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A B S T R A C T

The photochemical degradability of PLA-based composites containing three different natural fillers, namely 
Posidonia oceanica (PO), Chamaerops humilis (CH), and Ailanthus altissima (AA), was evaluated to understand how 
the morphological and physicochemical features of these composite systems affect their durability. Composites 
containing 10% or 20% of filler were prepared by melt-processing and subjected to accelerated weathering 
involving UV irradiation and condensation cycles. The materials were thoroughly characterized, and the evo
lution of morphological, physicochemical, and mechanical properties was monitored upon aging time. The re
sults demonstrate the significant impact of filler type on the photochemical stability of PLA-based composites. PO 
and CH fillers, with high porosity, resulted in less compact composites that underwent rapid hydrolytic degra
dation, experiencing surface and bulk erosion. AA composites exhibited the highest durability, with their dense 
morphology effectively delaying degradation. Overall, composites with 10% PO and 20% CH had the lowest 
stability (less than 6 h), the other PO- and CH-series materials retained durability for 24–30 h, similar to neat 
PLA, while AA-series composites proved to retain their mechanical properties for up to 36 h.

1. Introduction

The pressing concern about environmental issues and global pollu
tion garnered the attention of scientific community towards bioplastic 
and related “green” composites [1–3]. Among the biodegradable poly
mers, polylactic acid (PLA) offers one of the most promising alternatives 
to traditional plastics, especially in applications where environmental 
impact and biodegradability are critical [4,5]. Moreover, replacing 
portions of expensive PLA with cost-effective waste biomass brings 
additional benefits, including high tensile strength and stiffness, but also 
presents challenges related to thermal stability, brittleness, and 
durability.

Biodegradable polyesters, such as poly(lactic acid) (PLA), are sus
ceptible to various degradation mechanisms during processing, usage, 
and disposal. The presence of green fillers from waste biomass can either 
accelerate or delay these processes, depending on several factors. While 
rapid degradation during disposal is desirable, minimizing degradation 
during processing and service life is strategic to optimize their 

performance from both economic and environmental perspectives [6,7]. 
In fact, green composites with adequate UV ageing resistance could be 
highly suitable for outdoor applications, such as eco-friendly garden 
furniture, flowerpots, and other decorative items, as well as rigid 
packaging solutions, including fruit and vegetable crates for outdoor 
markets. Furthermore, recent advances show the potential of green 
composites even in cutting-edge applications, such as water and air 
remediation, highlighting the importance of studying their durability in 
real-world conditions [8,9].

Specifically, PLA undergoes hydrolytic degradation when exposed to 
moisture over time, a process accelerated at high temperatures, such as 
during melt processing [10]. The presence of rigid, hydrophilic fillers 
like lignocellulosic ones may exacerbate thermomechanical and hy
drolytic degradation during processing and after disposal. Conversely, 
lignin domains in natural fillers can provide UV-shielding, protecting 
the polymer matrix from photochemical aging and thereby enhancing 
the service life of the products [8,11,12].

A deep understanding of the degradability of bioplastic-based green 
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composites in different scenarios is crucial for properly assessing their 
environmental performance. This knowledge can facilitate the fabrica
tion of green composites that combine adequate performance during 
their service life with relatively fast disintegration after disposal [13].

In our previous research, our group studied the disintegrability of 
PLA-based biocomposites containing Posidonia Oceanica (PO) flour 
when stored in neutral and alkaline aqueous solutions, finding that 
biocomposites degraded much faster than neat polymer [14]. Specif
ically, we evidenced the crucial role of PO, capable of both imparting 
degradation to PLA during processing with enhancement of hydrophi
licity and offering preferential gateways for solution penetration 
through filler-matrix interface by capillarity and swelling-aided polymer 
cracking. On the other hand, recent studies reported that some ligno
cellulosic fillers obtained from rice husk, hazelnut shell, as well as wood 
flour, can serve as photo-stabilizers for PLA, because lignin domains act 
as a UV-shield [15,16]. Therefore, it could be inferred that fillers con
taining large amount of lignin but especially those containing flavo
noids, polyphenols and various types of antioxidant compounds may 
somehow protect the host polymers from degradation. Indeed, in 
another study, our group demonstrated that lignocellulosic fibers com
ing from dwarf palm Chamaerops humilis (CH) had a fair effect on the 
stabilization of PLA during melt processing, providing a good retention 
of polymer molar mass, especially when compared to pro-degradant PO 
fillers, while having a scarce tendency to give rise to dense materials 
[17]. Indeed, porosity of hydrolysable materials, such as green com
posites, is a critical factor that affects UV and solution penetration and 
the surface area exposed to chemical and photochemical degradation 
reactions. [18–22]. Lignocellulosic fillers possess unique characteristics 
that are vital for enhancing the degradability of bioplastics, particularly 
their hydrophilicity and intrinsic porosity resulting from the presence of 
lumens. [23,24]. Green composites containing lignocellulosic fillers, 
such as Posidonia oceanica, Chamaerops humilis, and Ailanthus altissima, 
should be considered porous materials, as the polymer macromolecules 
can partially fill the voids within these particles [25–27]. However, the 
varying pore architecture and porosity of lignocellulosic fillers, com
bined with the characteristics of the polymer and the processing con
ditions, can result in materials with different levels of porosity. This 
property significantly influences the mechanical properties of all green 
composites and may also be crucial for their durability [25,28].

