in stiffness and flexural strength, al-
beit frequently at the expense of impact tough-
ness [32,33]. The results obtained in this study
therefore situate the photopolymer waste within
the category of the fillers that deteriorate the me-
chanical strength of a virgin PP matrix without
compatibilization. This limitation could be ad-
dressed via surface modification or the use of
coupling agents to transform this waste stream
into a performant reinforcing agent.

The last mechanical parameter that is impor-
tant for the possible applications of the obtained

427



Advances in Science and Technology Research Journal 2026, 20(2), 417-436

a)
40 -

35 4

w
(=)
1

[\
(9]
I

Flexure stress [MPa]
o 8

[
(e}
1

=
=

7.5 A

Strain at maximum flexure stress [%]

| “‘\ |||| |||| “‘\
0 T T T 1
P P10 P20 P30

Sample

6 -
55 -
5 |
45 -
4 ; ; . .
P P10 P20 P30

Sample

Figure 9. Measurement results of a) flexural stress,
b) strain at the maximum flexural stress of the tested materials

composites is impact strength (u, ). Pure PP (with-
out notch) was not damaged during the Charpy’s
impact test. This is due to the high flexibility of
this polymer, and therefore also high resistance
to impact impacts. The u_ values of sample P re-
corded and shown in Figure 10 therefore corre-
spond to the value of incomplete fracture (bend-
ing) of this material. As in the case of the bend-
ing test, the specificity of photopolymer printing
matrices made it impossible to conduct an impact
test for this material.
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Even the lowest content of waste filler in-
duced sample cracking upon impact. The mea-
sured unnotched impact strength (a ) of the P10
sample was 35 kJ/m?. Increasing the filler content
led to a further reduction in impact strength: at
20 wt.% filler, a decreased to 21 kJ/m?, and at
30 wt.% filler, it reached only 17 kJ/m?. This cor-
responds to a maximum reduction of 67% relative
to pure polypropylene.

The observed decrease in impact strength
is attributed to the increased presence of filler
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particles within the polymer matrix and conse-
quently the sample cross-section, which reduces
the effective polymer content and diminishes the
overall toughness of the composite (Figure 11).

The analysis of the impact strength reveals
a profound embrittlement of the polypropyl-
ene composites upon the incorporation of the
shredded printing matrices. The decline in im-
pact strength is significantly more pronounced
than the reductions observed for tensile or flex-
ural properties. The primary mechanism, as con-
firmed by SEM and optical microscopy, is the
poor interfacial adhesion and the resulting void
formation at the matrix-filler interface, which act
as stress concentrators and initiate catastrophic
crack propagation under high-strain-rate impact
conditions. This phenomenon is well-document-
ed in the literature for non-compatibilized poly-
mer composites with weak interfacial bonding.
Previous studies demonstrated that in the PP
composites filled with rigid particles, the im-
pact strength is critically dependent on the in-
terface quality, where poor adhesion leads to
decohesion and rapid failure [34]. Also in rub-
ber-toughened systems, the efficiency of stress
transfer and energy dissipation is paramount for
impact resistance; in its absence, filler particles
act as defects that severely compromise tough-
ness [35, 36]. The results obtained in this study
are, therefore, consistent with the established
understanding that without effective interfacial
modification, the incorporation of rigid or semi-
rigid fillers, especially at high loadings, is det-
rimental to the impact performance of thermo-
plastic composites.

Thermomechanical properties

The mechanical performance of polymers
and polymer composites is strongly temperature-
dependent. Accordingly, the thermomechanical
properties of the prepared composites were evalu-
ated (Figure 12).

The storage modulus of pure PP determined at
30 °C (E’30) was 1000 MPa and decreased with
increasing temperature, reaching the value of
217 MPa at 120 °C. At the same time, the damp-
ing coefficient (Tan Delta) increased with tem-
perature, reaching a maximum around 110 °C.
The recorded changes in the course of the curves
are typical for thermoplastic polymer materials,
in which the storage modulus decreases with in-
creasing temperature, which is related to changes
in the physical state of the polymers.

The printing matrices were characterized by
lower variability of the storage modulus as a func-
tion of temperature, as this parameter decreased
from 80 MPa at 30 °C to 60 MPa at 120 °C. The
damping coefficient increased significantly after
exceeding 60 °C.

