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Abstract

Different composites of polyethylene and two fillers (ignimbrite dust and Arundo donax
fibers) were obtained by rotational molding. Both fillers were also combined among them to
produce hybrid composites. The blends, prepared by dry-blending, were later rotomolded
to determine the effect of such fillers into the tensile properties of the materials, before
and after subjecting them to accelerated weathering on a UV chamber for up to 500 h. No
significant differences are observed in the mechanical behavior of the different sample
series, regardless their type or ratio of filler (5 or 10% by weight), due to the modifications
only taking place on the sample surface and the rotomolded items having a thickness of
nominally 4 mm. The carbonyl index was obtained from the FTIR spectra, determining an
increase in this parameter with irradiation time. The samples with the Arundo fibers exhibit
a lower carbonyl index, showing the potential stabilization effect of this lignocellulosic filler
against UV, while the composites with the mineral powder tend to increase the oxidation
of the samples when included at high loadings (10%).

Keywords: rotational molding; composite; UV-ageing; carbonyl index; tensile properties

1. Introduction
Rotational molding, or rotomolding, is a versatile manufacturing process for producing

seamless, hollow parts, mainly starting from polymer powders. During this process, the
polymer is introduced into the mold, which is then heated and rotated in two axes, allowing
the powder to evenly coat the interior surfaces of the mold. After the polymer sinters
and melts, the mold is cooled down, solidifying the product for its removal [1–4]. This
technique is particularly advantageous for fabricating large components with complex
geometries and provides a cost-effective solution with reduced material wastage compared
to conventional methods like injection molding [3,5,6]. The key strengths of rotational
molding include its ability to create stress-free parts with uniform wall thicknesses and

Materials 2025, 18, 4723 https://doi.org/10.3390/ma18204723

https://doi.org/10.3390/ma18204723
https://doi.org/10.3390/ma18204723
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-1437-3046
https://orcid.org/0000-0003-3491-1905
https://orcid.org/0000-0001-9221-0803
https://orcid.org/0000-0002-6709-1555
https://orcid.org/0000-0002-7112-1067
https://doi.org/10.3390/ma18204723
https://www.mdpi.com/article/10.3390/ma18204723?type=check_update&version=1


Materials 2025, 18, 4723 2 of 19

the absence of significant pressure during processing, which minimizes the risk of defects
such as voids or warping [7–9]. Additionally, the simplicity of mold design and lower costs
associated with the production of rotomolded components makes it accessible to a broad
range of applications, from automotive parts to playground equipment, leisure and sports,
or outdoor furniture [3,6,7,10,11].

Despite the strengths outlined for rotomolding, it does still present certain limitations.
One significant drawback is the longer cycle times required for heating and cooling, which
can hinder production efficiency and affect cost-effectiveness for high-volume manufactur-
ing [9,12]. Additionally, the nature of the materials used can lead to increased brittleness in
the final product, particularly when blends or fillers are incorporated [1,12]. In the quest
for sustainability, researchers and manufacturers are exploring several paths to enhance
the environmental credentials of rotational molding. Innovations include the development
of biodegradable composites from natural fibers, such as lignocellulosic materials, which
not only reduce dependency on fossil fuels but also facilitate biodegradability [12–14]. The
integration of recycled materials and waste from other industrial processes also serves
the dual purpose of minimizing resource consumption and closing the loop in material
life cycles. In this sense, some research has also been performed on the use of recycled
polymers into the process, particularly using post-consumer plastics, although with certain
limitations derived from the particularities of the process [15–19]. Moreover, side-streams
from the food or wood industry, such as wheat bran, banana fibers, maple dust, or giant
reed, among others, have been introduced into rotomolded items [1,11,20–26], while also
inorganic/mineral dust from various origins, such as glass, stone or residues from metal ex-
traction [27–33], have been studied. Finally, some other developments to advance towards
sustainability are the optimization of heating times and mold designs, together with the
use of robotic arms, to shorten cycle durations and improve energy efficiency [30,34–37].

The long cycle times of the rotomolding process can result in oxidation of the polymer,
therefore needing of incorporating stabilizers into their formulation. Therefore, the incorpo-
ration of stabilizers and UV-protective agents in rotomolded polymers is crucial to counter
potential degradation mechanisms that can occur due to thermal and UV-exposure [38–42].
This degradation can lead to significant losses in mechanical properties, dimensional in-
tegrity, and overall performance of the rotomolded products [43]. Although polyethylene
is generally considered stable against photo-oxidative degradation due to its [CH2–CH2]n

structure, certain internal and external factors, including catalyst residues from synthesis
or the presence of the fillers may increase its susceptibility to oxidation. The formation of
oxidized groups can further accelerate degradation, as they enhance UV absorption within
the polymer matrix [44].

