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ABSTRACT
The performance of poly(lactic acid) (PLA) bioplastics under harsh service conditions must be understood to enable their use in 
multi-use products. This work aims to investigate the accelerated degradation of PLA-based composites designed for multi-use cut-
lery and rigid packaging when exposed to an alkaline environment (pH 12, 70°C) for 30 days. Two formulations were studied: PLA 
reinforced with glass fibers (C) and with calcium silicate (RP). Mechanical testing, Scanning Electron Microscopy (SEM), Atomic 
Force Microscopy (AFM), Fourier Transform Infrared Spectroscopy in Attenuated Total Reflectance (FTIR-ATR), and X-ray dif-
fraction were used to correlate changes in tensile properties, surface morphology, chemical structure, and crystallinity. After aging, 
both composites showed strong embrittlement, with ultimate tensile strength dropping from about 80 to 25 MPa for the cutlery grade 
and from about 54 to 24 MPa for the rigid packaging grade, and strain at break decreasing from around 2% to below 1%. Surface 
analysis revealed pronounced erosion, microcrack formation, and a significant increase in roughness, especially for the calcium-
silicate-filled composite, while FTIR-ATR and XRD indicated ester bond hydrolysis and higher overall crystallinity. These results 
demonstrate that the type of reinforcement critically controls degradation mechanisms and residual properties, providing guidelines 
for the design of more durable PLA-based bioplastics for demanding dishwasher-like and other harsh alkaline applications.

1   |   Introduction

Rising environmental concerns regarding plastic pollution have 
driven the adoption of sustainable bioplastics as alternatives to 
conventional plastics in multi-use cutlery and rigid packaging 
[1] in food-contact applications, where materials must with-
stand repeated exposure to elevated temperatures, alkaline de-
tergents, and mechanical stress during industrial dishwashing 
cycles while maintaining structural integrity, food safety, and 
biodegradability [2, 3].

Poly(lactic acid) (PLA) offers high stiffness and renewability but 
suffers from brittleness and poor thermal stability above its glass 
transition temperature (Tg≈60°C–65°C), which limits its dura-
bility in demanding, repeated-use applications [4]. To overcome 

these limitations, several strategies have been explored. These 
include polymer blending (e.g., with poly-D-lactide) to enhance 
crystallinity and heat resistance [5], incorporation of nanofillers 
(e.g., cellulose nanocrystals) to improve elongation and tough-
ness [6], and chemical modifications to enhance thermal, me-
chanical, and barrier properties  [7]. Moreover, the presence of 
inorganic fillers such as silicates has been reported to improve 
the crystallinity of the composites and then correlated to an im-
provement of their mechanical properties [8, 9]. At the research 
level, PLA-based engineered blends and biocomposites are being 
extensively studied [10]. At the commercial scale, NatureWorks 
LLC and Corbion are the two major producers of PLA [11], and 
crystallized PLA (CPLA) formulations containing mineral fill-
ers such as chalk or talc are used to produce heat-resistant cut-
lery capable of handling foods at high temperatures [12].
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The durability of such PLA biocomposites critically depends on 
the interplay between environmental exposure, crystallinity 
and reinforcement type. Hydrolytic degradation of PLA is accel-
erated by temperature, pH, and molecular structure, as demon-
strated by our previous research [13]. At or above the glass 
transition temperature (Tg≈60°C–65°C), PLA chains become 
more flexible, enhancing hydrolysis rates due to increased water 
diffusion into amorphous regions, where degradation prefer-
entially initiates [14]. Environmental pH also critically affects 
degradation: basic conditions (pH > 7) catalyze ester bond cleav-
age via hydroxide ions (OH−), depolymerizing PLA into lactide 
oligomers [15, 16], while acidic media (pH < 4) promote autocat-
alytic degradation through carboxylic acid end groups ([17, 18]).

