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Abstract: The rapid development of the building sector has created increased demand for novel
materials and technologies, while on the other hand resulting in the generation of a severe amount
of waste materials. Among these are polyurethane (PU) foams, which are commonly applied as
thermal insulation materials. Their management is a serious industrial problem, due to, for example,
their complex chemical composition. Although some chemical and thermochemical methods of PU
foam recycling are known, their broader use is limited due to requirements related to the complexity
and safety of their installation, thus implicating high costs. Therefore, material recycling poses a
promising alternative. The incorporation of waste PU foams as fillers for polymer composites could
make it possible to take advantage of their structure and performance. Herein, polypropylene-based
composites that were highly filled with waste PU foam and modified using foaming agents were
prepared and analyzed. Depending on the foam loading and the foaming agent applied, the appar-
ent density of material was reduced by as much as 68%. The efficient development of a porous
structure, confirmed by scanning electron microscopy and high-resolution computed micro-tomog-
raphy, enabled a 64% decrease in the thermal conductivity coefficient. The foaming of the structure
affected the mechanical performance of composites, resulting in a deterioration of their tensile and
compressive performance. Therefore, developing samples of the analyzed composites with the de-
sired performance would require identifying the proper balance between mechanical strength and
economic, as well as ecological (share of waste material in composite, apparent density of material),
considerations.

Keywords: recycling; circular economy; composites; polypropylene; polyurethane foam; waste

1. Introduction

The era of shrinking global oil and gas resources, which are the primary substrates
required for polymer synthesis and as well as a source of the energy necessary to perform
this process, has resulted in a significant increase in their price; therefore, it is essential to
increase the degree of use of materials that have already been produced. This issue is also
critical in the context of limiting the negative impact of humanity on the natural environ-
ment. This task can be achieved primarily through material recycling [1,2]. In the case of
thermoplastics, currently available recycling techniques, which primarily include
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material recycling, can enable the technically reasonable and economically viable recovery
of the material for reuse. The development of methods for reusing cross-linked plastics
remains a significant challenge [3-5].

Polyurethane (PU) is one of the most universal polymers, which, depending on the
method of obtaining, can be characterized by a wide range of properties, enabling it to be
used in many applications [6-10]. Most often (80%), it is used in a foamed form. This form
of material is used for thermal insulation and vibration absorption in many industries [11-
13]. Typical foamed polyurethanes can be categorized as flexible, semirigid, or rigid. The
different physical properties of PU foams stem from the type and characteristics of the
raw materials, namely polyols and isocyanates [14-16]. The management of post-con-
sumer foam waste is a significant technical problem. This type of waste can be deposited
in landfills, but this is the worst solution from an economic and ecological point of view.
In addition, PU foam waste can be considered safe only in the absence of modifiers in its
structure, especially flame retardants (e.g., heavy metals, halides, Sb20s), that can migrate
to the environment [17,18]. Techniques for the chemical and thermochemical processing
of PU foam waste have also been developed and used [19]. Among them should be men-
tioned alcoholysis, acidolysis, hydrolysis, and glycolysis, which yield raw materials that
are possible to process into fully fledged PU materials [20-24]. These methods, however,
require significant financial outlays for the construction of safe and effective installations.
In addition, a specific limitation to their use is the limited range of reaction products oc-
curring when utilizing PU waste using these methods [25-27].

Recycling is a worthless technique if it is impossible to use the recovered raw mate-
rials. An undoubted limitation of the recycling of foamed plastics, both thermoplastic and
cross-linked, is their low density, which makes the transportation of this type of waste to
remote disposal installations unprofitable. This is related to administrative and organiza-
tional restrictions regarding creating a waste-collecting system. For this reason, many
chemical and thermal waste processing installations are located in the vicinity of PU foam
production plants, and primarily process technological waste from these units [28,29].

Material recycling techniques become more important in the context of the limita-
tions mentioned above. They require relatively small investment outlays, which makes it
possible to create smaller, local installations. This reduces problems with the cost and ef-
ficiency of waste transport [30,31]. Currently, the material recycling of PU foams primarily
involves the removal of impurities and fragmentation. The material is introduced as a
filler in new PU foams in this form. In addition, the use of waste reduces the consumption
of primary PU [32-34]. However, there is a limit to the content of such a filler in the foam,
which means that it is impossible to use all of the PU waste that is recovered [35-37]. For
this reason, searching for new applications for this type of waste is crucial for the recycling
of this type of waste.

