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Abstract

The increasing use of recycled polypropylene (rPP) in technical and outdoor applications
requires strategies to limit photo-oxidative degradation while maintaining adequate per-
formance after reprocessing. In this work, the photo-oxidative stability of rPP films was
investigated under accelerated weathering conditions, focusing on the effect of a commer-
cially available additive, Nexamite® R201 (NEX), previously shown to partially restore PP
molecular weight after reprocessing. Films of rPP and rPP containing 5 wt.% NEX were
produced by cast extrusion and exposed to cyclic UVA irradiation and water condensation
in a QUV chamber, and the evolution of the functional and structural degradation of the
materials was monitored as a function of aging time. Spectroscopical analyses showed pro-
gressive oxidation in both systems, with carbonyl growth starting after an induction period
of about 200 h. A faster increase in the carbonyl index was observed for rPP containing
NEX, indicating that the additive does not improve chemical oxidative resistance under
the adopted conditions. However, NEX significantly enhanced the retention of mechanical
properties during aging, with higher elongation and stress at break compared with un-
modified rPP, thus delaying embrittlement. Overall, the results show that the investigated
additive effectively mitigates the loss of mechanical integrity during photo-aging, likely as
a consequence of the macromolecular restructuring induced during reprocessing.

Keywords: mechanical recycling; post-consumer recycling; photo-oxidative degradation;
molecular weight rebuilding; long-term stability

1. Introduction
Polypropylene (PP) is one of the most widely used polyolefins due to its low cost,

ease of processing, and balanced mechanical properties, finding extensive application
in packaging, automotive components, and consumer goods [1,2]. In recent years, the
increasing demand for sustainable materials and the implementation of circular economy
strategies have significantly boosted the use of recycled polypropylene (rPP), particularly in
non-food and technical applications [3,4]. However, the reuse of rPP is often limited by the
degradation phenomena accumulated during its service life and recycling processes, which
lead to a reduced molecular weight, altered macromolecular architecture, and deteriorated
mechanical performance [5]. These limitations are especially critical when rPP is intended
for outdoor applications, where prolonged exposure to ultraviolet (UV) radiation, oxygen,
and moisture accelerates photo-oxidative degradation.
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Photo-oxidative aging of polypropylene involves complex chemical reactions initiated
by UV irradiation, resulting in chain scission, formation of oxygen-containing functional
groups, and progressive embrittlement of the material [6,7]. Since in recycled PP, these
effects are exacerbated by the presence of pre-existing oxidative defects [8], maintaining
adequate mechanical performance, particularly ductility and strength, over extended
outdoor exposure remains a key challenge for the high-value reuse of rPP.

In a previous work, we demonstrated that a commercially available additive, namely
Nexamite® R201 (NEX, an ethylene-based copolymer containing hydrolysable silicon
groups), can modify the macromolecular architecture of recycled polyolefins [9]. In the
specific case of rPP, the additive was found to partially restore the molecular weight lost
during reprocessing while also promoting melt-structuring phenomena such as long-chain
branching. These effects are particularly relevant for recycled PP, whose repeated process-
ing history generally leads to chain scission, reduced melt strength, and poorer mechanical
performance. Similar beneficial effects have also been reported for recycled high-density
polyethylene, where Nexamite® R305 was shown to mitigate thermo-mechanical degrada-
tion during reprocessing [10]. Nevertheless, whether this molecular rebuilding strategy is
also advantageous under subsequent service conditions, especially in the presence of UV
radiation and moisture, remains unclear. In particular, the restoration of molecular weight
and the introduction of new structural features may improve mechanical retention during
aging, but they may also alter the oxidation pathway of the material.