Crystallinity modulates degradation rates, with amorphous 
regions degrading more rapidly than crystalline domains [19]. 
The presence and nature of reinforcing agents can also signifi-
cantly impact the crystallinity of biocomposites by, for example, 
providing additional nucleation sites during the crystallization 
process [20]. It is widely reported that fibers such as glass or sili-
cates increase the crystallinity of bioplastics when incorporated 
into their formulation [21], thereby enhancing the initially low 
mechanical strength of the polymer. Moreover, the choice of an 
appropriate reinforcing agent can be used to tune the balance 
between amorphous and crystalline phases, modifying material 
behavior for specific applications [22].

As shown, prior studies have examined neat PLA or model com-
posites under hydrothermal/alkaline aging, and others have 
characterized glass fiber- or silicate-reinforced PLA for mechan-
ical enhancement, but few have investigated commercial for-
mulations designed specifically for multi-use cutlery and food 
packaging under dishwasher-like conditions (70°C, pH 12). Prior 
work rarely combines tensile testing, micro/nanoscale morphol-
ogy (SEM/AFM), chemical characterization (FTIR-ATR), and 
crystallinity evolution (XRD), nor systematically compares how 
glass fibers and calcium silicate control water uptake, degrada-
tion pathways, and residual properties.

This study fills this gap by characterizing two commercial PLA 
composites, one for cutlery (glass fiber-reinforced) and one for 
rigid packaging (calcium silicate-reinforced), before and after ac-
celerated aging at 70°C and pH 12 for 30 days. These specific con-
ditions were chosen based on our previous results investigating 

the effect of pretreatment in several media and temperatures on 
one of the PLA-based composites [4]. Comprehensive analysis 
reveals reinforcement-specific degradation mechanisms, pro-
viding design guidelines for durable, sustainable PLA bioplastics 
capable of withstanding repeated dishwashing while meeting 
food-contact and end-of-life requirements.

2   |   Materials and Methods

2.1   |   Materials and Sample Preparation

PLA-based polymer samples filled with glass fibers (20% in 
weight) were provided by Arctic Biomaterials OY Ltd., Oulu, 
Ostrobothnia, Finland. They were designed to produce multi-use 
cutlery (samples labeled with a C) by means of injection molding. 
Another PLA-based polymer with calcium silicate as a mineral 
filler (30%, in weight), ArcBiox MFA30-B2000, and processed 
through injection molding, provided by Arctic Biomaterials OY 
Ltd. again was designed for its use as multi-use rigid packaging 
(RP). Further details on the polymer matrix formulations are con-
fidential due to the reserved nature of the tested specimens.

The accelerated aging tests were performed in laboratory-
controlled conditions. The time (t) was fixed at 30 days to obtain 
sensitive differences between fresh and treated samples [13]. For 
this work, a T = 70°C and pH = 12 were selected as the highly 
aggressive conditions, leading to relevant degradation phe-
nomena, based on results reported by us in previous studies on 
PLA-based C samples [4]. Samples were labeled as C/RP-T-pH 
(Table 1) to indicate the type of sample (C-cutlery and RP-rigid 
packaging), the temperature of immersion treatment (70°C) and 
the pH of the immersion medium (12).

2.2   |   Methods

2.2.1   |   Mechanical Tests

Tensile tests were performed according to the Standard DIN 
EN ISO 527-1 on dog-bone specimens at room temperature with 
an electro-mechanical universal testing machine Zwick/Roell 
Z50 (ZwickRoell GmbH & Co. KG, Ulm, Baden-Württemberg, 
Germany), equipped with a modular sensor arm extensometer 
makroXtens II and a load cell of 50 KN. All the tests were run 
with a rate of 1 mm/min for the determination of the Tensile 
Elastic Modulus and with a rate of 50 mm/min until break. The 

Highlights

•	 PLA-based polymer was reinforced with glass fibers 
or calcium silicate and exposed under harsh alkaline 
conditions.

•	 Biocomposites post-treatment evidenced an embrittle-
ment with respect to pristine samples.

•	 Post-treatment samples indicated surface degrada-
tion, chemical, and crystallinity modifications.

•	 Polymeric chains would suffer a reorganization in a 
harsh alkaline environment.