Recently, many studies highlighted the huge potential of Ailanthus 
altissima (AA) as a source for antioxidant compounds [29–32]. In 
particular, the mechanisms involved are both the prevention and the 
scavenging of radical oxygen species [32,33]. Ailanthus altissima swingle 
(Simaroubaceae), also known as the tree of heaven, is an alien weed 
plant, considered dangerous for ecosystems and biodiversity, although 
being characterized by vast pharmacological potential because of its rich 
phytochemical profile [32]. Surprisingly, to the best of our knowledge, 
no study was reported so far on the possibility to use fibers extracted 
from this plant as potential reinforcement for polymer-based 
composites.

The aim of this work is to evaluate the photochemical degradability 
of PLA-based composites containing three different natural fillers, 
namely Posidonia oceanica (PO), Chamaerops humilis (CH), Ailanthus 
altissima (AA), to understand the effect of morphological and physico
chemical features of such composite systems on their durability.

2. Experimental part

2.1. Materials and methods

The polymer selected as a matrix was an extrusion grade sample of 
polylactic acid (PLA), namely Ingeo 2003 D (NatureWorks), having a 
content of D-lactic acid monomer equal to ~ 4%, density (ρ) = 1.24 g/ 
cm3, melt flow index (MFI) = 6 g/10 min, melting temperature (Tm) 
= 160 ◦C, and Mw = 240 kDa. The lignocellulosic fillers selected were 
flours obtained from waste Posidonia oceanica (PO), Chamaerops humilis 

(dwarf palm) (CH), and Ailanthus altissima (AA). PO and CH waste were 
collected from the western sea-cost of Palermo (coordinates: 
38◦06′56″N13◦21′41″E), while AA waste was sourced from the university 
campus park of the University of Palermo (coordinates: 38◦05′15.6″ N 
13◦20′57.8″E) where the plant was being removed as part of invasive 
species management efforts. The lignocellulosic waste was rinsed with 
water, dried, and ground using a ball mill (MM 500 Nano, Retsch) under 
the following conditions: 10 Hz, 15 min, with a 20 mm-diameter ball. 
The resulting flour was then sieved, and the fraction below 100 µm (140 
mesh) was collected and used as filler. Chloroform (reagent grade) was 
purchased from Sigma Aldrich.

2.2. Preparation and characterizations

Green composites containing 10 wt.% or 20 wt.% of PO, CH or AA 
were prepared by melt mixing in an internal batch mixer (Brabender 
Plasticorder). For each batch, filler and matrix – previously dried in a 
vacuum-oven overnight at T = 90 ◦C to avoid hydrolytic reactions 
during processing – were premixed at the solid state and fed into the 
batch mixer. The compounding was conducted at the following oper
ating conditions: T = 190 ◦C, rotor speed = 64 rpm, t = 6 min, which 
were optimized based on our previous works [14,25,28]. The material, 
collected after melt processing, was rapidly cooled by liquid nitrogen, 
ground into pellets and compression-molded (Carver laboratory press) 
at 190 ◦C and 8 bars for 90 s and finally cut into rectangular specimens 
(length=90 cm, width=10 cm, thickness=300 µm) for the further 
characterizations.

Photochemical aging of the samples was performed in a Q-UV Solar 
Eye weatherometer equipped with UV-B lamps (313 nm), with cycles 
comprising 4 h of irradiation at T = 55 ◦C followed by 2 h of dark/ 
condensation at T = 35 ◦C.

Gravimetric measurements were conducted to gain information 
about the evolution of mass during aging time: the residual mass degree 
(Mr) and its complement to 1 (i.e., Mass loss degree) were easily 
calculated by Eqns (1)-2, respectively, whereas the water uptake (%) 
was assessed by Eq. (3): 

Mr =
Mt,dry

M0
(1) 

Mloss = 1 − Mr (2) 

Solution uptake (%) =
Mt,wet − Mt, dry

Mt,dry
∗ 100 (3) 

Where M0 is the initial weight of each specimen, Mt,wet and Mt,dry are 
respectively the specimen weight before and after drying. In fact, the 
aging protocol followed involves the contact of the samples with a liquid 
phase, i.e. water, during the condensation step. Therefore, photochem
ically aged samples, withdrawn at a given sampling time, were vacuum 
dried in oven at 90 ◦C for 10 h, prior to characterization.

Scanning Electron Microscopy (SEM) analysis was performed by an 
ESEM FEI QUANTA 200 onto both UV-exposed surface and cross-section 
of samples to monitor the time-evolution of morphology.

Photochemical transformations of the materials were investigated by 
Fourier-transform infrared (FTIR) spectroscopy in attenuated total 
reflection (ATR) mode, using a FT-IR/NIR Spectrum 400 spectropho
tometer (Perkin-Elmer, Waltham, MA, USA). Spectra were collected in 
the 4000–450 cm− 1 wavenumber range, by using 16 scans accumula
tions with a 4 cm-1 resolution. To allow an easier comparison between 
the materials treated at different photochemical aging times, spectra 
were normalized to the intensity of the CH₃ band at 1452 cm-1 after 
baseline correction, according to a reported protocol [15]. Areas under 
the spectral regions of interest (3800–3000 cm-1, 1700–1490 cm-1, 
1800–1700 cm-1) were determined to get further information about the 
photochemical reactions involved.