On this basis, the present work was designed to address an important gap in the
current literature concerning the durability of recycled polypropylene (rPP) under photo-
oxidative conditions and the possible role of additives capable of restoring the molec-
ular weight in improving its long-term performance. While a few studies on recycled
polyolefins [11–14] have focused on reprocessing stability and re-stabilization through
conventional antioxidant and UV-protection packages, the effect of additives specifically
aimed at rebuilding the molecular architecture of rPP on its photo-oxidative degradation
behavior has not yet been adequately clarified. Accordingly, the aim of the present work
is twofold: first, to assess the photo-oxidative stability of a recycled polypropylene under
accelerated weathering conditions, and second, to evaluate how the addition of a com-
mercially available additive able to restore PP molecular weight after reprocessing affects
the degradation behavior of the material. To this end, films of rPP and rPP modified with
Nexamite® R201 were exposed to cyclic UVA irradiation and water condensation in a QUV
apparatus, and the evolution of their morphology, chemical, thermal, rheological, and
mechanical properties was systematically monitored. Particular attention was devoted to
clarifying whether the additive, while beneficial in rebuilding the macromolecular architec-
ture of reprocessed PP, can also preserve the mechanical integrity of the material during
photo-oxidative aging. In this way, the study addresses a key question for the practical use
of recycled PP in outdoor applications: whether molecular-weight-restoring additives can
translate improved processability into improved durability in service.

2. Materials and Methods
2.1. Materials

The recycled polypropylene (rPP) employed in this study was collected from a recy-
cling plant situated in Guarene (Cuneo, Italy). More specifically rPP was derived from post-
consumer polypropylene trays. The recycled material was received in the form of flakes.

The additive Nexamite® R201 (NEX), composed of an ethylene copolymer compris-
ing hydrolysable silicon-containing groups, was provided by Nexam Chemical (Lomma,
Sweden). The amount of NEX added within rPP was 5 wt.%.
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2.2. Processing

Cast-extruded films of rPP and rPP containing NEX (rPP+NEX) were obtained using
a co-rotating twin-screw extruder (Process 11, ThermoFisher Scientific (Waltham, MA,
USA)) equipped with 11 mm diameter screws (L/D = 40, screw profile already reported
in a previous work [15]), a flat die (width: 25 mm, thickness: 1 mm), and a three-roll
calendaring unit (Sheet Take Off for Process 11, Thermo Scientific (Waltham, MA, USA)).
The processing conditions adopted during the film production were: flat temperature
profile in the extruder at 200 ◦C, temperature in the flat die at 190 ◦C, feed rate of 500 g/h,
and screw rotation speed of 200 rpm. The thickness of the produced films ranged from 320
to 380 µm.

2.3. Accelerated Weathering Test

In order to perform the accelerated weathering and evaluate the photo-oxidative
degradation of pristine rPP and rPP+NEX, the QUV SOLAR EYE (Q-LAB, Westlake, OH,
USA) was used. This instrument allowed us to expose the materials to controlled UV
light and condensation conditions using fluorescent UV lamps with an irradiance equal
to 0.77 W/m2. The test conditions to which the films were subjected for their aging
were the following:

- 8 h under UVA (365–295 nm) at 50 ◦C;
- 4 h of water condensation (100% relative humidity) with lamps switched off at 40 ◦C.

The films of rPP and rPP+NEX were put inside the QUV instrument after die-cutting
them into ISO 527-5A [16] specimens. In order to record the changes induced by the
photo-aging, the specimens were collected after a defined number of hours according to
the intended characterisation. Each sample was named by designating at the end of the
name the total time of aging; i.e., rPP t0 did not undergo any type of aging, and rPP t24
was collected after 24 h of aging.

2.4. Characterizations

Spectroscopical characterization was performed using a Frontier spectrophotometer
(Perkin Elmer, Waltham, MA, USA) in two different configurations: reflection spectra of
as-received pre-consumer rPP were acquired using a diamond attenuated total reflectance
(ATR) accessory, while transmission spectra (FTIR) were carried out on the aged films
collected from QUV every 24 h. The evolution of carbonyl groups (more specifically,
carboxylic acid peak at 1712 cm−1) was monitored to study the formation of oxidised
species formed during the aging. The carbonyl index was then measured by normalizing
the intensities of carbonyl group peaks with respect to the intensity of a reference peak
(-CH- bending and stretching modes) at 2722 cm−1 [14,17]. For all measurements, 16 scans
were collected at a spectral resolution of 4 cm−1.

The thermal properties of the materials were characterized using a differential scan-
ning calorimetry (DSC) TA Q20 (TA Instruments, Milford, MA, USA). The samples were
subjected to a thermal cycle involving heating–cooling–heating runs in a nitrogen flow
from 0 to 250 ◦C, with a heating/cooling rate of 10 ◦C/min. The crystallinity degree of the
investigated materials was measured using the following equation:

χ =
∆Hm

∆Hm0
× 100, (1)

where ∆Hm is the melting enthalpy (evaluated from the area of the melting peak), and
∆Hm0 is the melting enthalpy of the 100% crystalline PP sample (207 J/g [18]).