Expanded polymeric materials are being increasingly widely used. This is primarily
due to their favorable mechanical properties, which are able to satisfy the requirements of
many applications, and their low weight. Thanks to the significant content of pores in the
structure of the product, it is possible to reduce the amount of material necessary for their
production, as well as shortening the processing time and energy consumption required
for injection molding, because to produce an object, it is only necessary to plasticize a
smaller amount of plastic [38—40]. The growing popularity of this method of production
is also influenced by the development of plastic foaming technology, which makes it pos-
sible to obtain objects with a smooth surface and repeatable high mechanical properties
resulting from the homogeneous distribution of pores with controlled sizes [41,42]. One
way to further improve this class of plastics seems to be the development of foamed plas-
tics that additionally contain fillers that can positively affect the change in the mechanical
and functional properties of the material as well as optimize the economic and ecological
aspect of processing and use of polymeric materials [43—45].

Therefore, the presented research work aims to investigate the application of waste
PU foam as filler for polypropylene (PP)-based composites modified with foaming agents.
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Polypropylene was selected as the matrix for composites due to its exceptional perfor-
mance, enabling classification as an engineering plastic and a relatively low price [46].
Currently, it is used in the building industry mainly as siding, air and moisture barriers,
carpets, and insulating wraps or pipes [47]. Multiple research works have investigated PP
application as a component of concrete composites or lightweight aggregates [48-52].
Therefore, selecting PP as a matrix for polymer-based materials for potential application
in the building industry is fully justified. The impact of waste foam content, as well as the
type of foaming agent, on the structure (apparent density, morphology), mechanical
(hardness, tensile and compressive tests), thermal (thermal stability, melting, and crystal-
lization behavior), and insulation (thermal conductivity coefficient) performance of the
developed materials was analyzed.

2. Materials and Methods
2.1. Materials

The commercial-grade polypropylene, Moplen HP500N, delivered by LyondellBasell
(Netherlands), with a density of 0.90 g/cm? and melt flow rate (MFR) 12 g/10 min (230 °C,
2.16 kg), was applied as a polymeric matrix for the manufacture of the prepared materials.
Waste polyurethane foam was applied as filler for the prepared materials. This consisted
of wastes generated during the manufacturing of acoustic PU insulation using the spray
method, and was characterized by an apparent density of 7-14 kg/m?3. Before use, the foam
was ground using a slow-speed grinder and a sieve with a diameter of 6 mm. Figure 1
presents its appearance before and after grinding. Glycerol obtained from P.P.H. Standard
Sp. z 0.0. (Lublin, Poland) was used as a compatibilizer for the PP/PU materials. Its purity
was 99.5%. Moreover, three blowing agents were applied: GM-0013 (GM) from GM Color
Sp. z o.0. (Bydgoszcz, Poland), PLASTRONFOAM C20 (C20) from PLASTRON SAS
(Wintzenheim, France) and UNIFOAM MB XPO A50012 (UNI) from Hebron S.A. (Barce-
lona, Spain). The first two blowing agents were based on sodium bicarbonate and citric
acid derivatives, so their decomposition, which yielded the generation of water vapor,
carbon monoxide, and carbon dioxide, started at a temperature of around 150-160 °C. The
last one, the UNI blowing agent, contained azodicarbonamide dissolved in the polymer
matrix, which decomposes at temperatures over 175 °C, generating nitrogen, carbon mon-
oxide, carbon dioxide, and ammonia.

Figure 1. The appearance of PU foam (left) before and (right) after grinding.

2.2. Sample Preparation

To improve the homogeneous distribution of filler and modifiers in PP matrix, all
composites were prepared using a twin screw extruder Leistritz ZSE model 27 HP (Nu-
remberg, Germany). The screw diameter was 27 mm, and the length-to-diameter ratio was
44. The extruder had ten heating and cooling zones. The temperature profile of the ex-
truder was as follows (from the feeding section): 140/145/150/155/160/165/170/175/185/185
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°C. The screw rotation during the extrusion processes was 200 rpm, and the throughput
was 10 kg/h.

Due to the low apparent density of the PU waste, its dosing with a gravimetric unit
was obstructed. Therefore, materials were prepared using a two-step method. In the first
step, PU foam was extruded along with the PP matrix, and glycerol was applied as a com-
patibilizer to prepare the premix, which was foamed in the second step. The waste foam
was dosed into the extruder barrel using the screw side feeders in the 4th zone. Table 1
presents the compositions of premixes prepared in the first step. For comparison, unfilled
PP and PP filled with the foam but without the blowing agent were also processed simi-
larly.

During the second step, prepared premixes were extruded with the appropriate
amount of blowing agents. All materials were dosed using Brabender gravimetric screw
feeders (Duisburg, Germany) with a constant flow rate. Details regarding the composi-
tions are presented in Table 1. For all blowing agents, the reference sample, without PU
waste, was prepared with 10 wt% content of modifier, as recommended by the manufac-
turer. For the application of the UNI blowing agent, the amount was enough to expand
extrudate. However, for blowing agents C20 and GM, when waste PU foam was intro-
duced, the amount of modifiers increased to 15 wt%, because the presence of the foam
hindered the foaming of the extrudate.