Surface wettability was assessed by measuring the water contact 
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angle (WCA), in sessile drop mode using FTA1000 (First Ten Angstrom, 
UK) equipment. Specifically, a drop of water (2 µL) was dispensed from a 
micro-syringe onto the UV-exposed side of specimens with the image 
being acquired after 20 s.

Tensile mechanical properties, elastic modulus (E), tensile strength 
(TS) and elongation at break (EB), were determined by means of an 
Instron 3365 (Instron, USA) dynamometer, by imposing a crosshead 
speed of 1 mm/min up to specimen failure, according to ISO 527–3 
standard. For each experimental run at least 7 replicates were tested. 
Toughness (k), herein intended as work-to-failure, was calculated via 
the integration of stress-strain curves. Data were provided as mean ±
standard deviations.

Differential scanning calorimetry (DSC) was carried out by using a 
Shimadzu DSC-60 at a scanning rate equal to 10 ◦C/min within the 
temperature range 30–200 ◦C. The degree of crystallinity (χ) of PLA in 
each sample was calculated according to eqn. (4) [34]: 

χ =
ΔHm − ΔHcc

(1 − Φw)ΔH0
m

(4) 

Where ΔHm and ΔHcc are, respectively, the melting enthalpy and 
the cold crystallization enthalpy, Φw is the filler weight fraction of the 
given composite, and ΔH0

m is the melting enthalpy of 100% crystalline 
PLA (93.7 J/g) [17,34].

To assess the molar mass of PLA, intrinsic viscosity measurements 
were carried out. For composites, the materials were dissolved in chlo
roform and repeatedly filtered to separate the filler phase from the 
polymeric phase. The polymer solutions were then exsiccated and re- 
dispersed in chloroform to prepare 0.13 wt% solutions, according to 
previous works [25,28].

Flow time was measured by means of iVisc LMV 830 Lauda Proline 
PV 15, Lauda-Königshofen, Germany) instrument equipped with a 
Ubbelohde (K = 0.009676) capillary viscometer, placed in thermostated 
oil bath at 30 ◦C. Intrinsic viscosity was then calculated using the 
Solomon-Ciuta equation, Eq. (5) [35]: 

Table 1 
Salient characteristics of the three fillers used.

Sample Skeletal density 
(g/cm3)

Porosity after 
grinding (%)

Aspect 
ratioa

Ebulk 

(GPa)b

PO 1.54 70 6 ~ 12
CH 1.51 51 15 ~ 32
AA 1.50 34 12 ~ 10

a calculated as Deq/t for PO and AA (Eq. S1), and as L/D for CH.
b measured by tensile tests on raw fibers and calculated according to Eq. S2.

Fig. 1. SEM micrographs at different magnifications of PO powder (a-a’), CH powder (b-b’) and AA powder (c-c’) used as fillers for green composites.
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[η] =
√2(ηs − ln ηr)

C
(5) 

Where C is the concentration of the polymer solution, and ηs and ηr 
are the specific and the relative viscosities, respectively.

The viscosimetric molar mass (MV) of PLA was extrapolated using Eq. 
(6): 

MV =
([η]

K

)1/α
(6) 

Where K and α are the Mark-Houwink constants of PLA/Chloroform 
system at 30 ◦C (K = 0.0153 mL/g and α = 0.759 [26,36]).

The molar mass retention index was then calculated as the ratio 
between Mv of the given sample to that of unprocessed PLA (225,000 
Da).

3. Results and discussion

The main characteristics of the three fillers used are reported in 
Table 1, whereas Fig. 1 provides the SEM micrographs of PO (a-a’), CH 
(b-b’) and AA (c-c’) at two different magnifications.

According to our previous findings, PO platelets can be approxi
mated to highly porous parallelepipeds having constant thickness (25 
μm) and variable length and width, with average values respectively 

equal to 160 μm and 75 μm, which result in an aspect ratio equal to 6. CH 
is a fibrous reinforcement with lower porosity and higher aspect ratio, 
which arises from lengths on the order of 2–5 mm s and diameters under 
a hundred micrometres [3,17,37,38].

Conversely, AA can be regarded as denser particles, heterogeneous in 
shape and dimensions, with a conspicuous number of thin platelets 
likely originated during ball milling (Fig. 1c’). As visible in SEM mi
crographs of Fig. 1, lateral size proved similar or slightly smaller than 
that of PO particles, but the thickness was lower (ranging from 2 to 10 
µm), resulting in a higher aspect ratio.

It is acknowledged that starting characteristics of green composites 
are crucial for their durability when subjected to various types of 
degradation. For instance, the eventual effects of fillers on polymer 
degradation and/or crystallinity, as well as morphological parameters of 
multiphasic systems, including filler dispersion, interfacial adhesion, 
densification, are crucial to the overall performance of materials. 
Fig. 2a–d provides the main important mechanical properties, i.e., 
elastic modulus (E), tensile strength (TS), elongation at break (EB), and 
toughness (k), measured by tensile testing.