Thermal stabilizers, such as hindered amine light stabilizers (HALSs), are known
to effectively combat photo-oxidative degradation in polymers like PE and PP during
processing. Research indicates that HALSs combined with other UV absorbers can signifi-
cantly enhance the longevity and durability of rotomolded composites by slowing the rate
of oxidative degradation initiated by UV light exposure [45–47]. Moreover, crosslinking
agents such as dicumyl peroxide (DCP) contribute to thermal stability by reducing mo-
bility within the polymer chains, thus improving insulation properties. This stability is
especially beneficial during the extended heat treatment phases of rotomolding [41,45].
The incorporation of bioactive fillers into rotomolded items represents a significant area
of research in materials science, particularly in recent times, due to the unique processing
characteristics and potential applications of rotomolding technology. In this sense, biobased
materials from waste streams, such as black tea and coffee, are promising fillers for roto-
molded composites due to their potential for enhanced functional properties, including
antioxidant activities. For instance, composites with 5 wt.% coffee silverskin maintained
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comparable tensile strength to unmodified PE, indicating that such biowaste-derived fillers
could reinforce while also providing other beneficial properties [21,48]. The antioxidative
capabilities attributed to both spent coffee grounds and cacao husks improve the OIT within
the polymer matrix, therefore indicating that plant-based fillers are not merely physical
reinforcements, but they can also confer significant chemical resistance to degradation
associated with UV-exposure and thermal aging. A different research work conducted by
Aniśko and Barczewski explored the application of LDPE filled with black tea waste, who
found that black tea waste affects the thermal and mechanical behavior of the composites,
contributing to their oxidative stability [49]. Similarly, other lignocellulosic fillers, such as
those derived from Arundo donax or Solidago canadiensis, exhibit high antioxidants content,
which can be transferred to the PE matrix for enhanced OIT and UV-stability [50–52]. In con-
clusion, introducing bioactive fillers into rotomolded products not only enhances material
properties but also aligns with sustainability goals by utilizing waste materials. Ongoing
research should continue to focus on optimizing filler types and processing conditions
to fully exploit their potential in functional composites. Finally, the modifications in the
melt flow characteristics of the PE occurred as a consequence of the additives should not
be disregarded, as they directly affect the processing and final properties of rotomolded
items [48].

This point is relatively unexplored, particularly for rotomolded items, this being the
main focus of this communication. This is particularly critical as this degradation can
result in a loss of mechanical properties and structural failures in applications exposed to
outdoor conditions.

Balancing the amount and type of filler is crucial to achieving optimal performance in
rotomolded PE items while maintaining adequate UV resistance. Different degradation be-
haviors have been observed for distinct natural fillers [53,54]; lignin is a crucial component
to absorb the UV radiation and reduce the photodegradation as it absorbs the radiation
and protects the cellulose, keeping the structural integrity of the composite, which means
that lignin acts as a degradation inhibitor [55]. The preparation of nanocomposites can also
significantly enhance resistance to UV radiation. For instance, the use of diatomaceous
earth combined with UV stabilizers has shown potential for developing active packaging,
which could also mitigate UV effects in rotomolded products [56]. The degradation rates
associated with UV-exposure, especially when combined with humid environments, can
be effectively reduced through the application of properly selected additives [52,57,58].
Similarly, mesoporous silica has demonstrated enhanced UV protection along with good
thermal stability, which suggests potential applications in the rotomolded polymer industry
where durability and stability under UV-exposure are paramount [47,59]. Furthermore,
the implementation of biodegradable and sustainable UV filters in polymer formulations
provides an innovative approach to enhancing environmental stability while reducing
overall degradation from harmful radiation [60].

Therefore, a careful selection and optimization of the additives introduced into ro-
tomolded products can result in composite materials that better withstand the rigors of
outdoor exposure, thereby extending the lifespan of the products into which they are
incorporated. In this work, ignimbrite dust (a volcanic rock mainly based on silica and
aluminum and iron oxides) and giant reed (Arundo donax L.) fibers have been incorporated
into PE-based composites, as a promising avenue for enhancing material performance while
addressing environmental sustainability, as they both come from waste streams. Ignimbrite
dust is associated with high thermal stability and mechanical reinforcement [27]. On the
other hand, giant reed fibers have been proof as an effective renewable reinforcement
material due to their inherent mechanical properties and their rapid growth [61]. Both
fillers have been dry-blended with the PE matrix, producing composites with a single filler
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and also hybrid composites, from the combination of both fillers together at the same pro-
portion, focusing on how tensile properties evolve with exposure to UV radiation. Testing
these composites after varying durations of UV-exposure can provide important insights
into their durability and longevity in outdoor applications, as laboratory UV-weathering
chambers can accelerate the degradation process and predict the alteration of materials
when subjected to outdoor conditions [54,55,62,63].

