
1. Introduction
Plastic materials provide numerous benefits, including
affordability, high toughness, durability, lightweight

properties, ease of processing, low thermal conduc-
tivity, and strong resistance to environmental factors
and corrosion [1]. These advantages have driven a
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Abstract. Two series of polymer blends based on post-consumer polypropylene (rPP) and tire rubber crumbs (Trc) under
the trademark ECOPLASTOMER® PP70 with a mutual ratio of components 70/30 wt%, containing 10, 20, and 30 wt% of
flame retardants, have been prepared using a twin-screw extruder. The influence of commercially available silane-treated
alumina trihydrate (ATH-sil) with the eco-friendly system based on melamine phosphate (MP), aluminum hydroxide (AC),
and peanut shells (PS), used as flame retardant agents, on the mechanical, thermal, and flammability properties of polymer
blends was assessed – the incorporation of ATH-sil results in the appearance of peaks related to OH groups in the Fourier-
transform infrared spectroscopy (FTIR) spectra. Similar observations are made for the MP/AC/PS system. differential scan-
ning calorimetry (DSC) analysis revealed that using the selected flame retardants did not impact the melting and crystalliza-
tion temperatures of the polymer. Tensile strength experienced a minor decrease, particularly in compositions containing
more than 20 wt% of the flame retardants, while hardness remained unaffected by their share. Both flame retardants reduced
the flammability of the modified polypropylene/rubber powder blends, and the most favorable outcomes were achieved with
ATH-sil; however, only when employed at a minimum of 30 wt%. The formulated MP/AC/PS system proved more adept at
reducing flammability and smoke emissions at lower flame retardant levels (up to 20 wt%).
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steady increase in global plastic production since the
1950s, with annual primary production projected to
reach 1100 million tons by 2050 if past trends from
the last 70 years persist [2]. The widespread use of
plastics has resulted in the rapid depletion of fossil
fuel resources and the accumulation of large quanti-
ties of plastic waste. With over 90% of plastics pro-
duced from virgin fossil-based feedstocks, it is esti-
mated that by 2050, the plastics industry will
consume 20% of the total oil supply [3]. Effective
management of plastic waste is crucial, as projec-
tions indicate that by 2050, 12 000 million tons will
accumulate in landfills or the natural environment
due to plastics’ slow degradation under ambient con-
ditions [4]. Transitioning to a circular economy,
where plastics are systematically reused, recycled,
or recovered, is thus essential to mitigating the en-
vironmental impact of plastic waste [5]. Packaging
represents the most extensive application of plastics
and is responsible for approximately 70% of all plas-
tic waste generated globally [5]. Among the most
common plastics used in packaging, one can find
polypropylene (PP), the polyolefin chosen for this
work. Moreover, the largest share of polymers used
in car production between 2016 and 2020 was poly -
propylene (44%) [6], due to its low cost, excellent
processability, and good mechanical properties. How-
ever, herein we will focus mainly on the former me-
chanical recycling and the upcycling possibilities of
post-consumer polyolefin-based PP materials, blend-
ing them with tire rubber crumbs, which were further
modified to obtain new sustainable materials intend-
ed for automotive applications. It is an especially
promising venture, since the transition towards high-
er circularity increased significantly between 2018
and 2022 [7]. However, more efforts are needed,
considering the plastics sector is more than halfway
towards achieving the roadmap ambition of 25% cir-
cular plastics by 2030. Many manufacturers are in-
creasingly using recycled materials from internal cir-
culation and redefining sustainability by deliberately
introducing recycled materials, such as using over
30% recycled materials to manufacture the Renault
Megane II as early as 2014 [8, 9].
Combining PP with rubber components like natural
rubber (NR) or synthetic elastomers such as ethyl-
ene-propylene-diene monomer (EPDM) presents sig-
nificant challenges due to the distinct nature of both
components. The inherent mechanical properties of
these blends have stimulated extensive research,

 particularly concerning their structural integrity,
thermal stability, and processing behavior. A primary
challenge in blending PP with rubber is the reduction
of mechanical strength due to rubber’s soft nature
and poor interfacial adhesion between the phases.
This is further supported by studies showing the for-
mation of less stable morphologies in blends with
high rubber contents, where interfacial adhesion be-
comes critical [10].
Compatibility techniques have been proposed to
overcome these issues. For instance, the introduction
of compatibilizers such as maleic anhydride-grafted
polypropylene (MAH-g-PP) has been shown to en-
hance interfacial adhesion in PP/rubber blends,
thereby improving mechanical properties and reduc-
ing phase separation [11]. On the other hand, recent
research has demonstrated that microstructural mod-
ifications can lead to substantial improvements. Li
et al. [12] found that blending PP with core-shell
rubber particles resulted in enhancements specifical-
ly in modulus, due to the better distribution and ad-
hesion of the rubber phase within the matrix. This
highlights the growing recognition of surface inter-
actions and morphology as essential to achieving op-
timal performance in blends. In this sense, the Eco -
plastomer PP70® addresses these challenges through
advanced processing techniques, creating a material
entirely from recycled sources without using addi-
tives or compatibilizers [13], which is the base poly-
mer used in this research work. Similarly, recent stud-
ies emphasize sustainability by using recycled plas-
tics and NR to create eco-friendly blends. Research
by Martey et al. [14] highlights potential mechanical
property improvements through the application of
fillers (clay in this case) in blends of recycled PP and
NR, thus addressing environmental concerns while
enhancing material properties. As briefly outlined,
the challenge in blending PP and rubber persists, par-
ticularly regarding mechanical properties and process-
ability; moreover, the consideration of using flame-
retardant systems to reduce these materials’ flamma-
bility remains unexplored.
As mentioned above, the use of polymer materials in
the market is increasing exponentially due to their ex-
cellent properties, while their limited fire resistance
poses a significant safety concern. Most polymeric
materials are chemically composed of hydrocarbon
chains, and when exposed to fire, they burn quickly,
releasing large amounts of heat and smoke. [15, 16].
Therefore, the flammability of polymers has been
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recognized as a social and scientific problem in many
industries, including the automotive one [17]. The av-
erage automobile contains around 100 kg of plastic
components, comparable to the energy equivalent of
a full gasoline tank (3·109 J). Automobile fires ac-
count for 95% of the 400000 motor vehicle fires re-
ported annually in the U.S., and are responsible for
92% of the 330 fire-related fatalities. Flammable
plastics, including those in electrical wiring, uphol-
stery, and various other components, represent the
largest category of materials initially ignited in auto-
mobile fires (47%), followed by fuel, which accounts
for 27% of ignitions [18]. On that account, improving
flammability resistance in the automotive industry is
crucial for safeguarding lives, meeting safety stan-
dards, enhancing public trust, and minimizing the im-
pact of accidents on individuals and the environment.
To address this issue, various additives, i.e., phospho-
rus-based, nitrogen-based, mineral, carbon-based,
bio-based, and hybrid flame retardants composed of
two or more additives, have been explored to enhance
their flame retardancy [19]. Flame retardants (FRs)
are substances incorporated into flammable materials
to prevent or slow down combustion, providing ad-
ditional time for escape and increasing safety. These
substances can be categorized into various classes,
including halogenated compounds, phosphorus-
based, nitrogen-based, intumescent systems, boron-
based, silicon derivatives, inorganic substances, and
natural substances [20, 21]. Halogenated compounds,
such as chlorinated and brominated compounds, have
historically been the most widely used flame retar-
dants for plastics due to their high efficiency in dis-
rupting the combustion process; however, environ-
mental and health concerns have led to a decline in
their use [21]. Consequently, regulations in Europe,
such as REACH, WEEE, and RoHS, have been es-
tablished to limit or even prohibit the use of many of
these substances [22, 23]. Searching for alternative
solutions is a significant challenge for the flame-re-
tardant industry. An important group of non-halogen
chemicals with flame-retardant properties is based on
phosphorus compounds, particularly those known as
intumescent FRs. These are increasingly popular due
to their effectiveness in promoting the formation of
a protective char layer on the material’s surface,
which insulates it from heat and reduces the spread
of fire [24–27]. Melamine phosphate is especially
valued for its nitrogen-phosphorus synergy, which
enhances flame retardancy through mechanisms like