All of the samples were extruded into open, cylindric metal molds, where their vol-
umetric expansion occurred. After they had cooled and solidified, specimens for particu-
lar analysis were cut out.

Table 1. Compositions applied during the first and second step of material manufacturing.

First Step Second Step
Sample Volume Content, vol% Mass Content, wt%
PP PUR  Glycerol Premix C20 GM UNI

PP 100.0 0.0 0.0 100 0 0 0
PPPUR 325 65.0 2.5 100 0 0 0
1C20 100.0 0.0 0.0 90 10 0 0
2C20 32,5 65.0 2.5 85 15 0 0
3C20 24.2 72.7 3.1 85 15 0 0
4C20 19.3 77 .4 3.3 85 15 0 0
1GM 100.0 0.0 0.0 90 0 10 0
2GM 32,5 65.0 2.5 85 0 15 0
3GM 24.2 72.7 3.1 85 0 15 0
4GM 19.3 77 4 3.3 85 0 15 0
1UNI 100.0 0.0 0.0 90 0 0 10
2UNI 325 65.0 2.5 90 0 0 10
3UNI 24.2 72.7 3.1 90 0 0 10
4UNI 19.3 77 4 3.3 90 0 0 10

2.3. Characterization

The apparent density of prepared materials was determined according to the PN-EN
ISO 845:2010 standard as a ratio of the sample weight to the sample volume (g/cm?). The
samples were measured with a slide caliper with an accuracy of 0.01 mm and weighed
using an electronic analytical balance with an accuracy of 0.0001 g.

The scanning electron microscope (SEM)—HITACHI (Tokyo, Japan) Model SU-
3500N, was used in order to assess the structure of the internal surface of samples. The
structures of the surfaces of the samples were assessed with an accelerating voltage of 15
kV.
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High-resolution computed micro-tomography (uCT) Phoenix vItomel xs 240 from
General Electric Measurement & Control (Boston, MA, USA) was applied to perform 3D
observations of the produced samples. The operating parameters were equal to 80 kV for
the X-ray source voltage and 360 pA for the tube current. The exposure time was equal to
200 ms. The X-ray projection was recorded with the 360° rotation obtaining 1000 images.
The reconstruction (Phoenix Datos 2, General Electric Measurement & Control) was per-
formed with a standard reconstruction algorithm. Each 3D visualization was cut with XY,
YZ, and XZ planes in the middle cross-section of each sample to reveal the structure. Based
on the reconstructions, three areas with a volume of 3 cm3 each were selected from the
three-dimensional scanned object. The side surfaces of the analyzed areas were not di-
rectly co-located with the cut surfaces of the samples, in order to enable the analysis of
volumetric material not subjected to sample cutting processes, which could affect the re-
sults of the observations. On the basis of such areas, the porosity and standard deviations
of the samples were determined. The quantitative distribution of pore volume, i.e., frac-
tions of pores of different volumes, was analyzed based on obtained histograms.

The prepared materials’ thermal conductivity coefficient (A) was determined accord-
ing to the PN-ISO 8301:1998 standard using the HFM 446 heat flow meter from Netzsch
(Selb, Germany). Samples with a thickness of 4 cm were tested in the temperature range
from 1 to 19 °C using an average temperature of 10 °C.

The tensile properties were estimated by determining the elastic modulus, tensile
strength, and elongation at break. The tests were conducted according to the PN-EN ISO
527 standard, using the Shimadzu tensile testing machine with an elongation head and
extensometer. Elongation velocity: 1 mm/min (elastic modulus), 50 mm/min (tensile
strength and elongation at break). Number of samples: 5 per test. Trapezium software was
used for the evaluation of the test results.

Shore A hardness test was performed based on the standard PN-EN ISO 868:2005.
On the obtained samples, five independent measurements were carried out on the outside
wall of the sample and its core. This was aimed at determining the effect of blowing agents
on the properties of the material. Since the outer wall of the sample cooled down the fast-
est, the action of the modifier was the least active there. On the other hand, inside the
sample, due to the low thermal conductivity of the foamed polymers, the material had a
high temperature for a longer time, and the blowing agent was able to operate for a longer
time, creating a more porous structure. Therefore, it was essential to determine the hard-
ness in both of these areas.