2. Materials and Methods
2.1. Materials

The material used was a polyethylene—hexene grade from Matrix Polymers (Liv-
erpool, UK) (Revolve N-307), with a density of 0.939 g/cm3 and a melt flow index of
3.5 g/10 min. The reed fibers were obtained following a chemo-mechanical procedure,
consisting in soaking the stems of the plant into a NaOH solution for 1 week and later
subjecting the vegetal material to a series of rollers to remove the soft materials and re-
lease the fibers [61]; fibers exhibit an approximate length of 3–4 mm, with diameters of
150 µm [61]. The ignimbrite dust was supplied by Compañía Artesanal de Cantería de
Arucas S.L. (Arucas, Spain) (density of 2.45 g/cm3 and particle size between 6–50 µm) and
was used without any modification [27].

2.2. Preparation of Composites

The composites were prepared by dry-blending the different materials into the ade-
quate masses to obtain 5 and 10% composites by weight, as generally higher loadings result
in processability problems and high proportion of voids. For hybrid composites, equal
amounts of fiber and dust were used. The different blends prepared are shown in Table 1.

Table 1. Composites prepared by dry-blending in this work (% w/w).

Short Name PE Ignimbrite Giant Reed

PE 100 - -

PE.5A 95 - 5

PE.10A 90 - 10

PE.5I 95 5 -

PE.10I 90 10 -

PE.5H 95 2.5 2.5

PE.10H 90 5 5

The blends prepared were introduced into a 200 × 200 × 200 mm aluminum mold with
a vent hole in a biaxial three-arm carrousel rotomolding machine from Ferry RotoSpeed
(Ferry Industries, Stow, OH, USA), RS–1600 Turret Style model to obtain the rotomolded
test samples. The rotational speed ratio was set to 8:2, and the oven temperature was set
at 300 ◦C. The oven and peak internal air temperature (PIAT) were constantly monitored
using a Rotolog system until reaching a IAT of 180 ◦C. The cooling was performed with
forced air until reaching 70 ◦C, when parts were extracted from the mold. The total weight
of material in each sample was 800 g, which allowed obtaining ≈4 mm-thick parts.

2.3. Characterization of Samples
2.3.1. Rheology Assessment—Flow Behavior of Composites

The flow properties of the materials were determined at 190 ◦C in an oscillatory
rheometer AR G2 from TA Instruments, using parallel plates geometry of 25 mm diameter,
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with a gap of 1.5 mm, under a nitrogen atmosphere. Preliminary assays were performed un-
der the strain sweep mode in order to ensure that frequency and flow tests were performed
under the linear viscoelastic region (LVR). In these tests, the strain was varied between 0.1
and 5%. Frequency sweep tests were performed at 0.5% strain (in the LVR), in the 100 to
0.01 Hz range. Finally, flow tests were also performed at the same temperature, between
0.01 and 1 Hz shear rate.

2.3.2. Tensile Testing and UV-Weathering

Once the different series were rotomolded, standard test samples were cut to dumbbell
shape suitable for tensile testing (170 mm length, 10 mm wide, ≈4 mm thickness), produc-
ing 5 samples for each one. They were then introduced into a UV-weathering chamber
Q-Sun Xenon (Q-Lab, Baltimore, MD, USA), where the dumbbell-shaped samples were
subjected to UV radiation at 340 nm and energy irradiation of 0.89 W/m2, at a temperature
of 65 ◦C for different periods of time, ranging from 100 to 500 h. Samples were later charac-
terized to determine their mechanical behavior, following an in-house protocol at Matrix
Polymers, consisting in a tensile test in a LRX-device from Lloyd Instruments (Bognor
Regis, UK), at 50 mm/min. Results are shown as average values of minimum 3 replicates,
including standard deviations.

2.3.3. Carbonyl Index Determination by Fourier Infrared Spectroscopy

Fourier Infrared spectroscopy (FTIR) was employed to assess the level of oxidation
of the samples by determining the carbonyl index (CI) of each sample. The spectra were
analyzed with a particular emphasis in the regions of 1850–1700 and 1500–1420 cm−1,
corresponding to the carbonyl and C-H bending, taken as reference, as it is distinguishable
and measurable in all samples [64]. The CI was calculated by dividing the area under these
peaks, presenting results as average values of the different spectra collected (3 per sample).
The calculation also was done by dividing the maxima (absorption) of the peaks within
this range. Spectra were obtained in a Perkin Elmer Spectrum Two device (Waltham, MA,
USA) in the ATR mode, in the range between 4500 and 700 cm−1, at a resolution of 4 cm−1,
and 64 accumulations.

3. Results and Discussion
3.1. Cycle Time Analysis

All rotomolded parts show a good consistency, with low number of voids and good
filler distribution, both for the fibers and the dust (Figure 1). The composites, particu-
larly those with reed fibers, do not show any unpleasant odor, indicative of fiber ther-
mal degradation.