Basically, all the fillers display dose-dependent stiffening effects, 
with CH outperforming, while PO and AA based composites were found 
to show similar elastic moduli. The behavior of properties at break, 
instead, outlined a monotonic decrease with filler content for 

Fig. 2. Mechanical properties of the samples before aging: Elastic modulus (a), stress at break (b), elongation at break (c), toughness (d) plotted as a function of 
filler content.
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composites containing PO and CH, as typically observed in the case of 
green composites, whereas AA-series materials at 20% had TS, EB, and 
toughness (k) slightly higher than those observed at 10%AA, although 
lower than those of neat matrix.

Fig. 3 provides a synoptic view of the initial state of green compos
ites, outlined by monitoring the behaviour of some key-indicators, such 
as molar mass retention (Mv retention) and crystallinity of the polymer, 
densification, as a function of filler content and type.

Basically, AA-series composites displayed the highest degrees of Mv 
retention and densification, but low crystallinity. Notably, none of these 
properties proved to be influenced by filler content, except for a mod
erate increase in crystallinity. On the contrary, PO-series materials 
showed a dose-dependent monotonic decrease in PLA molar mass, likely 
due to pro-degradant activity of PO during melt processing and retained 
the amorphous nature of the matrix at 10%, while displaying significant 
increase in crystallinity at 20%PO. The densification degree of such 
composites was found to diminish upon increasing filler content, thus 
implying that most of PO lumina remain empty, as already reported.

CH-series composites displayed an intermediate performance in all 
these parameters, with the only exceptions of crystallinity degree, which 
was very sensitive to the filler content: CH10 displayed the highest result 
(12.6%), CH20 had only 4.40% crystalline region, likely because at the 
highest loading level, the filler hindered the ordering of 
macromolecules.

Aiming to assess the morphology of materials, in terms of filler 
dispersion, interfacial adhesion, SEM analysis was performed, and the 
cross-sectional micrographs of the samples are provided in Fig. 4.

All the samples display fair levels of filler dispersion and matrix-filler 
interfacial adhesion. However, the microstructure of AA-composites 
proved to be extremely more packed than that of CH-series and, espe
cially, PO-series ones, in full agreement with the porosity values plotted 
in Fig. 3c.

Filler aspect ratio after processing, another important factor in 
composite systems, was discarded from this analysis, since all the fillers 
displayed significant breakage after melt mixing, with final values below 
5 and the almost total disruption of their initial architecture. Both 
platelets and fibers proved to be transformed into heterogeneous mi
croparticles with different size and geometry, as visible in Fig. S1.

The evolution of the elastic modulus (E), tensile strength (TS), 
elongation at break (EB), and toughness (k) during photochemical aging 
is shown in Fig. 5a–d, respectively. For each material, the properties 
were normalized to those of the unaged samples, and the time at which 
each property becomes half its initial value was esteemed (see the 
interception with the dotted lines at y = 0.5 in all graphs).

It is worth noting that semicrystalline polymers, such as PLA, may 
show an increase in elastic modulus and tensile strength due to crys
tallization phenomena occurring during aging. This can be attributed to 
chemi-crystallization resulting from the progressive shortening of 
polymer chains or structural rearrangement of macromolecules, as these 
materials are exposed to temperatures near their glass transition tem
perature (Tg). Elongation at break, typically considered a key indicator 
of aging in most polymers, may not be as significant here because PLA is 
glassy at room temperature and its initial EB value is low (refer to Fig. 2) 
[39,40]. Instead, a more suitable indicator of durability for such 

Fig. 3. Molar mass retention index, cristallinity and densification degree of materials before aging.

Fig. 4. Cross-sectional SEM micrographs of composites before aging.
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composites is toughness, defined as the work-to-failure (i.e., the area 
under the stress-strain curve), as it accounts for all the aforementioned 
mechanical properties.

E initially decreases upon aging but shows a moderate rise after 
18–24 h of exposure, likely due to increased crystallization. Most sam
ples retained adequate levels of stiffness, ranging between 80–120% of 
their initial values, except for 10PO, which showed a significant 
reduction in E after 18 h and became too brittle to test, breaking into 
small pieces after 24 h. Neat PLA and other samples containing PO or CH 
could be tested up to 30 h, while the AA-series composites only showed 
mechanical degradation after 36 h, indicating enhanced durability.

The analysis of TS and EB reveals a different scenario. Despite some 
fluctuations, all materials show a decrease in TS over time. This decline 
is slow for neat PLA and AA-containing composites, moderate for 20PO 
and 10CH, and exponentially rapid for 10PO and 20CH. The trend of EB 
over aging time is similar.

Regarding k, which is crucial for practical applications, 10PO and 
10CH show a significant loss of mechanical resistance within 6–12 h, 
while composites with 20% fillers generally experience a halving of 
toughness between 18 and 24 h. Interestingly, 20AA maintains a con
stant halved toughness up to 30 h, and neat PLA retains good toughness 
until 24 h before a sharp decline at 30 h. The highest durability was 
observed in 10AA.

The overall aging behavior is complex due to the interplay of various 
phenomena. PLA undergoes progressive weathering, mainly from hy
drolytic scission, accelerated by the combined effects of UV irradiation 
and moisture. These reactions proceed faster in amorphous regions, 
which are more susceptible to UV and water penetration, and slower in 
crystalline regions due to the dense packing of macromolecules. More
over, the crystallinity of the initially amorphous PLA matrix may in
crease, driven by chain scission or macromolecular rearrangement when 
stored near Tg [15].