•	 Reinforcement type plays a critical role in the perfor-
mance under harsh alkaline conditions.

TABLE 1    |    Experimental conditions and nomenclature.

Type

Experimental 
conditions

NomenclatureT (°C) pH t (d)

Rigid 
packaging 
(RP)

— — 0 RP benchmark

70 12 30 RP-70-12

Cutlery (C) — — 0 C benchmark

70 12 30 C-70-12
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mechanical results were: Young's Modulus (Et), Ultimate Tensile 
Strength (UTS, σM) as the maximum stress recorded during the 
test, Strain at UTS (εM), and Strain at break (εB).

2.2.2   |   Scanning Electron Microscopy

The morphological analysis was performed with a Scanning 
Electron Microscope Hitachi S-2500 (Hitachi High-Tech 
Corporation, Tokyo, Tokyo Metropolis, Japan), in secondary 
electron mode. A portion of about 5 mm was obtained from the 
samples used for the tensile tests. The samples were observed, 
after gold coating, on the external surface at 25×, 100×, 500×, 
and 1000× magnifications.

2.2.3   |   Wetting Test

Static contact angle tests were performed using an experimen-
tal device developed at DICCA-UniGe. Distilled water droplets, 
standardized in size and kept small to minimize gravitational 
effects, were dispensed from a precision pipette and placed in 
contact with the solid surface of the samples. A digital Dino Lite 
microscope was employed to capture images of metastable drop-
lets on the samples' surface after approximately 5 s. The con-
tact angle was evaluated graphically using Autodesk AutoCAD 
software.

2.2.4   |   Atomic Force Microscopy

Atomic force microscopy measurements were obtained using 
a Nanowizard 4 JPK AFM (Bruker corporation, Berlin, Berlin, 
Germany) equipped with an additional scanner (HydridStage, 
Bruker) to extend the vertical range during scanning to follow 
the topography of the surface. Square 100 × 100 μm2 areas were 
randomly selected on the sample surface and scanned in con-
tact mode to obtain 512 × 512 pixel topography images. Samples 
were scanned in pure (MilliQ) water at a constant applied force of 
around 1 nN and at a constant scanning rate of 0.2 lines per second.

All reported measurements were obtained using the same AFM 
probe consisting of a rectangular cantilever with a nominal 
spring constant of 0.18 N/m and a sharp pyramidal tip (20 nm 
nominal radius of curvature) with a wear-resistant coating to 
maintain the same tip geometry among the different scans, 
by using HQ:CS17/Hard/Al BS model (MikroMasch, Tallinn, 
Harju County, Estonia).

Roughness values were calculated from flattened topography 
images using the JPK Data Processing software. Root-mean-
square roughness (Rq) values for the samples were calculated 
from seven AFM topography images taken on randomly selected. 
Median values, 25%–75% boxes, and out layers are represented.

2.2.5   |   Fourier Transform Infrared Spectroscopy

FTIR-ATR spectra have been performed using a Nexus 
Thermonicolet instrument (Thermo Fisher Scientific, Waltham, 
Middlesex County, Massachusetts, USA) equipped with ATR 

accessory (diamond window), 100 scans, 4 cm−1 resolution, 
DTGS detector, background air. Spectra were collected for all 
the samples in the range 4000–400 cm−1 (mid-IR region). Each 
analysis has been repeated in different specimens and/or differ-
ent points of the same sample.

2.2.6   |   X-Ray Diffraction

Crystallographic properties of the polymeric samples were 
evaluated by X-ray diffraction at room temperature in air. 
PANalytical AERIS equipment (Malvern Panalytical, Almelo, 
Overijssel, Netherlands) was operated at 30 kV and 10 mA, with 
Bragg–Brentano geometry, Cu Kα radiation, angular range 
(2θ) of 15°–55°, 0.011° step size, Ni filter and PIXcel1D detec-
tor. The total crystallinity percentage of the dense samples was 
estimated by using polymer crystallinity rate subroutine from 
Fullprof suite software [23]. The background was selected man-
ually between 15° and 35°.