The addition of shredded filler particles re-
duced the storage modulus of the obtained com-
posites over the entire temperature range, while
not significantly affecting the characteristics of
the thermomechanical and damping coefficient
curves. The observed changes in the storage
modulus after the introduction of the filler are
partially in line with expectations. Comparing
the modulus values of pure PP (high modulus)
and the polymer printing matrix (low modulus),
it could be expected that the composites created
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would be characterized by intermediate values,
with the higher the filler content, the lower the
storage modulus value. Therefore, as described
above, the recorded storage modulus at 30 °C
decreased to 921 MPa after adding 10 wt.% of
filler, 840 MPa after adding 20 wt.% of filler and
781 MPa after adding 30 wt.% of filler. The maxi-
mum modulus decrease was therefore 22%, com-
pared to pure PP, and remained at a similar level
throughout the entire test temperature range.

—P —P10 —P20 —P30
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Furthermore, the shape and position of the tan
0 peak remained largely unchanged. This indi-
cates that the segmental mobility of the polymer
chains was not restricted by the filler, a phenom-
enon observed when there is no strong interfacial
interaction or when the filler does not influence
the polymer relaxation dynamics. This finding
aligns with the work on waste-filled composites,
which reported that the fillers which do not chem-
ically interact with the matrix primarily affect the
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Figure 12. Thermomechanical curves of the tested materials
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mechanical performance through their physical
presence and the resulting stress concentrations,
without altering the fundamental viscoelastic
transitions of the polymer [37]. Consequently,
the DMA results conclusively show that the un-
modified waste filler plasticizes the composite
structure from a dynamic mechanical perspec-
tive, reducing its stiffness without enhancing the
damping characteristics or restricting molecular
motion within the PP matrix.

Thermal properties

In addition to the mechanical properties of
polymer materials, their thermal properties are
also of great importance. It is important, among
other things, to understand the temperatures, the
nature and intensity of phase changes occurring
during temperature changes, as well as the ther-
mal resistance of the obtained materials. Table 1
summarizes the results of differential scanning
calorimetry (DSC) and thermogravimetric analy-
sis (TGA) of the tested samples and the photo-
polymer printing matrix.

Figure 13 shows the thermal curves of cool-
ing and second heating of the tested polymer ma-
terials. The first heating was intended to remove
the thermal history of the samples and is therefore
not shown.

In the obtained thermal curves of pure PP
(sample P), only the peaks related to the crystal-
lization process (cooling curve, exothermic reac-
tion) and the melting process of the crystalline
phase (heating curve, endothermic reaction) were
recorded. The determined crystallization temper-
atures (T) and melting temperatures (T ) were
123.9 and 164.2°C, respectively, and the degree
of crystallinity of sample P determined from for-
mula (1) was 44.7%. Despite the use of the low-
er test range up to -60 °C, it was not possible to
register a change in the curve related to the glass
transition of PP, which, according to the literature,
occurs at approximately -20 °C [28]. In the case

of the printing matrix, no peaks or changes indi-
cating the occurrence of thermal phenomena were
recorded in the thermal curves. Therefore, it can
be concluded that no phase transformations occur
in this material in the temperature range used.

As for the influence of the filler on phase
transformations, it manifests itself most during
the cooling of the tested materials. The intro-
duction of a shredded printing matrix lowered
the crystallization temperature. The content
of 10 wt.% of filler reduced the T, to 119.7 °C,
20 wt.% filler to 118.0 °C and 30 wt.% filler
to 117.3 °C. Therefore, the crystallization tem-
perature decreased by as much as 6.6 °C when
using the maximum filler content. The delay in
the crystallization process was probably due to
the fact that the filler particles contained in the
matrix hindered the movement of the macromol-
ecules of the polymer matrix, which resulted in
the observed changes in the crystallization tem-
perature. The thermal effects of the crystalliza-
tion process were also smaller. A decrease in the
value of enthalpy changes in the crystallization
process (AH ) was observed, but this was rather
the effect of a smaller amount of the PP phase in
the entire volume of the sample, with an increas-
ing content of the thermally neutral filler.

However, the filler had a smaller impact on
the melting process of the tested materials. Only
a slight decrease in T was recorded. This value
decreased by less than 2 °C only after introduc-
ing the highest content of shredded printing ma-
trix. Again, the thermal effects accompanying
the melting process were also smaller, but this
was also due to the lower content of the polymer
phase in the entire volume of the tested samples.

The filler also did not significantly affect the
degree of crystallinity of the obtained materials
compared to pure PP. There was no relationship
between the content of the crystalline phase and
the amount of filler, and the calculated X values
of samples P10, P20 and P30 were similar to the
value obtained for sample P.