Differential scanning calorimetry was performed using DSC1 Star System Mettler
Toledo, according to the PN-ISO 11357-1:2016-11 standard. In order to remove the influ-
ence of the thermal history on the material, two cycles of heating the sample at a rate of
15 °C/min were performed, after which it was freely cooled to the initial measurement
temperature of 25 °C. During the test, the samples were heated to 200 °C, at which tem-
perature the material was kept before cooling for 3 min. To prevent degradation of the
polymer, the determination was carried out with a constant flow of nitrogen through the
measuring cell at a level of 60 mL/min.

The thermogravimetric (TGA) analysis was performed using the TG 209 F3 appa-
ratus from Netzsch (Selbm, Germany). Samples of foams weighing approximately 10 mg
were placed in a ceramic dish. The study was conducted in an inert gas atmosphere—
nitrogen—in the range from 30 to 800 °C with a rate of temperature increase of 10 °C/min.

3. Results and Discussion

Figure 2 presents the impact of sample composition on the apparent density, relative
density compared to unmodified PP material, and porosity of the materials, as determined
by uCT analysis. Moreover, images obtained during uCT scans and histograms showing
the pore size distribution are presented in Figures 3 and 4. It can be seen that the intro-
duction of waste PUR foam resulted in a decrease in the apparent density of PP, which
should be considered beneficial due to the reduced weight and potentially reduced costs
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during the materials’ lifetime [53,54]. Similar effects were noted for the application of
blowing agents. All of them (sample 1) caused a volumetric expansion in PP and a reduc-
tion in its density. However, the combination of waste foam with blowing agents was not
so effective in all cases. For the lowest PUR content (samples 2C20 and 2GM), a combina-
tion with C20 and GM blowing agents led to the relative density of materials exceeding
100%, meaning that the beneficial influence of blowing agents was impeded by the incor-
poration of foam. This effect can be attributed to the basic character of waste foam, which
is related to the chemical structure of urethane ad urea groups [55]. To achieve the most
efficient action related to maximum gas generation, sodium bicarbonate requires the pres-
ence of acidic compounds [56]. Without them, it only undergoes thermal decomposition,
which results in the half production of gaseous compounds [57]. Therefore, the basic char-
acter of PU foam may impede the efficiency if C20 and GM foaming agents. Moreover,
Sadik et al. [58] reported that the decomposition of chemical blowing agents based on
sodium bicarbonate and citric acid, like C20 or GM, is a two-step process with maximum
rates at temperatures around 155 and 198 °C. These stages were attributed to sodium bi-
carbonate and citric acid decomposition, respectively. Therefore, the applied compounds
were probably incompletely decomposed, resulting in limited gas generation. On the
other hand, the decomposition of the UNI blowing agent begins at a temperature of
around 175 °C, which was achieved at later stages of extrusion, so the foaming efficiency
was higher.
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Figure 2. The impact of sample composition on (a) apparent density, (b) relative density, and (c)
porosity.
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With higher loadings of foam, the effect was more beneficial, as a result of the low
density of the introduced foam. However, relative density was reduced by only 11.6 and
7.3%, respectively, when using the C20 and GM blowing agents. Significantly better re-
sults were noted for the UNI modifier, which caused a decrease in density of over 56%
irrespective of PUR content, thus exhibiting the highest efficiency among all analyzed
blowing agents. This effect can be attributed to the above-mentioned higher decomposi-
tion temperature of the UNI modifier compared to C20 and GM, resulting in the delayed
generation of gas, which is removed from the polymer melt in the extruder due to the
shear forces acting on the material. The density values suggest that the UNI blowing agent
should be considered the most promising among the applied modifiers.

Figure 3. Scans obtained during uCT analysis of prepared samples.

Obviously, the incorporation of cellular PU waste and additional blowing agents af-
fected the materials’ porosity. Scans from puCT revealed significant differences in porosity
between the series of analyzed materials related to the different modes of action of the
applied additives. Neat unmodified PP showed a homogenous structure with low


http://mostwiedzy.pl

A\ MOST

Materials 2023, 16, 782

8 of 22

porosity. The incorporation of waste PU foam induced structural heterogeneity; however,
the filler was well dispersed, without noticeable agglomerates, and porosity was not en-
hanced. For both samples prepared without adding blowing agents, only very small pores
were noted, as indicated in Figure 4 by the arrows pointing to the maximum pore volume.
The addition of blowing agents significantly changed the number and volume of pores.
The highest number of pores was noted for the C20 modifier, which generated a vast num-
ber of tiny, well-distributed pores. A relatively similar structure was noted for the GM
modifier, but the pore distribution inside the matrix was uneven, pointing to the limited
compatibility of the blowing agent with PP [59].