Table 2 summarizes the reductions in heating, cooling, and total process cycles for the
different moldings:

For composites with reed fibers it is observed that oven time tends to increase with
the fiber content, particularly on oven time. Previous works have shown that composites
with abaca fiber also increase cycle time [24]. On the opposite, ignimbrite composites
are obtained with a light reduction of cycle time, as also explained in a previous work of
authors [30]. The changes in oven time are mainly due to the modifications in the induction
time, reduced for ignimbrite composites as a consequence of the lower heat capacity
of the mineral, and increased for lignocellulose fillers due to their thermal insulating
properties. Hybrid composites show an intermediate behavior between the fibers and
particles ones, although it seems that the influence of the lignocellulose is higher than that
of the ignimbrite.
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Figure 1. Rotomolded samples for (a) 5% ignimbrite dust, (b) 10% ignimbrite dust, (c) 5% Arundo
fibers, (d) 10% Arundo fibers, (e) 5% hybrid composites: 2.5% Arundo fibers and 2.5% ignimbrite dust,
(f) 10% hybrid composites: 5% Arundo fibers and 5% ignimbrite dust, and (g) neat PE.

Table 2. Extension of each stage of the rotomolding cycle and variations compared to the neat PE
molding cycle.

Cycle
Oven Time Cooling Time Total Cycle Time

(min) Variation (%) (min) Variation (%) (min) Variation (%)

PE 10.7 -- 27.6 -- 38.3 --

PE.5A 11.6 8.4 27.5 −0.4 39.1 2.1

PE.10A 12.8 19.6 27.9 1.1 40.7 6.3

PE.5I 10.5 −1.9 27.0 −2.2 37.5 −2.1

PE.10I 9.7 −9.3 26.5 −4.0 36.2 −5.5

PE.5H 11.1 3.7 27.7 0.4 38.8 1.3

PE.10H 12.0 12.1 27.3 −1.1 39.3 2.6

3.2. Rheology Assessment of Rotomolded Composites

The rheological behavior of the materials plays an essential role in rotomolding. High
viscosities would impede an appropriate flow of the material inside the mold and hinder
the migration of air bubbles in the densification step, while a low viscosity would result in
inappropriate consolidation of the parts [65,66].

As observed in Figure 2, the rheological behavior of hybrid composites is very close to
that of the neat PE. Hybrid composites show no significant alterations on storage or loss
modules (Figure 2a), as also happening for ignimbrite and Arundo composites (separately
introduced in the matrix), where only storage modulus is slightly increased for composites
at 10%, particularly at low frequencies, with loss modulus remains overlapped for all
materials [30,67]. This is translated in all the samples series showing similar viscoelastic
behavior, with a well-defined Newtonian plateau, and similar viscosity values along the
entire range of shear rates studied (Figure 2b), with all samples exhibiting a certain shear
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thinning behavior at high shear rates; in fact, it is clearly seen that the viscosity curves for
neat PE and hybrid composites at 5% are overlapped for the entire range of analysis. This
means that the incorporation of any of the fillers, or their combination, affects the polymer
flow properties; this is demonstrated by the excellent processability of the different blends,
which are molded without any difficulty and allows for the obtaining of parts with good
quality, as already mentioned. Viscosity at very low angular frequencies is also very similar
to that of the neat matrix, with more differences for 5% hybrid composites than for 10%
ones, but still within the same range of magnitude (Figure 2c); the neat PE exhibits a less
pronounced shear-thinning behavior than the composites, which might be related to a
weakening of the interactions among the PE chains due to the incorporation of the fillers.
As observed in Figure 2a, the storage modulus of neat PE is generally higher than that of its
composite counterparts, although the differences are almost negligible, indicating a stronger
material response to deformation in these regions [68]. This phenomenon is attributed to
the enhanced interfacial stress transfer between the polyethylene matrix and any filler; the
presence of filler particles and fibers disrupts the cohesive interactions among PE chains,
resulting in a more fluid-like behavior under mechanical stress, as observed by the slightly
reduced viscosity (more pronounced for higher ratios of fillers). Consequently, while
pristine PE maintains a stable structural network, the composites experience disruptions
in their network due to filler interactions, which can lead to a decrease in modulus as the
filler content increases [68,69].

   
(a) (b) 

 
(c) 

Figure 2. Rheological behavior of PE hybrid rotomolded samples: (a) storage (left) and loss (right)
modulus versus angular frequency, (b) viscosity versus angular frequency, (c) viscosity at very low
angular frequencies.

Generally, the incorporation of fillers tends to produce an increase in viscosity [28,49],
while some fillers (basalt dust) have shown a behavior close to that reported here [70], that
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is, no effect on the viscous behavior of the matrix. The reduced effect of the fillers in the
rheological behavior might be due to the relatively low ratio of fillers used. Finally, the
zero-shear viscosity values (η0) show a similar behavior for all the sample series, therefore
concluding that the fillers do not have an effect on this parameter (2300 Pa·s for neat PE,
and maximum differences for hybrid composites, with 1672 Pa·s for PE.5H and 2862 Pa·s
for PE.10H).