char formation and the release of non-flammable
gases [28–30]. Intumescent systems, which expand
to form a protective barrier when exposed to heat,
offer a practical solution, particularly in applications
requiring high fire resistance [24, 31]. Another mech-
anism of action characteristic of inorganic sub-
stances, such as aluminum hydroxide and magnesium
hydroxide, is that they release water vapor upon heat-
ing, cooling the material, and diluting combustible
gases [32–35].
As the demand for sustainable solutions to waste
management grows, the development of efficient
technologies for recycling is critical to reducing en-
vironmental impact and conserving finite resources.
In this study, a novel comparative approach by eval-
uating the performance of two flame retardant sys-
tems – commercial silane-treated alumina trihydrate
(ATH-sil) and an innovative, eco-friendly formula-
tion composed of melamine phosphate, boehmite,
and peanut shell was presented. The proposed addi-
tives of natural origin, in the form of a mineral from
the hydroxide group and waste from the food indus-
try, were intended to replace some part of the syn-
thetic FR and enhance its performance. The effec-
tiveness of these solutions, as documented in the lit-
erature [36, 37], results in reduced product prices,
increased waste valorization, and protection of non-
renewable resources. Since phosphate rock, from
which all phosphorus-based chemicals are produced,
is a limited resource, primarily located in China, the
United States, Morocco, Russia, and Jordan, the EU
introduced this resource, as well as elemental phos-
phorus, to the list of critical raw materials in 2014
and 2017, respectively. Sustainable management and
improved recycling strategies are necessary globally
to ensure that phosphate fertilizers and chemicals are
preserved for future generations [37]. The work
highlights the potential of bio-based and sustainable
additives in enhancing recycled polymer composites’
mechanical, thermal, and flame-retardant properties,
offering a promising route toward greener, high-per-
formance materials for demanding applications. The
novelty stems from integrating sustainable flame re-
tardants, the dual-system comparative approach, and
the application to recycled polymer/rubber compos-
ites, offering scientific insight and practical rele-
vance for automotive or building material applica-
tions. Efficient technology and applications for re-
cycled waste have become increasingly essential to
decrease environmental contamination and conserve
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nonrenewable resources. Therefore, this work aims to
establish a comprehensive comparison between the
commercially available silane-treated alumina trihy-
drate (ATH-sil) with the eco-friendly system based on
peanut shells, melamine phosphate, and boehmite,
used as flame retardant agents on the mechanical,
thermal, and flammability properties of polymer
blends consisted of postconsumer poly propylene
(rPP) and tire rubber crumbs (Trc) with a mutual ratio
of components 70/30 wt% under the trademark
Ecoplastomer® PP70. Two materials based on PP70
containing 10, 20, and 30 wt% of flame retardants
have been prepared using a twin-screw extruder. The
chemical characterization of the compositions was an-
alyzed using Fourier-transform infrared spectroscopy
(FTIR) spectro scopy, while the structures were inves-
tigated using a scanning electron microscope (SEM).
The compositions’ mechanical properties, hardness,
and melt flow index (MFI) have been assessed. More-
over, the thermal and thermomechanical properties
have been studied using differential scanning
calorimetry (DSC), thermogravimetric analysis
(TGA), and Vicat/heat deflection temperature (HDT)
and dynamic mechanical analysis tests, respectively.
Finally, the flammability of the compositions has been
analyzed using UL 94 and cone calorimetry (CC)
measurements to select the system with the lowest
flammability. Replacement of ATH-sil by the ligno-
cellulose-based system should ultimately depend on
the specific application requirements, including me-
chanical performance, cost efficiency, environmental
considerations, and anticipated fire occurrence.

2. Materials and methods
2.1. Materials
The polymer matrix used in this study was the
blend of post-consumer polypropylene with Trc
with a mutual ratio of components of 70%
polypropylene and 30% Trc under the trademark
Ecoplastomer® PP70 provided by Ecopolplast sp.
z o.o. (Gdynia, Poland). According to manufactur-
er’s data, PP70 has the following parameters: den-
sity 1 g/cm3; MFI: 22 g/10 min (230 °C/5 kg), ten-
sile stress at yield: 16 MPa, tensile stress at
break:16 MPa, elongation at break: 47%, Young’s
modulus: 381 MPa, Charpy Impact strength:
28 kJ/m2, hardness 62 Shore D. Moreover, it is an
innovative thermoplastic elastomer made entirely
of post-consumer recycled plastic and recycled tire
rubber crumb that ensures complete independence
from fossil fuels and significantly reduces environ-
mental as well as CO2 impact. The Trc used in
Ecoplastomer® is obtained from recycled end-of-
life tires from passenger cars and trucks. It is pro-
duced as a mixed feedstock of summer and winter
tyres, processed together into a uniform material,
and ground to a particle size of less than 1 mm.
Moreover, their technology creates strong rubber
and plastic bonding without chemical additives or
stabilizers. The lack of additives makes the Ecoplas-
tomers fully circular [13]. As flame retardants, one
used the following materials presented in Table 1.
The system’s MP:AC:PS ratio was 3:2:0.5, while
the total flame retardant share ranged from 10 to
30 wt%.
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Table 1. Characterization of the flame retardants used.
Flame retardant ATH-sil MP AC PS

Characterization

Surface modified alumina
trihydrate Apyral 40 VS1
(Nabaltec, Schandorf, Ger-
many), vinyl silane treated
mineral flame retardants with
98.5% content of Al(OH)3,
the specific surface area of
3.5 m2/g, bulk density of
350 kg/m3, density of
2.4 g/cm3

Melamine phosphate, Exflam
MP (Wellchem Chemicals,
Zhejiang, China), with phos-
phorus wt% of min. 12%, ni-
trogen wt % of 36–38%, den-
sity 1.74 g/cm3, particle size
D50 of 10 μm

ACTILOX® B60 (Nabaltec,
Schandorf, Germany) is a
boehmite mineral-based
flame retardant, with 99%
content of AlOOH, a specif-
ic surface area of 5.0 m2/g, a
bulk density of 400 kg/m3,
and a whiteness of 98%

Peanut shells (Arachis hy-
pogaea L. species) were pro-
vided by local suppliers
(Poland, Central Europe),
and the drying process was
conducted for 7 days at
65±5°C, while grinding on a
laboratory sieve mill L-0210
from Cloer