On the other hand, the decomposition of the UNI blowing agent produced a notice-
ably higher amount of gas, as also suggested by the apparent density measurements.
However, the core of the prepared material was characterized by an open-cell structure,
which typically has an unfavorable impact on thermal insulation and mechanical perfor-
mance [60-62]. Importantly, for samples prepared without the addition of waste PU foam,
the outer layer of materials was solid, without pores, which facilitated trapping the gas
inside their structure.

The combined impact of waste PU foam and blowing agent differed between partic-
ular modifiers. In the GM compound’s case, the foam incorporation was hardly signifi-
cant, considering the materials” porosity. The shape of histograms and the maximum pore
volume were almost unchanged. For the C20 blowing agent, the number of observed
pores was reduced, while the maximum size of the pores increased due to the coalescence
of individual pores, resulting in a partially open-cell structure. This effect can be attributed
to the above-mentioned decomposition temperatures of particular components of the
blowing agents, resulting in the imperfect utilization of their potential. Moreover, despite
their similar active compounds (according to producers, sodium bicarbonate and citric
acid derivatives), this effect was not observed with the application of the GM blowing
agent. This can be attributed either to differences in the composition of the polymer shells
between particular modifiers or to the gas yield. Unfortunately, producers do not provide
detailed compositions of materials; therefore, the C20 and GM blowing agents may differ
in terms of the applied polymer, or even with respect to its molecular weight, which may
affect the melt viscosity and determine the potential for the pores’ coalescence.

In the case of the UNI compound, the addition of waste PU inhibited the foaming of
the composites’ structure. For higher shares of PU foam, the generation of the open-cell
structure was limited, probably due to the increased viscosity of the polymer melt, which
facilitates the retention of the gas inside the solidifying structure of the polymer [32,63,64].
Sample 3UNI showed noticeably lower porosity compared to the lower PU foam loading,
and noticeable closing of the porous structure was noted. This effect was strengthened for
sample 4UNIL
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The thermal insulation performance of a material is strongly affected by its composi-
tion and chemistry, but also by its structure. A porous structure is highly beneficial for
insulation performance. Therefore, the most common insulation materials are foams, e.g.,
polyurethane or expanded polystyrene foams [65]. With respect to polypropylene, it is
relatively rarely applied as insulation, but the enhancement of its thermal insulation per-
formance may be beneficial for its multiple applications, for example, in the construction
and building industries [66].

Figure 5 presents the impact of the applied PP modifications on its thermal conduc-
tivity coefficient, a parameter that quantitatively describes the insulation performance of
the material. It can be seen that the applied modifications of PP reduced the A value irre-
spective of the applied formulation. The introduction of the PUR foam caused an 11%
decrease in the thermal conductivity coefficient, from 0.168 to 0.149 W/(m-K), which can
be attributed to the excellent insulation performance of rigid polyurethane foam. Typi-
cally, such materials, commonly applied in the building industry, are characterized by A
values in the range of 0.020-0.035 W/(m-K), which is noticeably lower than those of PP
[40]. The incorporation of blowing agents showed a beneficial influence on the thermal
insulation performance of prepared materials, which was attributed to the decrease in
apparent density caused by the increase in porosity. Increasing the porosity of PP results
in the introduction of gases in its structure, either nitrogen, carbon monoxide, carbon di-
oxide, or ammonia (depending on the blowing agent) generated by the thermal decom-
position of blowing agents or air, which may also be present in pores. Among all of the
decomposition products, carbon dioxide is present in the highest amounts. The propor-
tion of certain gases is related to whether the pores are open or closed. If the decomposi-
tion product of the blowing agents, e.g., carbon dioxide, is not trapped inside the material
structure during solidification and escapes, it may yield an open cell structure, thus facil-
itating the gas exchange with air. Nevertheless, the thermal conductivity coefficients of
both gases (CO2 and air) are noticeably lower than those of PP, which are 0.015 and 0.025
W/(mK), respectively, for carbon dioxide and air [67,68]. As mentioned above, sample
series 1 (without PU foam) had a solid PP skin without pores, thus enabling the gas to be
trapped inside the structure. As a result, these samples exhibited lower thermal conduc-
tivity coefficients than composites filled with waste PU foam.
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Figure 5. The impact of the applied PP modifications on the thermal conductivity coefficient.
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Generally, the apparent density and the resulting porosity play a crucial role in de-
termining the insulation performance of the prepared materials, as can be seen from Fig-
ure 6. The presented relationship between A values and relative density indicates that the
decrease in the apparent density of unmodified polypropylene resulting from the incor-
poration of waste PU foam and blowing agents is highly beneficial for insulation perfor-
mance. Such relationships are widely known for multiple insulation materials [62].
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— Value | Standard Error
g Slope a 0.0013 0.0002

6 Intercept b 0.0249 0.0143
2 0.00 . . .

= 30 50 70 90 110

Relative density, %

Figure 6. The relationship between A values and relative density for the prepared samples.