3   |   Results

3.1   |   Mechanical Tests

Pristine PLA is unsuitable for applications above its glass tran-
sition temperature (Tg≈60°C) because it undergoes rapid soft-
ening and hydrolytic degradation, processes that are further 
accelerated under strongly alkaline conditions. Its mechanical 
performance is highly dependent on processing parameters, 
such as annealing treatments or the incorporation of additives. 
For example, a previously evaluated PLA grade (3251D) exhib-
ited a Young's modulus of 2.5 GPa, an ultimate tensile strength 
(UTS) of 30 MPa, and an elongation at break of 2% [4].

Table 2 summarizes the mechanical properties (Et, σM, εM, εB) 
of the C and RP benchmark samples before and after treatment 
at 70°C in an aqueous solution at pH 12. As expected, both C 
and RP composites exhibited higher stiffness than pristine PLA 
due to inorganic reinforcement, resulting in increased Young's 
modulus values compared with those reported for certain neat 
PLA grades [4].

Figure 1 presents the stress–strain curves of the C and RP bench-
mark samples before and after treatment at 70°C in an aqueous 
solution at pH 12. Both untreated C and RP benchmarks exhibit 
the characteristic behavior of rigid polymers, with a negligible 
plastic deformation region. The stress–strain curves show an 
initial linear elastic regime (whose slope corresponds to Young's 
modulus), followed by a slight decrease in slope without a well-
defined transition to plastic flow, ultimately leading to brit-
tle fracture. This brittle failure behavior is consistent with the 
stress–strain response of rigid polymers such as polystyrene or 
poly(methyl methacrylate) (PMMA), in which strain hardening 
is absent and fracture occurs shortly after yielding [24].

After treatment at 70°C in a strongly alkaline medium, all sam-
ples exhibited pronounced embrittlement, thus a lower tough-
ness, as can be observed by an evident reduction of the area 
under the stress strain curve. The ultimate tensile strength de-
creased by approximately a factor of three in the C samples and 
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by about 50% in the RP samples, while the strain at break fell 
below 1%. These results indicate different extents of degrada-
tion among the materials. Temperature plays a critical role in 
this behavior, as exposure at 70°C, above the glass transition 
temperature of PLA (Tg≈60°C), enhances chain mobility and 
accelerates hydrolytic reactions, leading to substantially faster 
degradation compared with that occurring at room tempera-
ture [25]. The type of filler also influences the degradation pro-
cess. The RP samples, which contain calcium silicate, exhibited 
greater resistance to harsh conditions than the C samples. Due 
to the shape factor, calcium silicate present as microparticles in 
the polymeric matrix reduces water permeability and slows hy-
drolytic degradation by limiting water diffusion into the poly-
mer matrix [26]. In contrast, the C samples, which contain glass 
fibers-shape, exhibited limited hydrophobicity [27] and water 
penetrates these interfaces via capillary action, promoting rapid 
hydrolytic degradation under high-temperature and alkaline pH 
conditions. This accelerated hydrolysis stems from their suscep-
tibility to corrosion and enhanced water uptake, driven by ion-
exchange processes and dissolution mechanisms [28].

In sum, the slightly better retention of mechanical properties in 
the RP samples suggests that calcium silicates locally hindered 
water penetration; however, the increased chain mobility above 
the glass transition temperature (70°C) ultimately facilitated 
hydrolysis in both systems. These mechanical results therefore 
provide direct evidence that alkaline hydrolysis is the dominant 
degradation mechanism.