3.3. Tensile Properties

The tensile testing of the different sample series before the UV-irradiation shows
the expected trend, namely, a slight reduction in tensile strength, more significant with
increased filler content, with an increase in elastic modulus (Figure 3). As also expected,
elongation at break is significantly reduced with the incorporation of the fillers, passing
from over 250% for the neat PE to less than 20% for all composites, related to an increased
brittleness brought by the low ductility and higher rigidity of the fillers. This reduced
ductility can bring the advantage of a higher dimensional stability. Elongation at break
for all composites show no significant difference among the different series, being only
significant (p < 0.001) for comparisons with neat PE.

  
(a) (b) 

Figure 3. (a) Evolution of tensile strength for the different composites along the 500 h of UV-irradiation,
(b) variation of elastic modulus for the different composites through the UV-irradiation.

The properties of polyethylene remain mainly steady after the irradiation, with no
significant variations in any of the properties measured (p-value for strength: 0.150, for
tensile modulus: 0.536, and for elongation at break: 0.997). However, a slight trend towards
a reduction in the elongation at break can be observed, together with a light growing trend
in the elastic modulus and tensile strength, which is related to a minimum increase in
the stiffness of the material, which marks the beginning of the degradation of the neat
PE matrix. It was expected to obtain a reduction in the elongation at break for samples,
due to the embrittlement of the matrix induced by the UV-radiation, as found in previous
works [71,72]. In semi-crystalline polymers, such as PE, such embrittlement is primarily
attributed to a decrease in molar mass caused by a chain scission process. Literature
proposes a series of events as a mechanism for this degradation: chain scission leads
to molar mass reduction, which induces chemicrystallization, followed by a decrease in
interlamellar spacing, ultimately resulting in embrittlement. On the other hand, since
molecular entanglements facilitate plastic deformation under tensile loading [72,73], the
disruption of this entanglement network due to chain scission impedes plastic deformation,
making the material brittle.

In the context of UV-irradiation, these degradation mechanisms do not occur uniformly
across the material’s thickness. The lack of significant differences in the mechanical behavior
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of the different series might be related to the samples thicknesses (of nominally 4 mm); most
works in the literature analyze the effects of UV-irradiation on sheets or films, where the
UV can affect most of the material, while in this case only surface is attacked. For instance,
the work carried out by Barczewski et al. [50], who proposed the use of Solidago canadensis
as a stabilizer of a PE matrix, in sheets of 2 mm thick. For samples subjected to 100 h
of UV-irradiation, they found a slight increase of elastic modulus and tensile strength,
although already got a significant reduction in elongation at break, more significant for the
samples of neat PE, demonstrating the stabilization effect of certain fractions of that plant
filler. Hsueh et al. found lower differences in the mechanical behavior [72] on samples
of nominally 3.24 mm thick; an assessment of micromechanical properties through the
sample thickness, up to 600 µm depth, revealed an increased superficial modulus, that
is, there is an increased stiffness on the superficial layers of the samples as a result of the
limited oxidation induced by UV and air contact. The highest differences in this work were
observed also when working with sheets, although authors do not specify their thickness.
The work by López-Martínez et al. is based on 25 µm-thick films, which also explains the
higher variation in the results obtained after the UV-exposure [44]. Similarly, a research
conducted by Gulmine et al. reports the variations in carbonyl index depth profiles indicate
that oxidation proceeds heterogeneously in HDPE [74]. This non-uniform degradation
leads to spatial differences in mechanical properties through the thickness, increasing the
likelihood of overall brittle failure. Therefore, the results obtained in this work are not
directly comparable to those in the literature, due to the different conditions of the testing.
In any case, the trends found towards the reduction of elongation at break and increase
in modulus follow the expected behavior, although not being significant from the statistic
point of view, as already mentioned. On the development of this research work, some
other assays, such as thermogravimetric analysis and differential scanning calorimetry
were performed, but no differences were found due to the UV-exposure due to the bulk of
the material remaining unchanged because of the samples thickness.

It can also be observed that the composites provide a distinct behavior along the
exposure time to the UV-irradiation. For all composites series, elastic modulus remains
unchanged for the entire test and tensile strength is only affected for the hybrid composites.
Elongation at break is only modified (tendency to increase) for composites with ignimbrite.
Table 3 summarizes the results from the ANOVA analysis of results:

Table 3. Summary of the statistical analysis of significance (p-values) for the sample series along the
UV-exposure.

Samples Series Modulus Tensile Strength Elongation at Break

PE 0.536 0.150 0.997
PE.5A 0.279 0.138 0.089

PE.10A 0.081 0.907 0.215
PE.5I 0.596 0.098 0.001

PE.10I 0.161 0.968 0.006
PE.5H 0.077 0.036 0.135

PE.10H 0.061 0.046 0.559

For PE.5I the most significant difference arises in tensile strength for samples after 200 h
UV-exposure, which is lowered. In elongation at break, however, significant differences are
observed between the unexposed samples and the exposed ones, regardless the time of the
UV-exposure. The maximum p-value found for this comparison is 0.13. The differences,
despite not significant, decrease with the exposure time, that is, there is a bigger difference
between the samples exposed for 100 h and 500 h than for those exposed for 400 and 500 h,
which somehow shows that the higher the exposure the higher the brittleness, as otherwise
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expected. On the other hand, the series with 10% ignimbrite dust also shows significant
differences between series, although only between unexposed samples and samples after
500 h, and samples exposed 100 and 500 h. This could be related to a certain protective
effect of the mineral at higher loadings against the radiation.