Table 1. Selected thermal parameters of the tested materials

Sample T,[°C] T.[°C] AH_ [J/g] T.[°C] AH,_ [J/g] X, [%]
P 363.4 123.9 94.6 164.2 92.5 447
P10 371.6 119.7 81.4 163.0 80.0 42.9
P20 378.9 118.0 64.5 162.2 63.2 38.2
P30 386.8 117.3 72.9 162.7 711 49.1
Waste 395.0 - - - - -

431



Advances in Science and Technology Research Journal 2026, 20(2), 417-436

—P —PI10 —P20 —P30 ---Waste

o0 2
~ .
= .— cooling
E
i
= y
2o A
1 _
heating
-60 20 20 60 100 140 180 220

Temperature [°C|

Figure 13. Thermal curves of the tested materials; exo up

The observed thermal behavior is consistent
with the findings reported for other polypro-
pylene composites filled with waste materials,
such as ground tire rubber (GTR), where the
filler particles similarly restricted the mobility
of polymer chains, leading to a decrease in T,
[38]. However, it should be noted that the ef-
fect of waste fillers is not always unequivocal.
In contrast to the present results, examples exist
in the literature where wastes such as wood flour
or fly ash act as nucleating agents, accelerating
crystallization and consequently increasing its
temperature [32,39]. The impact of the filler on
the T, and the X _values was negligible, suggest-
ing that the presence of ground printing matrices
does not significantly disrupt the final crystal-
line structure of polypropylene. A similar lack
of significant changes in X_has been observed
for the PP composites containing the aforemen-
tioned GTR. It can therefore be inferred that the
investigated waste filler primarily acts as a steric
hindrance to polymer chain mobility rather than
as an active nucleating agent, a phenomenon that
has been well documented for certain types of
fillers in polymer matrices.

The tests also determined the thermal resis-
tance and the degradation process of the tested
materials. Figure 14 shows the thermogravimet-
ric curves of the tested samples and the shredded
polymer printing matrix.

The thermal resistance of pure PP, defined as
the temperature at which 5% of the sample mass
was lost (T,,), was 363.4 °C. The degradation
process of the P sample occurred in one stage
in the range from 280 to 510 °C, with the maxi-
mum intensity at 453.7 °C. During the thermal
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degradation process, the tested material com-
pletely disintegrated, as no residue was recorded.
The polymer matrices were characterized by a
higher thermal resistance than pure PP, because
the recorded T,,, value of the filler was 395.0 °C,
and therefore was almost 32 °C higher than that
recorded for the P sample. However, the degra-
dation process itself was the same as in the case
of PP. The degradation occurred in one stage in
the temperature range from 320 to 500 °C, with
maximum intensity at 468.0 °C. Also in the case
of printing matrices, no residue remained after the
degradation process.

As it could be expected, the introduction
of filler particles, which were characterized by
higher thermal resistance, resulted in an increase
in the T,, value of the obtained materials com-
pared to pure PP. The addition of 10 wt.% of the
filler resulted in an increase in T,, to 371.6 °C,
the addition of 20 wt.% of the filler increased it
to 378.9 °C and the addition of 30 wt.% of the
filler increased it to 386.8 °C. The maximum in-
crease in thermal resistance was therefore 23.4
°C when using the largest amount of filler. The
observed increase in thermal resistance was
therefore a direct consequence of the increasing
amount of a more thermally resistant phase in
the entire volume of the obtained materials. This
improvement is consistent with reports for other
systems where a filler possesses higher thermal
stability than the matrix, leading to a synergistic
or at least an additive effect. A similarly ben-
eficial trend was observed for the polyethylene
composites filled with ground electronic waste
(PCB) or modified shell waste, where the filler
acted as a thermal barrier [40,41]. Conversely,
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Figure 14. Thermogravimetric curves of the tested materials

in the polypropylene composites modified with
residual tire rubber crumbs, an increase in ther-
mal stability has also been reported, which was
attributed to the rubber particles acting as a car-
bon source that forms a protective layer during
heating [29].