Based on the results presented above, the structures of the materials containing the
UNI blowing agent, which showed the most beneficial thermal insulation behavior, were
investigated using scanning electron microscopy. The obtained images are presented in
Figures 7 and 8. It can be seen that all of the samples show highly heterogenous structures
with visible pores resulting from the thermal decomposition of the blowing agent, as well
as the presence of waste foam. As mentioned above, such a structure can be beneficial to
the prepared materials’ insulation performance, resulting in a decrease in the thermal con-
ductivity coefficient.
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SU3500 15.0kV 48.6mm x8 BSE-COMP ' 5.00mm’. SU3500 15.0KV 44.3mm x9 BSE-COMP : 5.00mm'

Figure 7. Images obtained from the SEM analysis of the samples modified with UNI blowing
agent.

Figure 8 presents images of the foams taken at higher magnifications, revealing fur-
ther insights into void formation and the interfacial adhesion between the polypropylene
matrix and particles of waste polyurethane foam. The 1UNI sample, which did not contain
PU foam, exhibited the most homogenous and smooth surface. On the other hand, the
images of the other samples show severe imperfections at the interface, resulting in void
generation. This effect is associated with the large difference in polarity between polypro-
pylene matrix and polyurethane foam, as previously reported by other researchers [69,70].
Considering the potential application of the developed materials as thermal insulation,
the effect does not have to be indisputably negative. On the other hand, insufficient inter-
facial adhesion often results in a deterioration in the mechanical performance of polymer
composites, which may limit their application range [71].
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Figure 8. Magnified SEM images of selected samples showing interfacial defects.

Table 2 shows the mechanical properties of the obtained materials. Analyzing the
results of tensile strength tests, it can be concluded that in the PP samples to which only
the foaming additive was added, the strength properties decreased to a lesser extent than
in the case of the pure non-expanded polymer. Tensile strength decreased by 28.2-33.9%,
depending on the applied modifier. The highest strength was noted for the sample con-
taining the GM blowing agent, while the lowest value was observed for the sample mod-
ified with C20. The application of the latter modifier caused the highest weakening of PP
performance without the addition of PU foam. On the other hand, UNI, the best blowing
agent with respect to density reduction, caused a slightly higher decrease in tensile
strength than the GM modifier. This effect can be attributed to its having the highest de-
gree of foaming among the obtained samples, as can be observed in Figures 2 and 3. When
analyzing the tensile strength results collectively with respect to the foaming agent used,
it can be observed that C20 contributed to the least extent to reducing the strength of the
individual samples. On the other hand, for the UNI foaming agent, which was character-
ized by the best foaming properties among the analyzed additives, the most significant
decrease in strength could be observed, which was due to the high porosity of the struc-
ture and the reduced proportion of PP in the materials” volume.

The incorporation of waste PU foam, into either neat or foamed PP, caused a notice-
able deterioration in tensile strength. This effect indicates the limited compatibility of PP
and PU as a result of their differences in polarity [72-74]. With increasing PUR foam con-
tent in the tested materials, regardless of the foaming agent used, a decrease in tensile
strength was observed.
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Table 2. The results of static mechanical tests performed on the prepared samples.

Tensile Strength, Elongation at Break, Tensile Modulus, External Hardness, Internal Hardness,

Sample MPa % MPa ShA ShA
PP 31.9+02 197.1+29.1 1399 + 24 985+ 0.7 98.0+0.3
PPPUR 18.8+2.4 6.4+13 1263 + 76 97.8+1.3 96.7 +0.2
1C20 21.1+09 23350 1159 + 44 98.3+0.9 96.4+0.7
2C20 20.9+0.9 11.4+3.1 1166 + 35 98.3+0.2 96.3+0.3
3C20 184+2.6 55+23 1053 + 24 98.0+ 0.6 94.8+0.1
4C20 13.6+1.6 43+25 835+ 11 96.7 + 0.4 93.2+ 0.4
1GM 229+04 203 +42 1365 + 3 97.6+1.1 97.6+0.8
2GM 16.4+2.0 12.0+1.7 981 + 24 97.4+0.1 95.5+0.1
3GM 164 +2.6 75+23 948 + 13 95.8+0.2 95.0 + 0.4
4GM 5.8+ 0.4 3.6+0.2 722 + 47 94.4+0.6 92.8+0.2
1UNI 22+11 21.8+9.7 1162 + 54 96.0+0.3 81.0+0.3
2UNI 13.5+32 27413 928 + 16 96.1+0.9 943+1.1
3UNI 95+2.1 33+1.1 629 + 60 92.0+1.0 71.0+0.9
4UNI 8.8+2.0 26+1.2 527 + 18 91.8+0.2 81.2+0.7