For hybrid composites a different trend is observed, with higher variations in mod-
ulus, not significant yet, with significant differences in tensile strength in three groups:
unexposed, samples exposed for 100 h, and remaining expositions times. Tensile strength
increases about a 15% for both samples series, and then is reduced by the same proportion
for the samples over 300 h, which could be related to a higher extent of the degradation.

3.4. Carbonyl Index: Samples Surface Oxidation

For all FTIR spectra (Figure 4), characteristic absorption bands of polyethylene are evi-
dent at 2850 and 2915 cm−1, corresponding to the CH2 stretching vibrations in the polymer
chains. Additionally, bands at 1469 cm−1 associated with the deformation and bending
vibrations of CH2 and CH3 groups are also observed. For composites, particularly for those
containing the reed fibers, a broad band (not too intense) is observed at 3200–2600 cm−1,
attributed to hydroxyl groups in lignocellulose, together with a higher intensity of the
band at 1200–900 cm−1, typical for C=O bonds in cellulosic compounds (Figure 4a) [75].
In counteract, the composites with ignimbrite dust exhibit a more pronounced absorption
band at around 1000 cm−1, related to the Si-O-Si bonds in the mineral [27].

  
(a) (b) 

  
(c) (d) 

Figure 4. FTIR spectra for the different samples series: (a) comparison of the spectra obtained
for the different samples before the UV-exposure, (b) closer observation of the area of interest for
the carbonyl index (1800 to 1400 cm−1), (c) comparison of the different materials after 500 h of
UV-exposure, (d) area of interest for CI for samples exposed for 500 h.
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The determination of carbonyl index was performed in two ways, namely, using the
areas under the peaks mentioned (carbonyl, at about 1720 cm−1, and reference peak, at
around 1450 cm−1) and the peak heights, observing similar trends for both parameters. The
calculations performed on the area are considered more representative, as they consider
different species containing carbonyl groups. For instance, the research conducted by
López-Martínez et al. [44] shows notable changes in the spectra of UV-aged samples after
144 and 288 h, especially at 1718 cm−1 and 1600 cm−1, which are attributed to the formation
of carbonyl-containing functional groups. The increased intensity and broadening of the
carbonyl band suggest the presence of various photo-oxidation products such as ketones,
esters, and anhydrides. Similarly, Almond et al. [64] propose the determination of carbonyl
index using the area under the spectra and not only the peak heights due to the complexity
of polyolefin degradation, which results in the formation of different carbonyl compound,
such as ketones at 1714 cm−1, γ-lactones (1780 cm−1), esters and/or aldehydes (1733 cm−1),
and carboxylic acids (1700 cm−1). Therefore, measuring the total area under the carbonyl
region provides a more comprehensive and reliable indicator of oxidative degradation.
To evaluate the progression of degradation over time, the carbonyl index was calculated
for the different composites at the different times of UV-exposure. Figure 4c shows the
full spectra for the different materials after 500 h of exposure, where the increased band at
about 1700 cm−1 can be seen as an inflection in the base line, being the observation clearer
in Figure 4d, where the region of interest for the CI is presented. The increased oxidation
can be clearly seen in this figure, where the base line in this region has almost disappeared
and is now made of different absorption bands, corresponding to different species.

Table 4 shows the average values (and standard deviation) for carbonyl index of
the different sample series at the different exposure times. In general terms, it can be
observed that the longer exposure times result in a higher CI; similarly, research conducted
by López-Martínez et al. indicated a marked increase in the carbonyl index of low-density
polyethylene films after exposure to UV radiation [44], even finding a direct correlation
between weathering time and the carbonyl index, indicating progressive oxidative degra-
dation of the polymer matrix. The formation of carbonyl groups is indicative of chain
scission and oxidation processes occurring within the material. In this sense, Russo et al.
reported on the photodegradation effects on greenhouse films composed of PE, noting
an increase in viscosity and gel content, both of which are indicative of crosslinking and
degradation phenomena [76]. The increase in carbonyl content in these films confirmed the
polymer’s response to UV-exposure, supporting the notion that the degradation impacts
both mechanical properties and molecular structure.