In green composites, the scenario is further complicated. While fillers 
can promote nucleation, they also increase water uptake, and water 
diffusion at the filler-matrix interface can significantly contribute to 
sample degradation. Furthermore, to the best of our knowledge, the 
combined effects of UV exposure and moisture on lignocellulosic fillers 
in polymer-based green composites are often insufficiently explored.

Despite differences among the samples, AA demonstrated superior 
performance, while CH exhibited intermediate, dose-dependent 
behavior. In contrast, PO acted as a pro-degradant additive; however, 
composites with 10% PO content performed worse than those contain
ing 20% PO.

During photochemical weathering, the specimens were fixed at the 
extremities due to the severe tendency of some samples to bend and fold 
within the UV chamber. PO-series composites showed the strongest 

Fig. 5. Evolution of E (a), TS (b), EB (c), and k (d) upon photochemical aging time.
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propensity for self-bending, followed by neat PLA. This behavior was 
less pronounced in 10CH and 20CH, while it was not observed in the 
10AA and 20AA samples.

In summary, the self-folding deformation of PLA and PLA-based 
green composites during UV irradiation and condensation is primarily 
driven by differential degradation, thermal gradients, moisture ab
sorption and desorption, internal stresses from fillers, and plasticization 
and softening of the material induced by UV irradiation and tempera
tures close to the glass transition, combined with moisture during 
condensation. These factors collectively cause the specimens to bend or 
fold within the chamber even in the absence of external stresses.

Fig. 6 provides the evolution over time of water uptake and crys
tallinity in samples subjected to photochemical aging. Water uptake 
(Fig. 6a) followed a two-phase behavior: an initial progressive increase 
in water absorption, followed by a decreasing trend in the latter stage of 
the experiment (typically after 18 or 24 h). Nonetheless, all final water 
uptake values exceeded those of unaged samples. Neat PLA, despite 
reaching a maximum absorption at 18 h, displayed moderate levels of 
water uptake (below 1%), indicating that water absorption is predomi
nantly influenced by the presence and content of fillers. In this context, 
the initial porosity of the samples (i.e., the presence of empty lumens 
and lack of interfacial adhesion) plays a significant role, as does the 
presence of fillers at the surface, which may offer preferential pathways 
for water penetration. This is further corroborated by the fact that 
composites with 20% fillers exhibited water uptake values nearly double 
those of their 10% filler counterparts, with the only exception being the 

PO-series samples. The most degraded sample, 10PO, showed water 
uptake similar to that of 20PO, suggesting that the more pronounced 
deterioration of the matrix is a key factor in water absorption.

After a certain period, all materials exhibited a descending trend in 
water uptake. In order to elucidate this behavior, DSC tests were per
formed, and the evolution of crystallinity, calculated using Eq. (4), is 
shown in Fig. 6b. As expected, all samples demonstrated an increase in 
crystallinity over time. UV irradiation causes chain scission in the PLA 
matrix, which promotes crystallization as the shorter chains rearrange 
into more ordered structures [41]. Lignocellulosic fillers may also act as 
nucleating agents, enhancing the crystallization of PLA [42]. The 
degradation process can amplify this effect as the interaction between 
the degraded PLA chains and the fillers facilitates crystallization, espe
cially when lignocellulosic fillers undergo fragmentation and photo
degradation during the experiments. Depending on the formulation, 
crystallinity evolution can display either linear or sigmoidal patterns, 
with the onset and final extent of crystallinity varying significantly.

At the end of the experiments, both PLA and composites with 10% 
filler content achieved a maximum crystallinity of 27–28%, albeit with 
different kinetics: 10PO and 10CH reached their maximum at 18 h, PLA 
at 30 h, and 10AA at 36 h, with crystallization triggered in the 5th cycle 
(24–30 h). For composites containing 20% filler, 20CH and 20PO 
reached similar final values of approximately 35%, but with distinct 
trends: 20CH exhibited a sigmoidal increase with a plateau at 24 h, 
while 20PO showed a linear increase throughout the entire experiment. 
Meanwhile, 20AA displayed a sigmoidal curve, with a significant in
crease observed during the fifth cycle (24–30 h), similar to 10AA, but 
reached a substantially higher final crystallinity (45%).

Notably, all samples showed a crystallinity value of at least 20–25% 
when the descending trend in water uptake began.

The propagation pathways of photochemical reactions, especially in 
the presence of condensation cycles and porous fillers, can occur 
through surface or bulk erosion, or a combination of both. To explore 
this aspect, the evolution of water contact angle (WCA) over time was 
investigated and correlated with SEM observations of the exposed sur
faces for each sample. Fig. 7 shows the WCA as a function of photo
chemical aging time for all samples (a), along with SEM micrographs of 
the surface at the end of the experiment (b-g).

WCA did not follow a monotonic trend. However, consistent with the 
water uptake results, the final WCA values were always lower than those 
of the unaged samples. The fluctuations observed in WCA can be 

Fig. 6. Evolution of water uptake (a) and crystallinity degree (b) as a function 
of photochemical aging time.