2.2. Preparation of the testing samples
Two PP70-based compositions were prepared using
a counter-rotating twin-screw extruder (LSM30,
Leistritz Laborextruder Extrusionstechnik GmbH,
Nuremberg, Germany). Series I contained ATH-sil,
while Series II consisted of the MP/AC/PS system.
The extruder was equipped with intermeshing screws
and interchangeable mixing sections (screw diameter
D = 34 mm, L/D ratio = 23), as well as a set of gravi-
metric feeders for accurate dosing of the component
proportion. Materials were dried in a dryer under a
dynamic vacuum before extrusion. The temperature
of the extrusion process was selected based on the
DSC analysis for PP70 and the thermal degradation
temperatures of the system containing, among oth-
ers, peanut shells. Thus, the following parameters
were determined for extruding PP70-based compo-
sitions: zone 1 (feed zone): 145 °C, zone 2: 165°C,
zone 3: 180°C, zone 4: 180°C, zone 5: 190 °C,
zone 6: 190°C, zone 7: 190°C, zone 8 (die): 190°C.
The rotational speed of the screws of 40 rpm. Yield:
2.0 kg/h. The obtained materials were pelletized and
injection molded using Boy 35 (Dr BOY GmbH &
Co., Neustadt, Germany) to obtain dumbbell shape
samples, type ISO 37 type A3, for tensile measure-
ments, for cone calorimetry measurements, polymer
plaques with dimensions of 100×100×4 mm were
prepared in accordance with the standard procedure
(ISO 5660). Test specimens for the UL 94 flamma-
bility evaluation were prepared by compression
molding into bars of 125×13×3 mm using the fol-
lowing conditions: phase 1: 190 °C/10 bar/60 s;

phase 2: 190 °C/40 bar/120 s;
phase 3: 150°C/50 bar/70 s.

2.3. Characterization methods
Attenuated total reflectance – Fourier transform in-
frared (ATR-FTIR) spectra of the analyzed materials
were recorded using an FTIR spectrophotometer
Perkin Elmer Two (Perkin Elmer, Waltham, MA,
USA) with 64 scans and a resolution of 4 cm–1 over
the frequency range of 4000–400 cm–1.
The dispersion of the additives was investigated by
field emission scanning electron microscopy (FE-
SEM Hitachi SU-8000, Tokyo, Japan). Before the
test, the samples were cryofractured in liquid nitro-
gen and then vacuum-coated with a thin gold film
(EM ACE200, Leica, Wetzlar, Germany). Secondary
electrons (notation SE in photographs) images using
an acceleration voltage of 5 kV were acquired.

The differential scanning calorimetry (DSC) was
performed using a DSC 204 F1 Phoenix (Netzsch,
Selb, Germany) thermal calorimeter under a nitrogen
atmosphere in the heating-cooling-heating cycle,
with the heating/cooling rate of 10°C/min, from –85
to 250 °C, and sample weight 10±0.2 mg. The crys-
tallization temperature (Tc) and melting temperature
(Tm) were determined from the maximum of the
exothermic and endothermic peaks, respectively.
The heat of fusion (ΔHm) and crystallization (ΔHc)
were calculated from the total areas under melting
and crystallization peaks on the DSC curve, consid-
ering the ratio of fillers for each formulation. The
degree of crystallinity (Xc) was calculated using the
Equation (1):

(1)

where ΔHm is the melt enthalpy, ∆Hm
0 is the heat of

fusion of 100% crystalline PP (207 J/g) and α is the
ratio of the used filler and/or additives [38].
The Vicat softening temperature (VST) and heat de-
flection temperature (HDT) were determined with a
Testlab RV300C (Testlab, Warsaw, Poland) appara-
tus. Measurements were performed in an oil bath fol-
lowing the ISO 36 and ISO 75 standards. The VST
measurement was conducted at a 50 °C/h heating
rate and 50 N load. The HDT B-type experiment was
prepared with a heating rate of 120 °C/h and a load
of 1.8 MPa. The dynamic mechanical thermal analy-
sis (DMA) test was performed using the Anton Paar
MCR 301 rheometer (Graz, Austria) equipped with
a torsion DMA measuring tool. Investigations were
carried out with a constant frequency of 1 Hz and a
strain of 0.01%. All samples were cooled to –100°C
and heated up to 120 °C with a temperature ramp of
3°C/min. The effectiveness of the filler is based on
the determination of the ‘C-factor’ according to the
(Equation 2) [39]:

(2)

where G′g and G′r are the values of storage modulus
in the glassy region (–80 °C) and rubbery region
(80°C), respectively. The thermal stability of mate-
rials was assessed under oxidizing conditions, using
an air flow of 10 mL/min. The assessment was per-
formed from 30 to 700 °C, with samples of 15 mg
placed in alumina crucibles, in a Perkin Elmer TGA
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400 apparatus (Perkin Elmer, Waltham, MA, USA).
The exhaust gases were further analyzed by FTIR
(TGA-FTIR) in a Perkin Elmer Spectrum 2 spec-
trophotometer (Perkin Elmer, Waltham, MA,
USA). The spectra were collected along the entire
heating cycle. The transfer line was set at 270 °C,
and the measurement cell generated a gas flow of
70 mL/min.
Melt flow rate (MFR) measurement has been per-
formed using A-MeP extrusion plastometer, Noselab
ATS (Bovisio-Masciago MB, Italy). Tests were car-
ried out according to the ISO 1133 standard at 230°C
and under a load of 2.16 kg.
The static mechanical properties were carried out
using EZ-TEST-LX universal testing machine (Shi-
madzu, Kyoto, Japan) equipped with a 1 kN Shi-
madzu load cell, digital extensometer TRViewX-
500D, and TRAPEZIUM X software. Tensile tests
were performed at a crosshead speed of 25 mm/min
to break at room temperature. The reported values
are the mean values of five measurements. The meas-
urements were performed according to PN-EN ISO
527. The rebound resilience was determined with a
Schob-type pendulum Zwick 5109 (ZwickRoell
GmbH & Co. KG, Ulm, Germany) in accordance
with the ISO 4662 standard.
The Shore D hardness was measured using a manual
Shore test stand, SAUTER TI (Freiburg, Germany).
The reported values are an average of 10 indepen-
dent measurements.
The reaction to a small flame was assessed using
UL 94 measurements, and tests were conducted in ac-
cordance with EIC 60695-11-10. The specimens, with
dimensions of 125×13×3 mm in vertical and horizon-
tal orientations, were subjected to a 50 W flame. The

parameters evaluated were the burning time, the oc-
currence of burning drops, and the burning rate.
Using a cone calorimeter (Fire Testing Technology,
East Grinstead, UK), measurements were performed
following the ISO 5660 procedures, and the burning
behavior of the investigated materials was assessed.
The horizontally oriented samples were irradiated at
a heat flux of 35 kW/m2, and spark ignition was em-
ployed to ignite the pyrolysis products. An optical
system with a silicon photodiode and a helium-neon
laser provided a continuous survey of smoke. Three
tests were made for each series, and the residues
were photographed using a digital camera as well as
a metallographic microscope PANTHERA 2.0
(Motic Scientific Instruments, Barcelona, Spain) for
observation in the bright and dark field in reflected
light with a high-sensitivity microscope camera with
a resolution of ~5.0 MP (2448×2048 pixels) (Motic
Scientific Instruments, Barcelona, Spain). The ob-
tained images were taken at 100× magnification.
Each of the obtained microscopic images was a com-
posite of multiple images in the Z axis. The registra-
tion and composite of microscopic images was per-
formed using the Motic Images Plus 3.0 data acqui-
sition and archiving program (Motic Scientific In-
struments, Barcelona, Spain).