The rheological behavior was evaluated using a strain-controlled ARES (TA Instru-
ments, Milford, MA, USA) rotational rheometer. The measurements were performed under
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nitrogen atmosphere using parallel plate (diameter: 25 mm) geometry. Preliminary strain
sweep tests were carried out at 190 ◦C and at 10 rad/s to determine the linear viscoelastic
region. Then, frequency sweep measurements were performed at 190 ◦C, in a frequency
range of 102–10−1 rad/s. For each sample, the strain amplitude was selected to remain
within the linear viscoelastic range.

The tensile tests on the specimens collected during the aging process were carried out
at room temperature by using an Instron® (Norwood, MA, USA) 5966 testing machine. The
instrument is equipped with 2 kN pneumatic grips and set to a gauge length of 50 mm.
Five specimens were tested for every aging sampling, and the crosshead speed was set
at 5 mm/min for all the tests. The tensile modulus, elongation at break and stress at break
were determined, and their mean values (normalised with respect to the results obtained
for the unaged samples) are reported as a function of the aging time.

3. Results
3.1. Preliminary Characterization of rPP

First of all, as-received recycled PP flakes (rPP) were characterised through spectro-
scopic and thermal analyses. The ATR-FTIR spectrum of rPP, reported in Figure 1, shows
the characteristics peak of PP. In fact, according to the literature [19,20], the following
signals can be recognised: (i) a peak at 2950 cm−1, attributed to the asymmetric stretching
vibration mode of -CH3; (ii) a peak at 1375 cm−1 related to -CH3 symmetric bending vi-
bration mode; (iii) a peak at 1455 cm−1, associated with -CH3 asymmetric bending mode;
and (iv) two peaks at 2838 and 2917 cm−1, attributed to –CH2– symmetric and asymmetric
stretching, respectively. Therefore, from the analysis of the ATR-FTIR spectrum, it can be
inferred that no other plastic contaminations are present in the rPP flakes. In addition,
the broad band appearing in the range 1550–1750 cm−1 can be associated with the pres-
ence of carbonyl and vinyl products resulting from some thermo- and/or photo-oxidative
degradation experienced by the polymer during its service life [21].

Figure 1. ATR spectrum of rPP flakes.

https://doi.org/10.3390/app16104744

https://doi.org/10.3390/app16104744


Appl. Sci. 2026, 16, 4744 5 of 13

Concerning the characterization of the thermal properties carried out on as-received
rPP flakes, the DSC analysis revealed an endothermic peak at about 165 ◦C recorded
during heating, and an endothermic crystallisation peak during cooling at approximately
131 ◦C. According to the literature [22,23], these results are consistent with the presence of
polypropylene as the sole polymeric component in the rPP flakes. Although the crystalliza-
tion temperature is slightly higher than that typically observed for virgin PP, the recycled
origin of the material investigated in this study should be taken into account. In particular,
the presence of small amounts of contaminants, which may act as nucleating agents and
thus promote crystallization, cannot be excluded [24].

3.2. Effect of NEX Introduction During the Processing

Frequency sweep tests were performed to assess the rheological behavior of the rPP
flakes as received, after processing (rPP t0 film), and following the incorporation of NEX
(rPP+NEX t0 film). Figure 2 reports the complex viscosity of all the investigated materials
as a function of frequency.

Figure 2. Complex viscosity curves of rPP as received (rPP t0 (flakes)) and after processing without
(rPP t0 (film)) and with NEX (rPP+NEX t0 (film)).

All the curves show a pronounced Newtonian plateau at low and intermediate fre-
quencies and a mild shear-thinning behavior at higher frequencies. Compared to the
unprocessed rPP flakes, the cast-extruded film exhibits a decrease in complex viscosity
across the entire investigated frequency range. This result can be ascribed to thermo-
mechanical degradation phenomena occurring during processing, involving chain-scission
reactions and the consequent reduction in molecular weight [22].
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The effect of NEX addition is clearly apparent from the complex viscosity curves
reported in Figure 2, which reveal an overall increase over the entire investigated frequency
range. These results suggest that the additive enhances the complex viscosity, and thus
the molecular weight, of rPP, although the original values of the as-received flakes are not
fully recovered. This increase in viscosity is consistent with the findings of our previous
study, where NEX was shown to partially restore the viscosity of a heavily degraded PP
sample used to simulate the typical condition of a post-consumer recycled polymer [9]. In
the present work, NEX was also found to be effective in rebuilding the molecular weight of
a real post-consumer recycled PP.