3.2   |   Morphological Analysis

Figure 2 presents SEM micrographs of the RP and C bench-
mark samples, along with images of specimens treated at 70°C 
in an aqueous solution at pH 12. The benchmark samples ex-
hibited relatively uniform surfaces with only minor rough-
ness, composed of irregular particles approximately 50 μm in 
size and coated by a homogeneous layer that appeared contin-
uous at higher magnification. After alkaline exposure, both 
composites showed clear signs of degradation, with filler-
dependent features. In the C samples [4], the erosion of the 
polymer matrix led to the exposure of glass fibers. In contrast, 
the RP samples developed microcracks that propagated across 
the surface, indicating filler dissolution and localized stress 
concentrations (highlighted by yellow circles in Figure  2). 
These observations confirm that the type of reinforcement 
modulates the hydrolytic degradation pathways [25]. In this 
case, the glass fibers promote fiber–matrix decoupling and 
matrix erosion, whereas calcium silicate facilitates microc-
rack formation and partial dissolution.

3.3   |   Wetting Analysis

Wettability is an intrinsic material property determined by 
intermolecular interactions, describing the extent to which a 
liquid droplet spreads over a solid surface. It is typically quan-
tified by the static contact angle, which reflects the equilibrium 

FIGURE 1    |    Stress versus strain diagrams of tensile test on RP benchmark and RP samples treated at 70°C in pH = 12.

TABLE 2    |    Young's modulus (Et), UTS (σM) strain at UTS (εM), and strain at break(εB), together with standard deviations, of C and RP benchmark 
samples and after treatment at 70°C in aqueous solution at pH 12.

Sample Et (GPa) σm (MPa) εM (%) εb (%)

RP benchmark 5.9 (0.1) 54.1 (0.4) 2.3 (0.1) 2.6 (0.5)

RP-70-12 6.0 (0.8) 23.8 (1.1) 0.4 (0.1) 0.4 (0.1)

C benchmark 6.0 (0.1) 79.7 (5.5) 2.1 (0.1) 2.1 (0.1)

C-70-12 5.1 (0.3) 24.7 (7.8) 0.7 (0.4) 0.7 (0.4)

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.71049 by U

niversity D
egli Studi D

i G
enova, W

iley O
nline L

ibrary on [11/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5Polymer Composites, 2026

FIGURE 2    |    SEM images at 25× (column 1, a1, b1, c1 and d1), 100× (column 2, a2, b2, c2 and d2), and 1000× (column 3, a3, b3, c3 and d3) of RP 
and C samples (benchmark and immersed at 70°C and pH = 12).
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among the interfacial tensions of the solid, liquid, and vapor 
phases [29]. Wettability is influenced by both surface roughness 
and the chemical composition of the solid, and it correlates di-
rectly with hydrophobicity or hydrophilicity, thereby affecting 
hydrolytic degradation mechanisms [30, 31].

Figure 3 presents the wettability results for the C and RP sam-
ples before and after exposure to harsh conditions. Initially, the 
C benchmark samples exhibited higher wettability (74°±4°) 
than the RP benchmarks (82°±2°), suggesting a relatively great 
susceptibility to degradation. Contact angle measurements de-
creased substantially for both composites after treatment (C: 
74° ± 4° → 48° ± 0.5°; RP: 82° ± 2° → 48° ± 3°), reaching the same 
level of wettability for both the samples, indicating an increased 
surface hydrophilicity. The increased wettability (i.e., decreased 
contact angles) can be related to the changing in the surface 
morphology that facilitates further water intake, reinforcing the 
positive feedback between chain scission and hydrolytic attack, 
as previously observed in the mechanical analysis (Section 3.1) 
and SEM imaging (Section 3.2). However, although the surfaces 
appeared geometrically flat, the presence of non-uniformly dis-
tributed micro-asperities partially affected measurement repro-
ducibility. The errors values remain contained in the range of 
few angle degrees, suggesting that this evolution of the contact 
angle might be ascribed to a functional change in the nature of 
the surface. The enhanced hydrophilicity after treatment can be 
attributed to the formation of hydroxyl and carboxylate groups 
during alkaline hydrolysis, as will be discussed in Section 3.5, 
providing direct chemical evidence of surface modification.