3. Results and discussion
3.1. Structural properties and distribution of

additives
The structure of PP70-based compositions contain-
ing two systems of flame retardants was investigated
using FTIR spectroscopy (Figure 1). For the refer-
ence material (PP70), one could observe the absorp-
tion peak located at 840 cm–1 assigned to C–CH3
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Figure 1. FTIR spectra of PP70-based compositions containing two systems of flame retardants. a) ATH-sil, b) MP/AC/PS.



stretching vibration, and absorption peaks displayed
at 972, 997, and 1165 cm–1 assigned to –CH3 rocking
vibration. In turn for all samples, both with the ad-
dition of ATH-sil and the MP/AC/PS system, the
symmetric bending vibration mode of –CH3 group
at 1375 cm–1, absorption peak at 2952 cm–1 related
to –CH3 asymmetric stretching vibration, as well as
absorption peaks at 1455, 2838, and 2917 cm–1 at-
tributed to –CH2– symmetric bending, –CH2– sym-
metric stretching and –CH2– asymmetric stretching,
respectively, were detected [40]. For ATH-sil sam-
ples, some significant differences can be observed
compared to the PP70, attributed to the OH vibration
in Al(OH)3 (3621–3281 cm–1), which is more signif-
icant for the higher content in ATH in the final ma-
terials, together with the bands at 1020 and 796–
566 cm–1, related to Al–O bonds [41, 42]. For the
green IR system proposed, the most significant dif-
ferences with the spectrum for the PP70 are in the
appearance of a sharp peak at 1665 cm–1 (P–O–H in
melamine phosphate), 1077 cm–1 (Al–O bonds in
AC), and a wide band from 700–500 cm–1 (P–O in
MP and Al–O in AC) [26, 41, 43].
Dispersion of Trc and modifiers in a PP is instrumen-
tal in determining material properties. Thus, SEM
was conducted to investigate the microstructure of
the materials. The resulting micrographs are present-
ed in Figure 2. The Trc is uniformly dispersed within
the PP and appears as white rods in darkened PP.
Furthermore, Trc are well embedded within the PP,
and in regions where pull-out occurs due to fracture,
they exhibit spherical and well-defined shapes.
These observations indicate strong adhesion between
the rubber crumbs and the polymer matrix. A similar
relationship was reported for PP/EPDM [44], and
PP/NR [45, 46].
The fracture surface of materials differs from the
neat matrix, while the surface of the polymer is al-
most smooth; the incorporation of particles results
in higher roughness. These surface flaws can be due
to weak interface bonding between the polymer and
the utilized flame retardants [47, 48]. The particles
were evenly distributed within the polymer at ATH-sil
concentrations of 10 and 20%. At a concentration of
30%, small aggregates of ATH-sil particles were ob-
served; however, these agglomerates were still uni-
formly dispersed throughout the bulk polymer. The
presence of visible interfacial gaps and voids be-
tween ATH-sil particles and the polymer indicates
weak interfacial adhesion between these components

[48–50]. The weak adhesion is likely due to the in-
compatibility between the nonpolar polyolefin ma-
trix and the hydrophilic ATH particles [50–52]. The
MP/AC/PS additives were dispersed evenly at each
share. Like the ATH-sil, the MP/AC/PS particles ex-
hibit weak adhesion to the polymer, as evidenced by
visible interfacial gaps and voids between the com-
ponents. This phenomenon has been observed in
multiple studies [28, 53]. Therefore, weak interfacial
adhesion between the components can negatively af-
fect mechanical performance, which will be dis-
cussed later.

3.2. Thermal properties
Phase transition temperatures were investigated
using DSC analysis. The DSC thermograms are pre-
sented in Figure 3. Since post-consumer PP, which
was the basis for PP70, contained a small amount of
polyethylene (PE), melting and crystallization peaks
of PP and PE were expected in the thermograms. In
fact, the phase transitions related to the melting of
both polyolefins were detected and recorded during
the heating process. The lack of differentiation of
separate peaks originating from crystallization for
two polyolefin varieties is due to the overlapping ef-
fects; similar results were reported in the work of
Sutar et al. [54]. The melting temperature that comes
from PP in PP70 was found to be 163°C. Moreover,
PP70 crystallized during cooling with a crystalliza-
tion temperature of 121°C. Observing the phase tran-
sition temperatures for both compositions with the
addition of flame retardants, no significant changes
in the melting and crystallization temperatures were
noted (Table 2). The limited effect of the FRs’ addi-
tion on Tm and Tc can be explained by phenomena
already occurring in the polymer, which constitutes
a complex system. However, for both series of com-
positions, a gradual decrease in the degree of crys-
tallinity with increasing modifier content (from 10 to
30%), can be observed. This effect is most likely at-
tributed to the reduction in the overall amount of
crystalline polypropylene in the system. As the pro-
portion of modifier increases, the relative content of
PP, the phase responsible for crystallization, decreas-
es. Furthermore, the presence of rubber and modi-
fiers can interfere with the regular packing of PP
chains, restricting chain mobility and hindering the
formation of ordered crystalline regions. Conse-
quently, both the reduction in crystallizable PP frac-
tion and the disturbance of crystal growth contribute
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Figure 2. SEM images of: a), b) PP70, c), d) 10% ATH-sil, e), f) 20% ATH-sil, g), h) 30% ATH-sil, i), j) 10% MP/AC/PS,
k), l) 20% MP/AC/PS, m), n) 30% MP/AC/PS.



to the observed decrease in crystallinity. The results
reported by Lima et al. [55] indicate a nucleating ef-
fect of ground tire rubber on PP, with a simultaneous
phenomenon of interfering with the growth of the
crystallites, which reduces their greater dimension
and higher dispersion reflected in limited ΔHm and
Tm in comparison to pure PP reported values [38, 56,
57]. At the same time, it should be remembered that
PE is immiscible with PP [58] and that the rubber-
originated filler additive does not significantly affect
the polyethylene crystallinity [59]. The melting

 enthalpy comparable for all systems may indicate an
additional nucleating effect of non-soluble in the
polymeric matrix and processing temperature-stable
FRs, which may concern both the dominant fraction
of PP [60] and the small amount of HDPE [61]. The
retention of a similar ΔHm value with decreasing
polymer content concerning internal additives,
showing thermal effects accompanying the phase
transition, indicates this type of interaction. In sum-
mary, from the application point of view, the results
obtained allow us to conclude that there is a lack of
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Figure 2. SEM images of: a), b) PP70, c), d) 10% ATH-sil, e), f) 20% ATH-sil, g), h) 30% ATH-sil, i), j) 10% MP/AC/PS,
k), l) 20% MP/AC/PS, m), n) 30% MP/AC/PS.



adverse effects induced by both FR systems. Their
introduction, even in large quantities, should not ne-
cessitate extending the cooling cycle during melt
processing.