In the case of elongation at break, a drastic decrease, about 75%, in elongation was
observed after introducing the foaming agent into the PP. After the introduction of PU
foam into the foamed material, there was a further decrease in elongation with increasing
PU foam content. The most significant drop was noted for the samples with the highest
contents of PU foam. The elongation at break decreased most severely, with the samples
with the highest contents of PU foam breaking almost immediately after the application
of force. This decrease was comparable for all modifiers and levels of PU foam content in
the material. This effect can be attributed to the lack of structural continuity and insuffi-
cient interfacial adhesion [75-77]. Similar to the tensile strength and elongation at break,
changes in the modulus of elasticity were noted. Nevertheless, they were not as significant
as that for elongation at break. Therefore, it can be concluded that the foaming of PP does
not gradually change its stiffness, as also noted in other works [78].

Hardness values are provided in ShA scale in order to show the differences resulting
from the application of the foaming agents and the waste PU foam. For neat PP, when the
sample showed high homogeneity, similar values of hardness were noted for both the
internal and external parts. The introduction of waste PU slightly decreased the hardness,
especially in the core layer, which contained a higher share of PU. The outer layer was
composed of PP layer solidified after processing. Similar observations were made for sam-
ples modified with blowing agents. As presented in Figure 3, a solid external PP layer was
observed on all samples, irrespective of the modifier applied. Therefore, external hardness
was always higher than internal hardness. Sample hardness decreased with waste PU
foam loading, which was attributed to the increasing porosity. Considering the applica-
tion of different blowing agents, the most significant drop in hardness was noted for the
UNI modifier, which is in line with the reported porosity results.

Table 3 and Figures 9 and 10 present the results obtained from the analysis of the
prepared materials using differential scanning calorimetry. The most significant peaks can
be observed for polypropylene, the melting and crystallization temperatures of which
were determined to be 166.5 °C and 115.5 °C, respectively, which is in line with the liter-
ature data [79]. The incorporation of blowing agents caused temperature shifts in the PP
peaks, indicating changes in the crystalline structure. A slight decrease in the melting tem-
perature (Tm) by 0.7-3.5 °C was noted, indicating reduced crystallite size. This effect can
be attributed to the impeded PP crystallization induced by the applied modifiers [80]. On
the other hand, the application of blowing agents significantly increased the crystalliza-
tion temperature (Tc) of PP from its initial value of 115.5 °C to 123.1-126.4 °C, depending
on the modifier. This effect indicates that crystallization commences more quickly after
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the addition of blowing agents, suggesting nucleating activity [81]. Therefore, it can be
concluded that the generation of pores inside the material accelerates the crystallization
of polypropylene, but the presence of pores significantly affects the size of the generated
spherulites [82].

Table 3. Results obtained from the DSC analysis of the prepared materials.

Sample Tml, °C Tm2, °C Tcl, °C TcZ, °C
PP - 166.5 - 115.5
PPPUR - 165.8 - 115.8
1C20 101.3 165.8 95.7 123.1
2C20 101.5 163.2 93.7 122.2
3C20 102.5 163.8 92.8 117.9
4C20 102.8 163.7 92.2 118.0
1GM 101.5 164.1 - 124.0
2GM 102.3 164.6 - 123.1
3GM 104.8 166.1 113.6 119.8
4GM - 168.6 112.3 -
1UNI 994 163.0 98.2 126.4
2UNI 99.4 161.8 96.7 118.2
3UNI 99.3 163.8 85.6 115.1
4UNI 100.4 162.8 85.6 116.1
Temperature, °C Temperature, °C
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Figure 9. DSC thermograms for neat PP and PP modified with blowing agents.

Figure 10 presents the DSC curves of materials foamed with the UNI blowing agent
as a function of waste PUR foam content. It can be seen that the main changes can be noted
in the case of the T. of polypropylene, which was significantly affected by the addition of
blowing agents. Incorporating PUR foam caused a reversion of the effect induced by the
blowing agents, indicating the impeded crystallization of the PP macromolecules [81].
This effect was most pronounced in the case of the UNI blowing agent. For lower contents
(samples 2 and 3) of the C20 and GM modifiers, the effect was not as significant. The


http://mostwiedzy.pl

A\ MOST

Materials 2023, 16, 782

16 of 22

melting of the polypropylene phase was hardly affected by the addition of waste polyu-
rethane foam. Therefore, it can be stated that the incorporation of this waste somewhat
affected the rate of crystallization, rather than its degree.