Although the already recorded thermal resis-
tance of pure PP is sufficient for all typical ap-
plications of this polymer, the greater thermal
resistance of the obtained materials is not with-
out significance. Firstly, the increase in thermal
resistance increases the resistance of a material to
increased temperatures, which allows the scope
of possible applications of new materials to be
expanded. Secondly, higher thermal resistance fa-
cilitates processing, owing to the need to maintain
a lower temperature regime, the phenomenon of
overheating of the polymer melt is reduced, which
consequently leads to better quality products. The
TGA results confirm that polymer waste, even
without surface modification, can effectively im-
prove the thermal resistance of materials, thereby
broadening their application potential within a
circular economy framework.

Even considering the observed reduction in
mechanical properties, the obtained composites
could find application in a range of arecas where
top-tier mechanical strength is not the primary
requirement, but low density and enhanced ther-
mal stability are advantageous. The proposed
material could potentially be suitable for use as
a core material for lightweight, non-load-bear-
ing construction panels, employed in furniture
or interior partitions. The high waste filler con-
tent and the associated reduced weight could
be a significant advantage in such scenarios.

Furthermore, the composites could be appropri-
ate for the production of rigid packaging that
is not subject to significant mechanical loads,
while their increased thermal resistance would
facilitate injection molding processes and en-
sure shape stability. The introduction of such
a substantial amount of waste into the material
cycle in the form of a new product would rep-
resent a realization of circular economy princi-
ples, allowing for a reduction in virgin polymer
consumption in applications with lower perfor-
mance requirements.

Subsequent research would focus on im-
proving the interfacial adhesion, which could
potentially broaden the scope of applications to
components subjected to higher loads. Future
research should prioritize the use of compati-
bilizers to mitigate the poor interfacial adhe-
sion identified in this study. The most straight-
forward candidate is maleic anhydride-grafted
polypropylene (MAPP), a well-established
standard for enhancing the compatibility be-
tween PP and polar fillers by acting as a mo-
lecular bridge [29]. Beyond MAPP, exploring
other graft copolymers could yield further im-
provements. For instance, styrene-ethylene/
butylene-styrene grafted with maleic anhydride
(SEBS-g-MA) could simultaneously improve
toughness and adhesion, while polypropylene
grafted with acrylic acid (PP-g-AA) may offer
alternative interactions with the filler surface
chemistry [32, 42]. The systematic application
of these agents is a critical next step to trans-
form the waste filler from a passive diluent into
an active reinforcement, unlocking the full po-
tential of these sustainable composites.
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CONCLUSIONS

The primary objective of the study was suc-
cessfully achieved. Waste photopolymer print-
ing matrices, a significant post-production waste
from the printing industry, can be effectively
utilized as a filler in polypropylene composites,
supporting circular economy principles. The ad-
dition of shredded waste material of photopoly-
mer printing matrices to a polypropylene matrix
influenced the selected physical, mechanical, and
thermal properties of the resulting composites:

The density of the composites increased with
the filler content; however, even at high levels of
reinforcement, all materials remained of relative-
ly low density (<1 g/cm?).

The decline in mechanical properties pro-
gressed with increasing filler content. At the
highest filler loading, reductions of 50%, 33%,
38%, and 67% were observed for tensile strength,
Young’s modulus, flexural strength, and impact
strength, respectively, relative to pure polypro-
pylene. The diminished mechanical performance
is likely attributable to the absence of specialized
filler treatment, resulting in poor interfacial adhe-
sion between the matrix and filler as well as the
formation of voids at the matrix/filler interface.

Storage modulus of the composites decreased
over the entire temperature range with the addi-
tion of the filler, with a maximum reduction of
22% compared to pure PP. The general shape of
the thermomechanical curves was not significant-
ly altered.

The filler particles hindered the mobility of
the polymer chains, resulting in a lower crystal-
lization temperature (a decrease of up to 6.6 °C).
This retardation of crystallization is attributed to
the presence of filler particles, which impede the
mobility of polymer macromolecules and thereby
hinder their arrangement. The filler itself showed
no thermal transitions in the analyzed range.

The addition of the filler, which has a higher
intrinsic thermal stability than PP, significantly
improved the thermal resistance of the compos-
ites. The temperature of 5% mass loss (T, ) in-
creased by up to 23.4 °C.

It is evident that the incorporation of print-
ing waste leads to a deterioration of the material
properties; however, the observed reductions re-
main acceptable for the intended applications of
the developed composites. It should be empha-
sized that the primary objective of this study was
to valorize the post-production waste generated

5%
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during label manufacturing, which was success-
fully achieved through its use as a polymer filler.
Enhanced properties of the composites contain-
ing printing waste could potentially be attained
through prior modification of the filler, which will
be addressed in future research.
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