For the series of materials included within this research work, the trends are similar
to those described in the literature. The starting point (i.e., carbonyl index for unexposed
samples) is similar for Arundo composites, and slightly higher for ignimbrite series, being
higher with the mineral content. The CI for hybrid composites samples is remarkably
higher, which might be due to the interaction between the fibers and the ignimbrite dust
or the presence of fibers closer to the samples surface (Figure 4b also shows the higher
relevance of these bands in unexposed samples). However, for these samples series, the
CI remains steady along the 500 h of the experiment, with a slight reduction in these
parameters for intermediate times, which are attributed rather to the small sections taken
in the reading rather to actually distinct oxidation status; it therefore seems that these
composites are not negatively affected by the radiation, possibly related to the certain
protective effect lignocellulose material. For neat PE, the oxidation induced has statistical
significance from 200 h (p-values of <0.001 for CI calculated both by areas and heights,
respectively), meaning that the material is stable up to 100 h of UV-exposure (Figure 5).
Carbonyl index is higher when calculated from areas, as already explained due to the
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consideration of more species than merely carboxylic acids, although the trend observed is
similar for both parameters, regardless their calculation method.

Table 4. Summary of the carbonyl index (calculated by area and peak height).

Material Exposure Time (h) CI (Area) CI (Heights)

PE

0 0.090 ± 0.010 0.030 ± 0.001
100 0.145 ± 0.036 0.059 ± 0.013
200 0.189 ± 0.040 0.078 ± 0.021
300 0.160 ± 0.016 0.066 ± 0.014
400 0.243 ± 0.029 0.101 ± 0.011
500 0.222 ± 0.006 0.080 ± 0.015

PE.5A

0 0.099 ± 0.023 0.039 ± 0.006
100 0.119 ± 0.033 0.042 ± 0.009
200 0.132 ± 0.020 0.051 ± 0.008
300 0.133 ± 0.046 0.053 ± 0.014
400 0.219 ± 0.034 0.088 ± 0.012
500 0.220 ± 0.018 0.086 ± 0.003

PE.10A

0 0.116 ± 0.000 0.045 ± 0.000
100 0.136 ± 0.008 0.053 ± 0.005
200 0.123 ± 0.019 0.046 ± 0.011
300 0.146 ± 0.011 0.072 ± 0.013
400 0.209 ± 0.040 0.077 ± 0.010
500 0.208 ± 0.004 0.076 ± 0.000

PE.5I

0 0.120 ± 0.003 0.046 ± 0.001
100 0.136 ± 0.007 0.047 ± 0.002
200 0.199 ± 0.015 0.077 ± 0.005
300 0.182 ± 0.016 0.067 ± 0.006
400 0.235 ± 0.001 0.090 ± 0.000
500 0.231 ± 0.001 0.094 ± 0.001

PE.10I

0 0.170 ± 0.013 0.056 ± 0.005
100 0.295 ± 0.029 0.123 ± 0.008
200 0.307 ± 0.021 0.122 ± 0.005
300 0.359 ± 0.031 0.145 ± 0.003
400 0.378 ± 0.025 0.149 ± 0.003
500 0.445 ± 0.003 0.172 ± 0.007

PE.5H

0 0.358 ± 0.013 0.158 ± 0.010
100 0.339 ± 0.016 0.143 ± 0.001
200 0.323 ± 0.013 0.127 ± 0.006
300 0.366 ± 0.022 0.141 ± 0.016
400 0.347 ± 0.001 0.127 ± 0.005
500 0.364 ± 0.018 0.138 ± 0.013

PE.10H

0 0.416 ± 0.050 0.195 ± 0.027
100 0.313 ± 0.010 0.119 ± 0.006
200 0.318 ± 0.002 0.130 ± 0.005
300 0.388 ± 0.013 0.149 ± 0.011
400 0.374 ± 0.012 0.138 ± 0.002
500 0.445 ± 0.023 0.159 ± 0.009

Even if the differences for PE are considered with statistical significance from 200 h,
the spectra show a very distinct behavior for the samples after only 100 h (Figure 6a).
Unexposed PE samples show an essentially flat curve in the 1800–1600 cm−1 region, which
means that no carbonyl groups are detected, while with the UV-exposure some new bands
at about 1720–1740 cm−1, related to ketones, which are the dominant carbonyl species
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produced in the photooxidation of PE [77]. A shoulder at higher wavelengths, generally
assigned to aldehydes/esters, is also observed for samples after higher exposure times. The
lack of evident bands at about 1600 cm−1 suggests that carboxylate salts are not forming,
possibly due to the effect of stabilizers in the bulk, which is consistent with the no (or very
minor) band at approximately 1710 cm−1, related to hydrogen-bonded acids or conjugated
carbonyls, which only appears when oxidation is very advanced, which is not the case for
the samples studied in this work, and which are more likely due to acetylacetone (ketone).

  
(a) (b) 

Figure 5. Evolution of carbonyl index along time for the different series. The graph has been
represented with lines for a better observation of the trends mentioned. (a) CI calculated from areas,
(b) CI calculated from peak heights.