3.4   |   Roughness Analysis

Atomic force microscopy (AFM) provides a high-resolution 
view of surface topography. Results reported in this paragraph 
complement SEM observations of larger-scale morphology and 
enable quantitative assessment of surface degradation. AFM 

topography images were acquired from multiple randomly se-
lected regions. Figure  4 presents representative topography 
images of the two samples before and after treatment. Analysis 
of the surface topography allows the calculation of changes in 
roughness parameters, which quantify treatment-induced struc-
tural modifications [32], including the root mean square rough-
ness (Rq) values reported in Figure 5.

AFM revealed contrasting surface evolutions for the two sample 
types. In the C samples, surface roughness decreased, consistent 
with polymer layer erosion and surface smoothing following glass 
fiber dissolution, in agreement with previous studies on the deg-
radation of PLA-based materials [33–35], which suggests that hy-
drophilic interfaces (e.g., glass fibers in the composites) accelerate 
degradation by promoting water infiltration and localized stress 
concentration [36]. The observed reduction in surface roughness 
is consistent with SEM characterizations of the treated C samples, 
which revealed the exposure of fibers following the dissolution of 
the external polymer layers, resulting in a smoother underlying 
surface (Section  3.2). Moreover, although wettability increased 
after alkaline treatment, this effect was less pronounced in the C 
samples compared with the RP samples (Section 3.3). In contrast, 
the RP samples exhibited increased roughness, with fractured 
domains reflecting silicate dissolution, which led to a disrupted 
surface and stress-induced cracking after treatment.

These differences underscore the filler-dependent roles in mod-
ulating surface morphology: erosion-driven smoothing in the 
C samples versus filler-assisted roughening in the RP samples. 
Both behaviors are consistent with a hydrolysis-driven degrada-
tion pathway, as inferred from SEM and FTIR analyses.

3.5   |   FTIR-ATR Analysis

The spectra of RP and C benchmark materials are reported in 
Figures 6 and 7, and the assignation of the main IR bands is 

FIGURE 3    |    Contact angle for a specimen of C and RP samples (respectively top and down), benchmark (left column) and after immersion at 70°C 
and pH = 12 (right column).

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.71049 by U

niversity D
egli Studi D

i G
enova, W

iley O
nline L

ibrary on [11/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



7Polymer Composites, 2026

highlighted in the same figures. A common feature in both spec-
tra is a main complex band split with two maxima, centered at 
1715–1720 cm−1 and 1755 cm−1, and assigned to vC  O of ester 
groups. Namely, the component at 1755 cm−1 is characteristic 
of the PLA structure while the components at lower frequen-
cies: near 1715, 1720, and 1735 cm−1 (deconvolution spectra in 
Figures S1 and S2), can be assigned to other ester compounds 
as well as to polymer chains in a different conformation and 

crystallization degree, and/or additives and secondary phases 
as also discussed in Section  3.6. The envelope of bands with 
maxima at 1212, 1180, 1157, 1130, 1085, 1045 cm−1 arises from 
C  O  C and C  C stretching modes, with contributions from 
CH3 deformation modes. Weaker bands in the 1450–1330 cm−1 
region are also assigned to CH deformation modes, whose cor-
responding stretching modes are detected in the range 3000–
2850 cm−1 [37–41].

FIGURE 4    |    Representative topography images of 100 × 100 μm2 regions of the RP (a, b) and C (c, d) samples. Images (a) and (c) refer to the samples 
before treatment while images (b) and (d) represent the samples after treatment.

FIGURE 5    |    Root-mean-square roughness (Rq) values for RP (a) and C (b) samples, calculated from seven AFM topography images taken on ran-
domly selected 100 × 100 μm2 regions, before (untreated) and after treatment (treated). Median values, 25%–75% boxes, and outliers are represented.
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In RP sample spectra, additional broad absorptions below 
1000 cm−1 (namely bands at 965, 935, 900 cm−1 and 530–
450 cm−1) are observed (evidenced in Figure  6), attributed to 
vibrational modes of the inorganic silicate component of the 
material and overlapping with bands of the polymer matrix. 
Features specifically due to bioglass filler at 1100 and 800 cm−1 
[42] are likely masked by strong polymer absorptions and cannot 
be detected in spectra of sample C.