3.3. Thermomechanical properties
The results of the HDT/Vicat test (Figure 4) partly
reflected the changes recorded during the DMA
analysis. As can be easily predicted, the lowest values
of both factors were observed for the unmodified
PP70 compound, 57 and 45°C for the Vicat and HDT
tests, respectively. Similar to the results of the DMA
analysis, it is evident that the observed changes are
not significant, considering the potential changes that
might be observed in PP-based materials. The highest
thermal resistance for 30% loaded samples ranged
from 65 to 70°C, while other studies indicate that for
polypropylene, it is possible to obtain the HDT re-
sults of more than 150°C [62, 63]. However, in most
cases, the PP matrix was reinforced with fibrous
fillers or prepared with the addition of nucleating

agents, whereas for the developed materials, the ad-
ditive system consisted of powder-type fillers. The
reinforcing efficiency of the spherical type of addi-
tives is much less favorable than micro/nano fibers
[64–66]. Additionally, for the presented study, the
main matrix compound (PP70) contains 30% of the
soft rubber phase, whose participation in the struc-
ture makes it difficult to increase thermomechanical
stability [67, 68]. Nevertheless, for samples contain-
ing 30% of the MP/AC/PS fire-retardant system, the
HDT result of 70°C indicates some more visible im-
provement, which might suggest that, compared to
ATH-sil, the prepared mixture leads to a more effec-
tive reinforcing mechanism,  unlike amorphous ma-
terials, where thermal resistance is strongly connect-
ed to the glass transition region of the matrix polymer
[69, 70], while for semi-crystalline PP, the thermal re-
sistance temperature is a multifactorial phenomenon.
In most cases, the significant improvement in ther-
momechanical properties of PP-based compositions
results from the combination of the reinforcement
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Figure 3. DSC thermograms recorded during 2nd heating and cooling of PP70-based compositions containing two systems
of flame retardants. a) ATH-sil, b) MP/AC/PS.

Table 2. Thermal properties determined from DSC.

Tm, ∆Hm –  melting temperature and the corresponding enthalpy of melting
Tc, ∆Hc – crystallization temperature and the corresponding enthalpy of crystallization
Xc – degree of crystallinity

Sample Tm
[°C]

∆Hm
[J/g]

Tc
[°C]

∆Hc
[J/g]

Xc
[%]

PP70 163.2 70.9 120.7 64.9 55.2
PP70+10%ATH-sil 163.8 69.8 120.1 59.3 49.8
PP70+20%ATH-sil 164.6 69.5 119.6 63.2 44.5
PP70+30%ATH-sil 163.6 70.5 120.3 60.4 38.7
PP70+10%MP/AC/PS 163.4 72.9 119.9 67.6 49.7
PP70+20%MP/AC/PS 163.3 71.1 119.6 66.5 44.2
PP70+30%MP/AC/PS 162.8 70.6 120.2 65.1 38.5



efficiency of the used fillers and changes that take
place in the crystalline structure morphology [71,
72]. For the discussed case, the reinforcing efficien-
cy of ATH-sil might be less effective; however, due
to the fact that the clearly better HDT results for the
MP/AC/PS additives are still far worse than many
available PP-based materials, it is difficult to point
out the specific factor that determines the observed
improvement in the thermal resistance.
Figure 5 shows thermomechanical curves represent-
ing the change of storage modulus (G′) and damping
factor (tanδ) as a function of temperature. Additional
information about storage modulus values at char-
acteristic temperatures (–80, –20, 0, 20, and 80°C),
relaxation temperatures with corresponding tanδ val-
ues, and the effectiveness of the filler ‘C’ calculated
according to Equation (1) are collectively presented
in Table 3. The introduction of FR caused an in-
crease in the storage modulus of the modified mate-
rials compared to PP70 in the entire analyzed tem-
perature range. Increasing the amount of FR gradu-
ally increased G′ for both series; however, the highest
FR con-centration (30 wt%), the ATH-sil series, ex-
hibited more pronounced G′ values. Considering the
relationship reported in the literature between the
elastic modulus determined in the quasi-static tensile
test and the storage modulus determined by DMA
[73], the results of both tests are also correlated in
the considered case. The FR-induced increase in the
stiffness of materials at elevat-ed temperatures

 observed in the thermomechanical evaluation con-
ducted by VST and HDT, was also in line with the
thermomechanical properties determined under dy-
namic conditions.
For both considered material series (ATH and
MP/AP/PS-filled), three relaxation temperatures are
observed on the tan δ vs. (T) curves: –70 to –20, –20
to 20, and 60–100°C. The distinguished peak in the
lowest temperature range corresponds to the relax-
ation of the ground elastomer used as a filler [74];
the following maximum at about 0 °C is related to
the β-relaxation of polypropylene interpreted as re-
laxation within the amorphous phase, and the ob-
served α-relaxation in the highest of the temperatures
mentioned above ranges with a maximum at about
80 °C is related to complex changes coinciding in
crystals and adducted disordered regions [75]. In all
series, the relaxation temperature originating from
the elastomer fraction remained unchanged, indicat-
ing that the flame-retardant addition had no influ-
ence on the elastomer’s interactions and dispersions
within the polypropylene matrix. However, changes
in the TEL relaxation range and the change in the FR
share are observed. It cannot be excluded that an ad-
ditional influence on the changes in relaxation orig-
inating from the elastomer may have the γ-relaxation
of polypropylene, usually occurring at about –40°C,
overlapping in this case, originating from sub-seg-
mental and side chain relaxations [75, 76]. In the
temperature range considered, potentially visible
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Figure 4. The results of the HDT/Vicat temperature measurements for: a) ATH-sil modified materials; b) MP/AC/PS sys-
tem-based samples.



maxima on the tanδ(T) curves resulting from HDPE,
present in the polymeric matrix structure, correspon-
ding to β-relaxation, occur at about –20°C [77]. Due
to the overlapping effects originating from the dom-
inant share of PP and other components, a small con-
centration of polyethylene did not significantly affect
the course of the DMA curves, i.e., additional peaks
at damping factor vs. temperature curves. The pres-
ence of HDPE can be attributed to the continuation
of the rising trend in the DMA curve after reaching

α-relaxation originating from polypropylene above
100°C and corresponds to the beginning of the melt-
ing of the HDPE fraction.
The increase in the α-relaxation temperature of PP
with rising FR share in material can be related to two
different phenomena: (i) increased amount of crys-
talline phase caused by nucleating ability on PP of
ATH [78] and PS [79] translating into a more signif-
icant number of crystalline domains increasing the
energy necessary for the relaxation process, and/or
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Figure 5. a), b) Storage modulus and c), d) damping factor vs. temperature curves of polypropylene compositions with various
content of FR.

Table 3. Thermomechanical parameters of polypropylene compositions with various content of FR.