3.3. Evolution of rPP+NEX Properties During the Aging Treatment

The rPP films, both without and with NEX, were then exposed to accelerated weather-
ing in a QUV apparatus to investigate their behavior under photo-oxidative degradation
in a moisture-containing environment. Throughout the aging treatment, the functional
and structural characteristics of the films were monitored in order to evaluate the possible
influence of the additive, and hence of the NEX-induced microstructural modifications, on
the evolution of rPP properties and its long-term stability.

First of all, as observable in Figure 3, in the FTIR spectra of the aged materials (both
with and without the additive), two new signals appear: a broad absorption band at around
3300–3600 cm−1 and a peak in the region between 1650 and 1800 cm−1. Both signals
can be attributed to the main products of the photo-oxidative degradation of PP, namely
hydroperoxides and oxygen-containing groups, such as ketones, aldehydes, carboxylic
acids, esters, and alcohols [6,25]. In particular, the first band can be associated with
hydroxyl groups [26], while the peak centered at 1712 cm−1 is attributable to the formation
of carbonyl group-containing species [27].

Figure 3. FTIR spectra of unaged and aged (336 h) rPP films, with and without NEX.

In order to monitor the progress of the photo-oxidation during the aging treatment,
the evolution of the peak centered at 1712 cm−1 was followed. Figure 4a reports the trend
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of the carbonyl index (calculated as the ratio between the intensity of the peak at 1712 cm−1

and that of a reference peak) as a function of the aging time.

Figure 4. (a) Carbonyl index as a function of the aging time; Carbonyl band evolution as a function of
aging time for (b) rPP and (c) rPP+NEX.

The carbonyl index exhibits the typical trend reported in the literature, namely an
induction period followed by a growth stage [25], for both rPP and rPP+NEX. The non-zero
values observed at 0 h indicate that a certain degree of photo-oxidative degradation was
already present in the post-consumer rPP flakes before the aging treatment. As shown in
Figure 4a, the carbonyl index remained nearly constant for both neat rPP and rPP+NEX
from the beginning of the accelerated weathering up to approximately 200 h of aging.
Beyond this point, both materials showed a progressive increase in the carbonyl index,
although with different growth rates. In particular, the presence of the additive appeared
to promote a faster formation of carboxylic acid species in aged rPP.

This behavior is also evident in the expanded FTIR spectra in the carbonyl region for
rPP (Figure 4b) and rPP+NEX (Figure 4c). During the first 200 h of aging, all spectra sub-
stantially overlapped. Thereafter, an increase in the peak at 1712 cm−1 can be observed for
both materials, although it is more pronounced in rPP containing NEX. This phenomenon
may be explained by considering that the carbonyl group present in the additive can itself
exert a photo-initiating effect through Norrish-type reactions [28]. Furthermore, a possible
accelerating effect of the silicon-containing groups in NEX on the formation of carbonyl
groups in rPP should also be taken into account, which likely also promotes the over-
all photo-oxidation process, as previously observed in polyolefin-based nanocomposites
containing SiO2 [6,27].

To evaluate the possible evolution of the thermal properties during aging, DSC analy-
ses were carried out on rPP and rPP+NEX before the photo-oxidative treatment (t0) and
after 96, 144, and 192 h of exposure. Figure 5 reports the DSC thermograms recorded
during the first heating and cooling scans for all the investigated materials. Considering
first the behavior of rPP without the additive, Figure 5a shows the evolution of the melting
peak recorded during the first heating cycle. The melting temperature remained almost
unchanged from the unaged sample up to 144 h of aging. However, after 192 h of exposure,
changes in the shape of the melting peak and a decrease in melting temperature were
observed. These phenomena can be associated with a reduction in lamellar thickness,
leading to a broadening of the melting peak. In addition, the peak exhibited an irregular
profile, and a second peak appeared, suggesting the formation of smaller crystallites as a
consequence of prolonged aging [29]. In contrast, the crystallization temperature of rPP
(Figure 5b) was not significantly affected by the aging treatment.
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https://doi.org/10.3390/app16104744


Appl. Sci. 2026, 16, 4744 8 of 13

Figure 5. DSC thermograms recorded during the first heating and cooling scans for rPP (a,b) and
rPP+NEX (c,d), respectively, at different aging times.