Temperature, °C Temperature, °C
25 50 75 100 125 150 175 25 50 75 100 125 150 175
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Figure 10. DSC thermograms for neat PP and PP/PU composites modified with the UNI blowing
agent.

Thermal stability is an essential feature of materials, often determining their potential
window of application. Therefore, Table 4 and Figures 11 and 12 summarize the results of
the thermogravimetric analysis performed for the samples. Figure 11 presents the impact
of the applied blowing agents on the thermal stability of polypropylene. For unmodified
polypropylene, thermal stability, determined as the temperature associated with 2 wt%
mass loss, was 413.6 °C. The application of the C20 and GM modifiers resulted in only
slight changes in thermal stability, in the range of 412.0-419.5 °C. However, foaming with
the UNI modifier significantly reduced thermal stability to 222.9 °C, which can be at-
tributed to with the presence of residual amounts of urea generated during the incomplete
decomposition of azodicarbonamide [83].

Table 4. Results obtained from the thermogravimetric analysis of the prepared materials.

Sample T-%, °C T-s%, °C T-0%, °C T-s0%, °C Re;lt(:/:)le, Tmax1, °C Tmaxz, °C Tmaxs, °C
PP 413.6 425.5 435.0 457.7 3.11 - - 459.6
PPPUR 187.3 236.4 418.3 461.2 2.98 - 239.4 464.0
1C20 419.5 4304 438.6 459.2 3.48 - - 459.8
2C20 200.6 288.5 429.7 459.8 3.42 - 230.3 461.6
3C20 195.3 245.6 429.8 460.9 4.36 - 239.7 462.0
4C20 169.0 234.1 415.4 459.6 3.80 163.0 240.2 463.9
1GM 412.0 430.9 440.7 462.0 7.11 - - 464.6
2GM 193.1 234.3 423.8 463.9 6.70 - - 467.7
3GM 162.9 197.5 2449 463.9 8.48 - 204.1 469.2

4GM 150.1 175.8 2159 465.2 10.87 173.1 204.4 469.5
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1UNI 2229 258.7 414.1 455.5 3.19 221.3 255.3 462.7
2UNI  190.6 276.1 384.6 447.2 3.01 193.4 256.8 456.1
3UNI 1779 213.8 391.6 453.9 4.57 187.6 251.1 460.3
4UNI 1575 208.9 380.0 452.6 4.58 166.8 251.6 459.7
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Figure 11. Results of TGA analysis for neat PP and PP modified with blowing agents.

Figure 12 presents the impact of PUR foam content on the course of thermal degra-
dation of the prepared materials. It can be seen that incorporating this waste results in the
deterioration of the thermal stability of composites. This effect can be attributed to the
differences in thermal stability of the polypropylene [84] and polyurethane foams [85].
These differences can mainly be observed through the differences in their thermogravi-
metric curves, which indicate changes in decomposition rate, presented in Figure 12b.
These differences are most notable at temperatures between 100 and 300 °C, as a result of
the decomposition of urethane groups present in the structure of the PUR foams [64].
Nevertheless, the presented results indicate that the prepared materials are thermally sta-
ble at temperatures up to 150 °C, enabling their application at temperatures below the
melting point of polypropylene, i.e., 166.5 °C, as determined by the DSC analysis.
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Figure 12. The impact of PUR foam content on the course of thermal degradation of samples modi-
fied with the UNI blowing agent. (a) mass loss curves, and (b) differential thermogravimetric
curves.

4. Conclusions

The presented work investigated the possibility of utilizing waste polyurethane foam
in the manufacture of polypropylene-based composites, which could potentially be ap-
plied as construction materials. Waste PU foam was incorporated to promote PP porosity
and reduce its weight and enhance its thermal insulation properties. Nevertheless, the
sole introduction of PU foam did not result in a significant performance enhancement.
Therefore, composites were additionally modified using blowing agents, whose decom-
position during processing yielded gas generation, resulting in the foaming of the mate-
rials. The degree of foaming expressed by the decrease in the apparent density and poros-
ity of the prepared materials varied among the applied modifiers, which was attributed
to differences in their decomposition mechanisms and temperature. Changes in the mate-
rials’ microstructure and morphology were mirrored in the variations of thermal conduc-
tivity coefficient and mechanical parameters. Increasing the share of the gas phase in a
given volume of material, expressed by a decrease in apparent density, showed a favora-
ble impact on thermal insulation performance, simultaneously resulting in a deterioration
in the strength of the materials. Therefore, by adjusting the blowing agent type and load-
ing of the waste PU foam, the balance between insulation and mechanical performance
can be shifted, depending on the needs of a given scenario. Importantly, all prepared ma-
terials showed thermal stability to temperatures exceeding 150 °C, which should provide
a relatively safe window for their application.
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