G’x °C – storage modulus estimated in selected temperatures (–80, –20, 0, 20, and 80°C)
TEL,TαPP, TβPP – temperatures corresponding to elastomeric filler, and PP α-, β-relaxations
C – factor calculated according to Equation (1)

Sample G′–80 °C
[Pa]

G′–20 °C
[Pa]

G′0 °C
[Pa]

G′20 °C
[Pa]

G′80 °C
[Pa]

TEL
[°C; –]

TβPP
[°C; –]

TαPP
[°C; –]

C
[–]

PP70 6.04·109 9.12·108 6.46·108 4.39·108 1.12·108 –54.9; 0.088 3.24; 0.073 87.3; 0.123 –
PP70+10%ATH sil 1.94·109 1.09·109 7.74·108 5.36·108 1.47·108 –56.6; 0.084 2.58; 0.080 89.6; 0.127 0.700
PP70+20%ATH-sil 2.54·109 1.31·109 9.27·108 6.41·108 1.70·108 –55.9; 0.073 2.56; 0.076 90.4; 0.132 0.793
PP70+30%ATH-sil 3.53·109 1.85·109 1.33·109 9.46·108 2.40·108 –55.9; 0.064 3.50; 0.073 95.2; 0.145 0.781
PP70+10%MP/AP/PS 2.57·109 1.22·109 8.61·108 5.96·108 1.55·108 –55.9; 0.080 2.57; 0.073 89.6; 0.124 0.880
PP70+20%MP/AP/PS 2.62·109 1.38·109 9.90·108 7.07·108 1.99·108 –56.7; 0.069 1.80; 0.068 98.2; 0.132 0.699
PP70+30%MP/AP/PS 3.14·109 1.58·109 1.14·109 7.94·108 1.94·108 –55.1; 0.070 4.24; 0.073 95.0; 0.147 0.859



(ii) significant interphase interactions between the
components of the composition, as confirmed by si-
multane-ous increase of G′ and TαPP. The dominant
share of the first of the phenomena mentioned above
in the impact on the PP matrix may confirm the lack
of significant dependence in the temperature range
corresponding to the relaxation of the amorphous do-
mains of the polymer matrix (TβPP).
Determination of the C-factor can be a valuable tool
for qualitative comparative evalua-tion of the ther-
momechanical properties of materials, considering
the change in interphase inter-actions within the sys-
tem [80, 81]. The interpretation assumes that the
lower the C value, the more intensive the effective-
ness of the dispersed phase’s interaction with the
polymer matrix. It can be observed that the greater
effectiveness of the ATH filler’s interaction can be
related to a more favorable dispersion in comparison
to the ternary MP/AP/PS system. Lower C values for
all series of the single-component FR system can
also be related to increased adhesion to the non-polar
polymer matrix resulting from silanization.

3.4. Mechanical and processing properties
The incorporation of all additives into the semi-crys-
talline polymer matrix, even in low amounts, can af-
fect the material’s mechanical properties directly by
the addition itself and indirectly by affecting its pro-
cessing and thus resulting in structural properties
[82]. Therefore, the effect of the incorporation of two
flame-retardant systems simultaneously filled with
tire rubber crumbs was investigated. The representa-
tive stress-strain curves are presented in Figure 6.
Table 4 summarizes the data obtained from melt flow
measurement, Shore D hardness, static tensile, and
rebound resilience tests. It was found that, along with

the incorporation of flame retardants, a decrease in
the MFR was observed. A much more intense impact
on the MFR value was observed for the MP/AC/PS
system. This might  result from the interfacial inter-
actions between the additive and the polymer, which
can hinder the mobility of polymer chains, making
it more difficult for the polymer to flow and reducing
the melt flow rate.
Considering the mechanical properties changes in-
duced by the incorporation of FRs into the PP70, a
stiffening nature of the addition of modifiers was ob-
served, which is reflected in the increase in the value
of Young’s modulus (E) and decrease in elongation
at break. The most intense increase in E was ob-
served for the system containing 30% ATH-sil and
was almost two-fold higher than for the reference
sample. The elongation at break values were also
significantly reduced for the composition comprising
the highest amount of flame retardants (30%). More-
over, the tensile strength mean values decreased
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Figure 6. Representative stress-strain curves of the prepared
materials

Table 4. Melt flow rate and mechanical properties of the series of PP70-based compositions containing flame retardants.

MFR – melt flow rate
E – Young’s modulus
εb – elongation at break
RR – rebound resilience

Material MFR
[g/10 min]

E
[MPa])

Tensile strength
[MPa]

εb
[%]

Shore D
hardness

RR
[%]

PP70 6.7±0.3 615.1±98.10 21.4±0.4 35.7±3.3 67.8±0.9 30.9±1.1
PP70+10%ATH-sil 5.3±0.2 825.4±128.2 20.7±0.3 31.6±5.6 67.0±0.5 30.0±1.2
PP70+20%ATH-sil 5.1±0.2 1031.1±141.10 17.6±0.7 21.2±3.7 67.9±0.6 29.0±1.1
PP70+30%ATH-sil 4.2±0.1 1290.2±198.30 17.4±0.2 18.4±1.3 67.9±0.7 26.0±1.0
PP70+10%MP/AC/PS 4.8±0.1 649.3±178.4 20.7±0.4 31.8±0.9 67.1±1.0 29.6±1.1
PP70+20%MP/AC/PS 4.3±0.6 931.1±112.5 18.7±0.8 31.1±1.1 67.0±0.8 27.0±1.5
PP70+30%MP/AC/PS 3.47±0.30 950.1±147.1 17.9±1.3 21.5±2.7 69.0±0.9 22.6±2.0



slightly with the increase in the amount of flame re-
tardants in the system. While no significant improve-
ment in mechanical properties was initially expected
for the MP/AC/PS mixture, an increase in Young’s
modulus was in fact observed. In contrast, for the
system with ATH-sil, a more pronounced improve-
ment was anticipated. Silane coupling agents are
commonly used in mineral- and glass-filled compos-
ites to enhance mechanical performance and dura-
bility by strengthening the interface and minimizing
property loss, often caused by mois-ture exposure.
Recent studies have developed advanced silane sys-
tems to achieve stronger and more stable bonds [83].
However, in this work, the expected improvement in
mechanical proper-ties with ATH-sil was not clearly
evident. This can be attributed to the specific nature
of the PP70 system, which combines PP with recy-
cled tire rubber crumbs. This Trc is generally com-
posed of a complex mixture of polymers, fillers, and
additives, predominantly based on styrene-butadiene
rubber (SBR) and natural rubber, but often with
some nitrile butadiene rubber (NBR) components.
These elasto meric phases present a highly cross -
linked and chemically heterogeneous structure,
which limits the accessibility and reactivity of silane
coupling agents at the rubber surface. Silane cou-
pling agents generally show a stronger affinity to-
ward polar or hydroxyl-containing surfaces due to
their ability to form siloxane or hydrogen bonds [83].
ATH particles provide hydroxyl groups that can react
with silanes, promoting good bonding with more
polar phases. However, PP is a nonpolar polyolefin
with very low surface energy and lacks functional
groups for silane reactivity. Therefore, the silane
coupling of ATH tends to be more effective with
polar elastomeric domains, such as NBR fragments,
rather than the PP matrix. In our case, the recycled
Trc presents a mostly saturated, crosslinked network,
reducing the availability of reactive sites, which may
explain the limited compatibilization and mechanical
reinforcement observed.
The choice of the hardness measurement method
was guided by the possibility of comparison with the
elastomeric material used as a filler. The experimen-
tal results showed that the effect of the presence of
an additional 30 wt% of FRs can be omitted.
The ability to rebound quickly can be treated as an
indication related to assessing materials’ shock-ab-
sorbing and dynamic properties. It is assumed that
when considering rebound applications, resilience

values of 10–20% are characteristic of shock-absorb-
ing materials and between 40 and 70% for applica-
tions that demand quick recovery [84]. The obtained
RR values for polypropylene containing 30 wt% of
tire rubber crumbs at ~30% align with the similar
 results presented by Raue and Ehrenstein for
PP/styrene ethylene propylene styrene (SEPS) com-
pounds [85]. Introducing fillers in dispersed and in-
soluble polymeric matrix inclusions gradually de-
creased RR with the increasing share of FRs, a
previously described effect [86]. A more pronounced
effect was noted for systems containing a mixture of
MP/AC/PS. Taking into account the negligible im-
pact of the addition of FRs on the hardness of the
materials and the increased stiffness of the modified
series, it can be concluded that the more significant
influence on the RR results may be related to better
dispersion of multicomponent series and the com-
plex interfacial structure of the material, which was
treated as a highly-filled composite.