In contrast, the thermal properties of the system containing NEX showed marked
changes with increasing aging time. As shown in Figure 5c,d, accelerated weathering
induced more pronounced modifications in the thermal behavior of rPP when NEX was
added prior to aging, compared with pristine rPP. As illustrated in Figure 5c, the shape of
the melting peak also changed in this case, likely due to the formation of smaller crystallites
with a reduced lamellar thickness, as discussed above. In addition, a progressive decrease
in melting temperature was observed with increasing aging time. This behavior can be
attributed to degradation occurring at the lamellar fold surfaces, involving the scission
of tie molecules and an increase in the surface free energy of the crystals as a result of
photo-oxidation reactions taking place at the crystal surface [28,30].

The crystallization temperature also exhibited significant variations with increasing
aging time (Figure 5d), showing an initial increase followed by a decrease of more than
10 ◦C. This reduction can be associated with the accumulation of structural defects induced
by photo-oxidative degradation [31], including the formation of oxygen-containing func-
tional groups, the introduction of double bonds, and an increase in chain-end concentration.
As a consequence, the crystals formed during cooling become smaller and more defective.
Furthermore, the decrease in crystallization temperature may also be related to branch-
ing and/or crosslinking effects [32], in agreement with the macromolecular architecture
previously inferred for rPP+NEX from the rheological analysis prior to aging.

Despite the observed variation in melting and crystallization temperatures, the crys-
tallinity content (values reported in Table 1) remained almost unaffected by aging in both
pristine rPP and rPP+NEX.
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Table 1. Crystallinity content of rPP and rPP+NEX at different aging times.

Crystallinity Content [%]

Aging Time [h] rPP rPP+NEX

0 42 38
96 42 42

144 41 39
192 44 42

The mechanical properties as a function of the aging time were evaluated through
tensile tests, and the mean values of elastic modulus, elongation at break and stress at
break are reported in Figure 6. In order to better assess the variation in these properties as
a function of the aging time, the tensile properties are reported in Figure 6 as normalized
values, obtained by dividing the actual value of the property measured at a certain aging
time by the value of the unaged sample.
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Figure 6. Normalised mechanical tensile properties of rPP and rPP+NEX as a function of the aging
time: (a) elastic modulus, (b) stress at break and (c) elongation at break.

Evaluating how the tensile properties evolve during aging is of crucial importance
to try to predict the material behavior before it becomes too fragile to withstand the
application for which the films are intended. As widely reported in the literature, the
typical effect of photo-oxidative degradation on polypropylene mechanical properties is an
overall embrittlement of the material over time [31,33]. This is mainly due to chain scission
phenomena occurring during photo-oxidative treatment, an increase in crystallinity and
the formation of cracks on the surface of aged samples [29,34,35].

For both pristine rPP and rPP+NEX, the elastic modulus (Figure 6a) was only
marginally affected by the aging treatment, with variations ranging from +18% to −10% of
the initial value for rPP and from +15% to −4% for rPP+NEX over the investigated aging
interval. In contrast, the stress at break (Figure 6b) progressively decreased with increasing
exposure time. After 144 h of aging, both materials had lost approximately 20% of their
initial value. However, whereas pristine rPP continued to exhibit a further reduction in
stress at break at longer aging times, the NEX-containing sample showed a less pronounced
decrease up to 144 h, followed by a total reduction of 32% after 192 h of exposure.