Fig. 7. WCA of the samples as a function of photochemical aging time (a), 
along with surface SEM micrographs of samples at the end of the experiment (b- 
h), highlighting the events of surface erosion.
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reasonably attributed to surface erosion events, as evidenced by SEM 
micrographs across all samples, particularly those containing PO, where 
partial or complete ablation of the polymeric layer was observed (Fig. 7c 
and d). Furthermore, these changes likely result from the interplay of 
two opposing phenomena: 

(i) the exposure of lignocellulosic filler surfaces (which are generally 
hydrophilic) and the increased surface roughness from chain 
scission and erosion can decrease the WCA within the initial 
degradation stages. This can also create more free volume and 
pathways for water diffusion [43], resulting in higher initial 
water absorption, in full agreement with the previously discussed 
water uptake results.

(ii) as the crystalline regions grow and dominate the surface prop
erties, WCA might increase due to the lower surface energy of 
crystalline PLA [44]. The more ordered and packed structure acts 
as a barrier to water penetration, leading to a reduction in water 
uptake over time (see again Fig. 6). However, the presence of 
lignocellulosic fillers can still contribute to water absorption, 
although this effect may be diminished by the increased crystal
linity of the PLA matrix, which presumably results in a more 
compact and less etchable surface (as seen in the surface 
morphology of 45% crystalline 20AA, Fig. 7h).

The fluctuations in WCA over time suggest a continuous and dynamic 
process of temporary oxidized layer formation and subsequent ablation.

To gain insights into the propagation of degradation phenomena 
within the bulk, cross-sections of the specimens were analysed, and SEM 
micrographs of the samples at the end of the experiments, along with the 
mass loss measurements, are presented in Fig. 8. Mass loss (Fig. 8a) was 
moderate yet not negligible in most cases, ranging from 0.3% to 1%, 

except for the PO-based samples, which exhibited mass losses of 1.8% 
and 7%. It is worth noting that for 10PO, the final mass loss measure
ment was influenced by the progressive disintegration of the specimens 
into small pieces within the chamber.

Neat PLA (Fig. 8b) showed internal cracks typical of bulk deterio
ration, though it lacked significant voids usually associated with bulk 
erosion, suggesting that surface erosion mechanisms were predominant, 
consistent with previous results. PO-containing samples (Fig. 8c and d) 
displayed large cavities with complete fiber-matrix debonding at the 
interface. Some voids, though less pronounced, were also observed in 
CH-series composites (Fig. 8e and f), which showed noticeable swelling 
(see Fig. 8e). In contrast, AA-series samples (Fig. 8g and h) retained their 
bulk morphology even after long-term exposure.

These results can be explained by considering the initial porosity of 
the composites and the role of fillers in facilitating water penetration 
into the core, as well as the quality of interfacial adhesion. PO-based 
composites, which were already degraded during melt processing, 
showed the highest water uptake. During condensation cycles, water 
reacts with the UV-irradiated polymer, and hydrolytic reactions occur 
both at the surface and within the bulk, especially at the interface. 
Leaching events may affect not only the polymer matrix but also por
tions of the fillers. While 20PO exhibited slightly better resistance due to 
the higher UV-shielding effect of the particles, it still showed a similar 
degradation mechanism as 10PO, as well as 10CH and 20CH.

According to the scientific literature, mass loss occurs for several 
reasons, including chain scission events leading to short polymer chains 
(<20,000 Da), destruction of the filler structure, with formation of sol
uble compounds, photodegradation products volatilizing as CO2 [16,40,
45–47]. The behavior of AA-series samples was markedly different, with 
no significant bulk leaching observed through SEM analysis, in agree
ment with the minimal mass loss measurements. Nonetheless, the 

Fig. 8. Mass loss of samples as a function of photochemical aging time, along with cross-sectional micrographs of specimens at the end of the experiment.
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increase in crystallinity and mechanical decay, although slower and less 
severe than in other samples, indicate that degradation still occurred. 
However, it is likely that the molecular weight of the degraded chains 
did not reach the threshold required for solubilization or volatilization.

To gain deeper insights into the chemical transformations occurring 
during photochemical aging, FTIR/ATR spectroscopy was performed. 
The spectra of PLA samples, normalized to the intensity of the CH₃ band 
at 1452 cm-1, are shown in Fig. 9. For easier readability, Fig. 9b–d 
display enlarged spectra of three key regions: the 3800–3000 cm-1 

range, typically attributed to the O–H stretching mode (Fig. 9b); the 
1700–1490 cm-1 range (Fig. 9c); and the characteristic PLA carbonyl 
band between 1800–1700 cm-1 (Fig. 9d). The quantitative measure
ments of these variations, calculated as the ratio of each area to that of 
the methylene group [39], are shown in Fig. 9b’–d’.

In neat PLA, two distinct stages of photochemical aging can be 
observed. During the initial stage (0–12 h), there is a there is a signifi
cant increase in the area under the O–H stretching region (~3020–3700 
cm-1), along with the emergence of a complex signal in the 1520–1680 
cm-1 region.

These changes are generally attributed to the formation of new 
carbonyl moieties due to α-cleavage of the ester bond in the PLA back
bone, as well as the formation of perester, peracid moieties, and double 
bond functional groups [48]. Additionally, a decrease was observed in 

both the signal at 1250 cm-1 (C–O-C), related to the linkage of repeating 
units of PLA, and in the carbonyl band, centred at 1747–1478 cm-1.