3.5. Thermal stability and gas analysis
Thermogravimetric analysis, performed in nitrogen,
evaluated the thermal stability of the investigated
materials. Additionally, analyses in air determined
the residue yield in the presence of oxygen. Figure 7
displays the curves of mass and derivatives as a tem-
perature function (DTG), while the obtained data are
summarized in Table 5.
The polymer’s onset degradation temperature, corre-
sponding to 5% weight loss, was 345°C, while for
samples with flame retardants, a decrease resulting
from their mode of action was noted. The maximal
reduction was observed for PP70+30%ATH and
achieved 46°C. The most intense degradation step,
related to the polymer’s decomposition, appeared at
460°C. Due to the complex structure of the elastomer,
DTG presents an additional stage, at approx. 380°C.
The first peak corresponds to the rubber degradation
[87], while the second one is attributed to the PP ma-
trix. These temperatures are kept relatively un-
changed, but the incorporation of ATH leads to the
appearance of the third step at about 300°C, related
to ATH degradation by the release of water molecules,
which leads to the production of alumina [88].
For the proposed green FR system, additional steps
corresponding to the degradation of components,
such as hemicellulose, lignin, and cellulose occurring
at 250–290, 350–390, and 190–450°C, respectively,
can be observed. Melamine phosphate decomposes
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at 240 °C, leaving a high amount of residual char
[28]. Furthermore, a secondary peak over 520°C ap-
pears, re-lated to the formation of transient char. Ap-
plying a multi-component FR system led to peaks
shifting temperatures and their overlap. The change
in decomposition rates in each stage led to a higher
residue than PP70, regardless of the oxygen access.
As a result, the residue yield increased from 10 to
25% for PP70+MP/AC/PS for analyses conducted

under anaerobic conditions and 35% for
PP70+30%ATH-sil in air. The change in the materi-
als’ thermal stability causes degradation at earlier
temperatures, although still at higher values than the
ones used during processing, thus ensuring the ma-
terial is processable by conventional forming process-
es without degradation.
The analysis of the evolved gases from the TG as-
sessment via FTIR spectroscopy revealed a similar
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Figure 7. TGA results for PP70 with FR systems; a), c) mass and b), d) DTG curves.

Table 5. The results from the TGA.

T5% – temperatures corresponding to 5% weight loss;
DTGx – temperature corresponding to the maximum of mass loss.

Sample T5%
[°C]

DTG1
[°C; %/min]

DTG2
[°C; %/min]

DTG3
[°C; %/min]

DTG4
[°C; %/min]

DTG5
[°C; %/min]

Residue 
at 900°C

in nitrogen
[%]

Residue 
at 900°C 

in air
[%]

PP70 345 – – 383; 0.24 459; 1.60 – 10.7 5.0
PP70+10%ATH-sil 323 299; 0.07 – 382; 0.24 460; 1.53 – 14.3 8.7
PP70+20%ATH-sil 301 305; 0.13 – 380; 0.21 461; 1.27 – 21.5 32.1
PP70+30ATH-sil 299 308; 0.13 – 381; 0.21 462; 1.30 – 20.3 35.4
PP70+10%MP/AC/PS 337 – – 382; 0.24 463; 1.37 – 14.4 6.2
PP70+20%MP/AC/PS 307 265; 0.05 327; 0.09 391; 0.25 463; 0.17 524; 0.08 23.7 21.8
PP70+30%MP/AC/PS 308 263; 0.05 330; 0.10 399; 0.27 465; 1.00 525; 0.11 25.7 22.8



degradation process regardless of the share or type
of FR used. Figure 8 shows the Gram-Schmidt pro-
file for the different samples, giving a representation
of the moments where relevant spectra are collected.
It is found that for unmodified PP, four peaks appear
at 470, 540, 600 and 660°C, and the most significant
signal is obtained at 470 °C, which is related to the
degradation of PP as a major component.
When analyzing the spectrum collected within the
temperature range studied (Figure 9), basically two
main distinct steps can be identified, i.e. the release
of alkanes and olefins derived from PP (between
3080 and 2900 cm–1 mainly, also observed at 1400
to 1650 cm–1) [89]. Some weak absorption bands
start to appear and intensify with increased tempera-
tures, particularly around 1700–1800 cm–1, related to
the oxidation of PP (C=O) [28]. After a certain mo-
ment, close to 500 C, the bands attributed to alkanes
disappear. From that moment, other absorption bands
appear, in the range about 2200–2300, 1300–1500

and 700–900 cm–1 can be found. In particular, these
bands correspond to the formation of CO2 (2400–
2200 and 700–900 cm–1) [90, 91], while the peak at
1300–1500 cm–1 can be related to the appearance of
methyl bending in alkenes and the one at about
700 cm–1 (C–H in aromatic groups) [91, 92]. It can
be clearly observed that the spectra for the three se-
ries of materials are practically the same. For those
at lower temperature (Figure 9a), the main differ-
ences are observed in the range of 2000–2400 cm–1,
where some weak bands are visible, particularly for
the samples with ATH, attributed to the formation of
CO2. This is correlated to the higher relative ab-
sorbance of the peak at 1722 cm–1, attributed to the
oxidation of PP.

3.6. Flammability assessment
The UL 94 flame test is designed to compare the
flammability of various materials, especially those
used in electrotechnical and automotive applications.
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Figure 8. Gram-Schmidt profiles for the compositions containing a) ATH-sil and b) MP/AC/PS.

Figure 9. Spectra for evolved gases at a) 470 °C and b) 540 °C, for the series PP70, PP70+30%ATH-sil, and
PP70+30%MP/AC/PS.



Vertically or horizontally arranged samples are ex-
posed to a small ignition source with a nominal ther-
mal output of 50 W. These test methods are used to
determine the linear burning rate or the self-extin-
guishing properties of the polymer. The UL 94 re-
sults of horizontally orientated samples are presented
in Table 6.
Since prolonged burning, supported by char forma-
tion, resulted in the clamp being reached by flame,
all tested materials in the case of the vertical method
were out of class. Therefore, their results were not
presented in the table, and a horizontal test was per-
formed. PP70 without flame retardants, as well as
10%MP/AP/PS, were classified as HB40 class, while
the rest of the samples as HB class due to their linear
burning rate below 40 mm/min. The addition of the
flame retardants significantly reduced the flame
speed, especially in the case of the ATH-sil series. For
both the ATH-sil and MP/AC/PS series, the linear
burning rate decreased with increasing flame retar-
dant amount, reaching the lowest values for 30 wt%.
The impact of developed flame-retardant systems on
the polymers’ burning behavior was assessed via
cone calorimetry tests. The heat release curves (HRR),
photographs of residue, and data obtained from
measurements are presented in Figures 10–12, and
Table 7, respectively.
As shown in Figure 10, PP70 exhibited one broad
peak with the maximum heat release rate (pHRR)
equal to approx. 760 kW/m2. Employing ATH-sil re-
sulted in a gradual decrease in the HRR, and the low-
est values were achieved for the material with the
highest flame-retardant content. ATH extends the
time needed for the material to heat up to the ignition
temperature, and the release of water vapor reduces
the concentration of free radicals and oxygen. More-
over, a layer of Al2O3 is formed on the surface of the
polymer, which prevents the heat and oxidant from
propagating to deeper layers of the material 