  
(a) (b) 

  
(c) (d) 

Figure 6. Evolution of FTIR spectra for the different UV-exposure periods: (a) neat PE, (b) PE.10A,
(c) PE.10I, (d) PE.10H.
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For composites, as already explained, there are lower differences along time, partic-
ularly for composites with the lignocellulosic filler. For instance, composites with giant
reed show similar level of transmittance to neat PE in this range of wavelengths only for
samples after 400 h, with the samples exposed for shorter times almost showing a flat
profile, being this trend more evident for PE.10A series (Figure 6b). The composites with
ignimbrite show still less relevance of these bands (Figure 6c), with obtaining in fact similar
CI than composites with reed, while hybrid materials show the wide absorption band in
this region which explains the higher CI, even for unexposed samples (Figure 6d).

For composites containing reed fibers no significant differences are observed with
exposure time until reaching 400 h, showing the stabilizing effect of the Arundo into the
matrix. The CI remains lower for 100, 200 and 300 h of exposure, reaching similar levels to
that of neat PE for longer times (still lower in any case). The effect is more pronounced for
the series with 10% of fibers, showing a positive effect of the filler content. Another work
using carbon black and carbon nanotubes found that during the initial exposure period
(0–192 h), the films containing carbon structures exhibited similar trends in carbonyl index,
with those incorporating graphene and carbon black showing lower values than the control
film without additives. This suggests that these structures help inhibit carbonyl group
formation under UV radiation. At extended exposure times (192–480 h), films containing
2 wt.% multi-walled carbon nanotubes demonstrated the lowest carbonyl index, indicating
superior UV protection compared to graphene and CB. The similar behavior of graphene-
and CB-containing films in terms of oxidized structure formation suggests a comparable
degree of UV shielding between these two additives [44]. Similarly, the work by Barczewski
et al. using Solidago canadiensis [50] has shown the potential of certain sections of plant
in the stabilization of a PE matrix, although the analysis was only performed for 100 h in
that case.

For ignimbrite composites, the ratio of dust has a more significant effect. For 5%
composites, a certain protective effect is found for up to 100 h; in fact, three different
groups are obtained (consistent for both parameters): 0 and 100 h, 200 and 300, and 400
and 500 h. For the entire times range, this series shows the same behavior than neat PE,
that is, the ignimbrite dust is not providing any effect on the material, nor reducing neither
accelerating the oxidation of the matrix. However, for 10% composites the carbonyl index
is always higher than for neat PE, which might reflect that the mineral dust might be
concentrating the radiation rather than dispersing it. Some other authors have reported
that the incorporation of clays into PE matrices result in a faster photodegradation of the
polymer, while some other compounds not based on silica but on zinc oxide or iron ore
are able to decrease the speed and extent of the degradation [78,79]. No FTIR tests were
conducted on those samples though, which were thinner than the samples used in this
work, as already mentioned; calcium carbonate is thought to reduce the photooxidation
of PE, although no explanations or mechanisms are proposed in that work [80]. The role
of silica-based materials on the oxidative degradation of polyethylene samples under UV-
exposure appears to be still unclear; while some authors have shown their potential to
accelerate oxidation processes via pro-oxidant activity in some studies [81], other works
suggest that it might also have a protective role that mitigate the photooxidation [59].
The results provided in this work add some light on a potential protective effect of the
ignimbrite dust on the PE matrix, as per the reduced carbonyl index for earlier stages
of UV-exposure.

4. Conclusions
The effect of bio and silica-based materials on polyethylene matrices regarding the UV

stability is not fully addressed in literature yet. The results obtained within this work show
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a certain protective effect of the inorganic filler (ignimbrite dust, a by-product of quarries),
based on the carbonyl index calculations, particularly for 5% loadings. Further research
should be conducted to state this point in any case. Giant reed derived materials show a
more significant reduction of the carbonyl index compared to neat PE after the exposure to
the UV lighting, which is related to their phenolic content, which acts protecting the PE from
the photooxidation. However, these materials are more sensitive to moisture than those
containing the mineral dust, which might have a significant effect on their durability when
subjected to outdoor exposition. The hybrid composites show an intermediate behavior,
being more affected in their mechanical properties than the series with just the ignimbrite or
the reed, although also showing a more stable carbonyl index, with FTIR spectra unchanged
for the full experiment.

Rheological tests show no significant differences of the composites compared to the
neat polyethylene, which is in line with the excellent moldability and good aesthetics of all
sample series.

The interaction between the fillers should be studied more in detail, and the produc-
tion of films or thinner sheets might be useful to have a better understanding on how
the weathering is affecting the material bulk. In this research work, due to the samples
thickness not many differences in the behavior of the different sample series were ob-
served (mechanical or thermal analysis); working with thinner samples would allow for
establishing a more accurate effect of the fillers within the bulk material. In this sense, a
separate analysis considering moisture uptake and its effects on the polymer should also be
performed in order to have a better understanding on the behavior of such materials under
actual outdoor conditions. The research should also focus on establishing the mechanism
for the degradation of the PE and the potential changes due to the fillers.
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47. Barczewski, M.; Aniśko-Michalak, J.; Skórczewska, K.; Maniak, M.; Kosmela, P.; Żukowska, W.; Przybylska-Balcerek, A.;
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