Taken together, these results suggest an increasing concentration of 
-COOH and -OH end groups due to hydrolysis, along with the formation 
of temporary species due to the photochemical aging. Interestingly, after 
18 h of exposure, the spectra become more similar to that of the unir
radiated sample, indicating the removal of oxidized temporary layers 
and/or the leaching of hydrosoluble oligomers during condensation. The 
second stage of aging is marked by the insurgence and progressive 
growth of a shoulder in the carbonyl band at 1755 cm-1, which suggests 
increased crystallinity, as clearly shown in Fig. 8d. This observation 
aligns with the DSC and water uptake behavior previously discussed.

Between 18 and 30 h, the areas under 2500–3300 cm⁻¹ (OH region) 
and 1520–1680 cm-1 (representing new carbonyl species and oxidation 
products) begin to increase again, albeit slowly due to the heightened 
crystallinity. These findings indicate that the dynamic production and 
consumption of reactive intermediates continues throughout the pro
cess. Interestingly, highly oxidized samples that underwent erosive 
phenomena exhibit spectra that resemble their unoxidized counterparts. 
This dynamic evolution is further confirmed by analysing the carbonyl 
index (Fig. 8c’), which follows an inverse trend to the OH region.

The FTIR/ATR spectra of composites collected at different treatment 
times are shown in Fig. 10, while the evolution of normalized areas 

Fig. 9. FTIR/ATR analysis of PLA upon photochemical aging time. Full range spectra normalized to the intensity at 1453 cm-1 (a), close-up of the regions: 3800–3000 
cm-1 (b), 1700–1490 cm-1 (c), 1800–1700 cm-1 (d), along with the time evolution of the areas under the curve in these three zones, normalized to that of methylene 
(b’-c’-d’).
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under the OH region (3800–3020 cm-1), the C = O peak (1800–1700 cm- 

1), and the 1700–1490 cm-1 region are presented in Fig. 11a–c for 
composites with 10% fillers, and in Fig. 11d–f for those with 20% fillers. 
It can be noted that all green composites exhibit periodic fluctuations in 

the evolution of the three spectral regions, though with different in
tervals and amplitudes.

Among the samples, 10PO showed the strongest increase in the areas 
under both 3800–3020 cm-1 and 1700–1490 cm-1 during the initial stage 
of photochemical aging. Thereafter, these areas began to decrease, 
confirming the leaching/ablation of the most hydrolysed polymer chains 
and photo-oxidation byproducts. At 30 h, analyses of specimen frag
ments revealed a renewed rise in these spectral features, indicating the 
characteristic "zigzag" pattern of erosive mechanisms. 10CH displayed a 
similar trend, albeit with smaller amplitude variations. In contrast, 
10AA exhibited a different pattern, with both the OH region (3800–3020 
cm-1) and 1700–1490 cm-1 areas showing positive concavity when 
plotted against aging time, while the C = O index displayed negative 
concavity. Interestingly, by the end of the experiment, these values 
matched those of the unirradiated samples, suggesting that 10AA sam
ples also underwent photochemical oxidation, albeit at slower kinetics 
and to a lesser extent.

For composites with 20% filler loading, the highest content of 
lignocellulosic fillers may affect the analysis, but the overall zig-zag 
behavior persisted. In this case, the amplitude of spectral feature vari
ations was more pronounced in 20PO and 20CH, while the spectral 
features of 20AA remained relatively stable over time. However, even 
the AA-series samples showed spectra different from their unaged 
counterparts by the end of the experiments, indicating that photo
degradation altered the chemical structure of these samples without 
causing significant bulk ablation. This finding aligns with SEM obser
vations, as well as the results of water contact angle (WCA), water up
take, and mass loss previously discussed.

Solvent-aided extraction was carried out to gain further insights into 
the states of both the fillers and the matrix throughout the aging process. 
Notably, complete separation of the fillers from the matrix became 
unachievable after prolonged exposure (see Fig. S2). Following 
extended photo-oxidation, two distinct phases were isolated from each 

Fig. 10. FTIR/ATR spectra upon photochemical aging time of 10PO (a), 20PO 
(b), 10CH (c), 20CH (d), 10AA (e), and 20AA (f).

Fig. 11. Evolution of areas under OH region at 3800–3020 cm-1 (a-b), C = O region at 1800–1700 cm-1 (a’-b’) and 1700–1490 cm-1 region (a”-b”) normalized to 
those of methylene for composites containing 10% filler (top panels, a-a”) and 20% filler (bottom panels, b-b”).
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composite: a polymer-enriched phase (Fig. S2a–f) and a filler-enriched 
phase (Fig. S2a’–f’). In the polymer-enriched phase (Fig. S2a–f), small 
lignocellulosic fragments were observed floating alongside dissolved 
polymer, likely due to photochemically induced disruption of lignocel
lulosic domains. Conversely, the filler-enriched phase (Fig. S2a’–f’) 
showed larger fillers partially surrounded by residual polymeric layers. 
Analysing these distinct phases provides complementary information on 
the aging level of both the matrix and fillers.