Figure 6c shows the trend of normalized elongation at break as a function of aging
time. For pristine rPP, after a slight increase during the first 48 h of exposure, a marked
decrease in ductility was observed with increasing aging time, and the sample displayed
completely brittle behavior at the maximum exposure time, as also evidenced by the
stress–strain curves reported in Figure 7. Interestingly, the addition of NEX promoted
higher elongation-at-break values than those of the unaged sample, with a maximum
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increase of 31% after 96 h of exposure. Beyond this point, the NEX-containing samples
also exhibited a gradual decrease in elongation at break; however, after 144 h of aging, the
reduction remained within 40% of the initial value, thus extending the exposure time over
which the material could potentially be used in outdoor applications without undergoing
severe embrittlement. At the end of the aging treatment, however, rPP+NEX also exhibited
brittle characteristics, although with a different mechanical response to pristine rPP, as
demonstrated by the stress–strain curves in Figure 7.

Figure 7. Tensile stress–strain curves of rPP and rPP+NEX aged for 192 h.

These findings are further supported by the SEM micrographs of the fracture surfaces
after tensile testing for both samples at the maximum aging time reported in Figure 8.
In particular, rPP exhibits a fully brittle fracture surface, whereas rPP+NEX shows a
predominantly brittle morphology but still displays discernible signs of ductile fracture,
demonstrating that, despite the overall brittle behavior, the material retains a residual
degree of ductility.

Figure 8. SEM micrographs of the fracture surfaces after the tensile tests for (a) rPP and (b) rPP+NEX
aged for 192 h.
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The observed behavior, namely the retention of higher elongation-at-break values
during aging and the different evolution of stress at break, can be attributed to the mi-
crostructural modifications induced by NEX, even under photo-oxidative degradation
conditions. A similar silicon-containing additive was used in one of our previous studies on
recycled HDPE, where a marked increase in elongation at break was likewise observed [10].
In that case, the additive was found to direct the thermo-mechanical degradation reactions
occurring during reprocessing toward the formation of long-chain branches, which in turn
promoted the formation of tie molecules. The presence of tie molecules has been shown
to enhance both elongation at break and tensile strength [36,37], owing to their role in
stress transfer during tensile deformation [38]. Furthermore, tie molecules also play an
important role in the recrystallization behavior of photo-oxidized PP, since chain scission
and the sliding diffusion of tie molecules during aging can lead to the reorganization of
crystalline domains and to the growth of thin lamellae [38]. Therefore, the higher elonga-
tion at break and stress at break observed in the NEX-containing sample may be ascribed
to a rearrangement of the crystalline phases promoted by the presence of tie molecules,
formed as a result of the melt-structuring effect induced by the additive, likely through
the development of side branches. These findings are particularly relevant for the use of
recycled PP in applications requiring prolonged exposure to outdoor environments. In
such cases, the retention of mechanical performance over time is essential to ensure the
effective use of recycled plastics and to enhance their circularity.

4. Conclusions
In this work, the effect of the commercially available additive Nexamite® R201 on the

photo-oxidative aging behavior of recycled polypropylene films was investigated under
accelerated UVA irradiation and water-condensation cycles. The results showed that both
pristine rPP and rPP containing NEX underwent progressive oxidation, with functional
degradation becoming evident after an induction period of about 200 h, as indicated by an
increase in the carbonyl index. The higher oxidation rate observed for rPP+NEX suggests
that the additive does not improve the chemical resistance of the material under the adopted
weathering conditions. At the same time, the introduction of NEX significantly affected the
structural evolution of the material during aging. In particular, DSC analysis revealed more
pronounced changes in the melting and crystallization behavior of rPP+NEX than of neat
rPP, indicating that the additive strongly influences the rearrangement of the crystalline
phase during prolonged exposure. Despite this greater structural evolution and the faster
buildup of oxidation products, the mechanical results highlighted a clear beneficial effect
of the additive. In particular, NEX improved the retention of elongation at break and stress
at break over extended aging times, thereby delaying the onset of severe embrittlement.
Specifically, after about 150 h of exposure, the reduction in elongation at break was limited to
about 40% in rPP+NEX, compared with nearly 80% in neat rPP, while after about 200 h, the
loss in stress at break decreased from 65% for neat rPP to 32% for the NEX-containing system.
This behavior is likely related to the macromolecular restructuring induced by the additive
during reprocessing, which may promote the formation of branching and tie molecules,
thus improving the ability of the material to retain load-bearing capacity during aging.
Overall, the obtained results are promising for the development of recycled polypropylene
materials intended for outdoor applications, where durability and retention of performance
are essential for increasing the effective use and circularity of post-consumer plastics.
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