(Figure 10). MP works in both phases, apart from re-
placing the poly-mer with a less flammable compo-
nent, increasing the ability of MP to form char. In
turn, the structure of PS, rich in polar groups, en-
hances the effectiveness of phosphorus flame retar-
dant in char formation (Figure 11). The combination
of MP, AC, and PS flattened the curves, characteris-
tic of materials able to form a char [93]. The forma-
tion of a protective layer is confirmed by the yield
of residues that increase with the higher FR content
(Table 6) and photographs of the samples after burn-
ing (Figure 11). In the case of ATH-sil samples, the
residues were compact and had a small thickness. In
turn, for the MP+AC+PS series, numerous small
holes inside the chars, confirmed by photographs
from an optical microscope (Figure 11i), were ob-
served.
The slightly higher values of time to ignition (TTI)
were recorded for a series of materials with ATH,
which is connected with its mechanism of action de-
scribed above. In turn, the devel-oped system de-
creases TTI due to the earlier decomposition of in-
tumescent flame retardant. All used flame retardants
led to flammability reduction; however, the lowest
pHRR, two times lower than the unmodified poly-
mer, was obtained for PP70+30%MP/AC/PS. Flame
retardants also caused a decrease in the maximum
average rate of heat emission (MARHE), as one of
the indica-tors enabling flame spread evaluation,
by 47 and 56% for PP70+30%MP/AC/PS and
PP70+30%ATH-sil, respectively. The reduction of
total heat release (THR) results from reduced amount
of fuel and char formation or incomplete combustion,
which occurs due to reduced combustion efficiency,
confirmed by lower effective heat of combustion
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Figure 10. Representative heat release rate curves of the in-
vestigated materials.

Table 6. Flammability testing of samples via UL 94 investi-
gations.

Sample Burning rate
[mm/min] Class

PP70 43 43 43 HB40
PP70+10%ATH-sil 33 35 33 HB
PP70+20%ATH-sil 30 20 24 HB
PP70+30%ATH-sil 17 16 18 HB
PP70+10%MP/AP/PS 43 40 45 HB40
PP70+20%MP/AP/PS 37 37 29 HB
PP70+30%MP/AP/PS 28 25 27 HB



(EHC) [94]. The lowest val-ues for both THR and
EHC were observed for PP with 30% of ATH-sil.
The use of large amounts of this flame retardant also
resulted in the most significant reduction in smoke
emissions, assessed based on total smoke release
(TSR), which results from the dilution of the gas
phase. It should be noted that although ATH showed
the best effectiveness in reducing burning and smoke
emissions, the effect was achieved only when its
share was 30% by mass. A significant increase in
 efficiency, due to the increase in the share of ATH-sil

from 20 to 30 wt%, also confirmed the course of the
TSR curves (Figure 12).

4. Conclusions
Two series of post-consumer PP with 30 wt% of tire
rubber crumbs containing 10, 20, and 30 wt% of two
flame retardant systems have been prepared using a
twin-screw extruder. The structure and composition
of the analyzed systems were investigated utilizing
FTIR spectroscopy. In the case of ATH-sil containing
compositions, one observed characteristic absorption
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Figure 11. Photographs of the samples after cone calorimetry tests taken with a digital camera a) PP70, b) PP70+10%ATH-sil,
c) PP70+20%ATH-sil, d) PP70+30%ATH-sil, e) PP70+10%MP/AC/PS, f) PP70+20%MP/AC/PS,
g) PP70+30%MP/AC/PS, or optical microscope h) PP70+10%ATH-sil, i) PP70+10%MP/AC/PS.



bands at 661 and 963 cm–1 related to the Al–O
stretching vibrations, as well as the stretching NH2
vibra-tion at 3452 cm–1, which were due to surface
modification by the silane coupling agent. For the
MC/AC/PS series, the main changes are due to the
vibration of P–OH in MC and Al–O in AC. In addi-
tion, the mechanical properties, hardness, and melt
flow rate (MFR) of the compositions have been as-
sessed. DSC studies showed that the addition of
these selected systems of flame-retardants caused no
effect on the melting and crystallization temperatures
of PP70. On the other hand, a reduction of melt flow
rate of the compositions is obtained with the in-
creased ratios of both fillers, which also provide a
stiffening effect, increasing the elastic modulus and
reducing the elongation at break with the same trend.
Tensile strength was slightly reduced, particularly

for compositions with over 20 % of the flame retar-
dants, while hardness was not affected by the in-cor-
poration of any of them. This study demonstrates the
effective use of different flame-retardant systems in
PP/rubber compositions, with a particular focus on
ATH-sil and the MP/AC/PS with reduced environ-
mental impact. All tested materials were classified
as HB class. Moreover, incorporation of ATH-sil sig-
nificantly delayed ignition, lowered peak heat re-
lease rate (pHRR), and reduced smoke emissions
through water release, radical quenching, and the
formation of a protective Al2O3 layer. The intumes-
cent MP/AC/PS system promoted char formation,
resulting in flattened HRR curves, reduced MARHE,
and a twofold decrease in pHRR compared to neat
PP. While ATH-sil proved highly effective, its per-
formance was strongly dependent on high loading
levels (30 wt%). In contrast, the MP/AC/PS system
achieved notable improvements in flame retardancy
with enhanced char development and lower heat re-
lease parameters.
This work demonstrates, for the first time, how min-
eral and intumescent systems complement each
other in PP/rubber compositions by providing flame
inhibition through distinct yet comple-mentary mech-
anisms in both the gas and condensed phases. These
results provide valuable in-sights for designing
PP/rubber compositions with tailored flame-retar-
dant systems, balancing efficiency, smoke suppres-
sion, and material performance, and demonstrate
strategies to meet fire safety requirements in poly-
mer applications.
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Table 7. Cone calorimeter results for polymers with fire retardant systems.

TTI – time of ignition
pHRR – peak of heat release rate
MARHE – maximum average rate of heat emission
THR – total heat release
EHC – effective heat of combustion
TSR – total smoke release

Materials TTI
[s]

pHRR
[kW/m2]

MARHE
[kW/m2]

THR
[MJ/m2]

EHC
[MJ/kg]

TSR
[m2/m2]

Residue
[%]

PP70 37±2 756±87 472±12 124±1 39±0 2218±115 11±0
PP70+10%ATH-sil 39±2 602±29 409±20 122±1 38±0 2148±460 15±0
PP70+20%ATH-sil 42±1 493±22 311±10 116±2 36±1 1979±980 21±0
PP70+30%ATH-sil 45±2 398±12 209±6 106±2 34±1 1535±520 30±1
PP70+10%MP/AC/PS 30±3 502±27 359±26 0126±10 39±3 2168±154 13±0
PP70+20%MP/AC/PS 27±2 371±40 269±12 120±5 37±2 1801±120 21±0
PP70+30%MP/AC/PS 31±1 344±12 249±14 0120±20 37±4 1841±108 26±4

Figure 12. Representative total smoke release curves of both
series.
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