Interestingly, the 10PO (Fig. 2a) and 10CH (Fig. 2c) samples 
exhibited the highest amounts of lignocellulosic fragments in the 
polymer-enriched phase, whereas within the filler-enriched phase, they 
showed significant polymer residue adhering to larger filler particles 
(Fig. 2a’ and c’), which appeared considerably damaged compared to 
their unaged counterparts (see Fig. S1). Indeed, the PO (a’-b’) and CH 
(c’-d’) fillers extracted from their respective aged composites, displayed 
cracks and rounded edges. These observations suggest that under this 
specific weathering protocol, even lignocellulosic fillers underwent 
degradation. Interestingly, these alterations appeared to enhance filler- 
matrix interactions, particularly in the most degraded PO and CH sam
ples (panels a-d and a’-d’), and to a lesser extent in 20AA samples, as 
indicated by the presence of few lignocellulosic fragments trapped in the 
polymer-enriched phase (Fig. S2f), as well as polymeric residues sur
rounding the fillers in the filler-enriched phase (Fig. S2f’).

Notably, the less-degraded 10AA sample contained the fewest filler 
fragments in the polymer-enriched phase (Fig. S2e) and exhibited 
minimal amounts of polymeric layers surrounding the extracted fillers 
(Fig. S2e’), which closely resembled their unaged counterparts extracted 
after processing (see Fig. S1).

Fig. 12 provides a schematic illustration of the degradation pathways 
in the composite systems studied. Highly porous fillers such as PO 
resulted in less compact composites with lower molar mass, attributed to 
the pro-degradant activity of the microparticles, and therefore a strong 
ability to facilitate water penetration into the core. This led to the lowest 
durability among the tested samples. Hydrolytic scission events propa
gated rapidly both at the surface and within the bulk, primarily at the 
matrix-filler interface, resulting in mass loss due to the formation of 
soluble PLA oligomers and PO constituents. The rapid degradation of 
10PO can be attributed to its initially amorphous nature and the reduced 
UV-shielding effect of the surface particles due to the low filler content.

The CH-series materials exhibited slightly better durability, likely 
due to the lower porosity of the fibers and the nucleating activity of CH, 
which, especially at lower concentrations, delayed the degradation 
pathways. However, the overall degradation mechanism still involved 
surface erosion and bulk propagation through the matrix-filler interface, 

similar to PO-based composites.
In contrast, the AA-series materials demonstrated superior durability 

compared to the other green composites and neat PLA. This can be 
attributed to the different morphology and chemical composition of AA 
particles. AA fillers are denser platelets that form more compact com
posites, and they contain a wide range of antioxidants that can delay the 
onset of photochemical reactions. Even after 36 h of exposure, although 
the materials showed signs of chemical alteration, crystallization, and 
surface erosion, there was no significant leaching observed in the bulk. 
This aspect indicates that, while degradation was still ongoing, the re
action propagation was considerably slower, thus allowing AA-based 
composites to retain their integrity for a longer duration. This study 
highlights that the biodegradable polyesters, prone to hydrolysis under 
UV and water exposure, may benefit or not from waste biomass fillers 
depending on specific factors: 

(i) filler chemical composition: lignocellulosic fillers can either sta
bilize the material through UV-shielding and antioxidants or 
promote degradation via pro-degradant compounds.

(ii) Secondary interactions with the matrix: fillers can limit UV and 
water penetration if they act as nucleating agents or contribute to 
a denser morphology with strong interfacial adhesion. Otherwise, 
they may facilitate bulk degradation.

4. Conclusions

In this work, we assessed the photochemical stability of PLA-based 
green composites containing three different lignocellulosic fillers, i.e., 
Posidonia oceanica (PO), Chamaerops humilis (CH), and Ailanthus altissima 
(AA), all derived from waste biomass but possessing distinct morphology 
and physicochemical properties. The materials underwent photochem
ical aging through cycles of UV irradiation followed by condensation 
and their physicochemical, morphological, and mechanical properties 
were thoroughly characterized. The results underline the importance of 
filler selection in tailoring the performance of PLA-based composites for 
specific applications. Specifically, the pro-degradant activity and high 
porosity of CH and especially PO fillers led to less compact composites 
with lower molar mass, accelerating hydrolytic degradation. This caused 
surface and bulk erosion. Composites with 10% PO showed the lowest 
stability (less than 6 h), followed by those with 20% CH. Green com
posites containing 20% PO and 10% CH showed durability of 24–30 h, 
similar to or slightly lower than neat PLA, owing to the enhanced 
crystallinity that delayed degradation pathways.

AA-based composites demonstrated the highest durability. The dense 

Fig. 12. Pictorial representation of the degradation pathways for the various composite systems. Composites based on PO and CH experience bulk erosion as a result 
of water penetration, while the more compact AA-based composites are less prone to water absorption. Degradation in AA composites is slower and mostly confined 
to surface layers. After 18 h, the development of crystalline domains in all systems (see yellow areas) slows degradation kinetics and limits water penetration.
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morphology of AA fillers and their antioxidant content delayed photo
chemical reactions and slowed degradation, allowing these composites 
to retain their structural integrity even after 36 h of exposure.

Generally, these findings demonstrate that durability of composites 
can be designed by tailoring the filler chemical composition, such as the 
content of antioxidants or pro-degradant compounds, and by other in
teractions between filler and matrix, including nucleating effect, 
porosity, interfacial adhesion, which impact UV and water propagation 
into the bulk.

Furthermore, by repurposing waste biomass, this study demonstrates 
the dual benefit of mitigating the environmental impact of local invasive 
species while advancing the development of durable and sustainable 
composite materials for outdoor applications.
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