Spectra of the samples after treatment at pH 12 and 70°C show 
several remarkable differences compared to the spectra of 
the pristine material (Figure  6 and deconvolution spectra in 
Figures  S1 and S2). A common feature in both samples' spec-
tra is the loss of one or more components in the 1750–1735 cm−1 
range, the carbonyl stretching region, indicating the breaking 
of ester bonds [4]. The signals centered near 1715 cm−1 together 
with shoulders near 1730 and 1720 cm−1 are not affected by the 
high temperature treatment. In parallel, in the 1200–1000 cm−1 
spectral range, the strong band at 1085 cm−1 disappears giving 
further evidence of alteration in the ester bonds. CH deforma-
tion modes in the spectral region also exhibit small shifts in 
shape and position.

A new band at 1580 cm−1 clearly appears in the spectrum of the 
RP sample after treatment, assigned to the asymmetric stretch-
ing mode of a carboxylate group   COO−, whose corresponding 
symmetric stretching mode would be masked by the IR bands 
of polymer matrix near 1400 cm−1. These features may relate to 
basic hydrolysis of ester groups, leading to the formation of car-
boxylate groups as the polymer chains are cleaved, and therefore 
explaining the accelerated degradation under our experimental 
conditions (i.e., alkaline environment and high temperature). 
The hydrolysis process would not be solely due to the prolonged 
heating in alkaline aqueous solution; it would be also enhanced 
by a catalytic effect of silica-based groups reported previously by 
Blaker et al. and Larranaga et al. [42, 43] for thermal degradation 
of PLA composites. Such degradation pathway could be catalyzed 
by the presence of silica-based filler due to the reaction occurring 
at the interface between a PDLLA matrix and bioglass particles. 
The high basicity will favor the formation of SiO− active centers 
which behave as catalyst of the hydrolytic degradation.

In the low frequency region of the spectrum, the IR bands as-
signed to silicate species become more evident in the RP sam-
ple spectra after treatment. Likely, the microcracks detected by 
SEM analysis (Section 3.2) led to an increased exposition of the 
inorganic filler at the surface of the composite.

In the IR spectrum of sample C after treatment, a weak IR ab-
sorption appears as a shoulder near 1590 cm−1 (Figure S3) sug-
gesting a similar behavior, that is basic hydrolysis leading to the 
formation of carboxylate groups, although at a limited extent. 
We must note that C composite exhibits a lower content of filler, 
in the form of fibers, thus exposing a low surface to the interac-
tion with the polymer matrix. This is a further indication that 
the extent of degradation depends not only on the environment 
(pH, temperature) but also on the amount and on the properties 
of the filler, including its interaction with the matrix and its dis-
persion in the polymer matrix.

The high-frequency region of the post-treatment sample spec-
tra (Figure  7) is characterized by a broad absorption centered 
at ~3450 cm−1 tailing toward lower frequencies, typical of H-
bonded OH groups arising from an increased amount of ad-
sorbed water molecules and/or newly exposed hydroxyl groups. 
The intensity of the hydroxyl peak is higher in the RP sample 
spectrum, in agreement with an increased hydrolysis of ester 
groups, as discussed in the previous paragraphs.

In sum, FTIR results confirm some ester bond cleavage through 
basic hydrolysis, directly linked to the carboxylate groups for-
mation and the presence of exposed hydroxyl groups, in agree-
ment with prior studies [44–46]. RP sample surface was most 
affected by the high-temperature, basic pH treatment as its hy-
drophilicity increased (in accordance with Section 3.4), due to 
enhanced exposure of hydroxyl groups.

3.6   |   Crystallographic Analysis

PLA can exist as either an amorphous or semicrystalline 
polymer, depending on its chemical composition and thermal 
history [47]. Its physical, mechanical, and chemical proper-
ties are indeed strongly related to the crystalline structure 

FIGURE 6    |    FTIR-ATR spectra of samples RP and C (benchmark 
and after treatment at 70°C and pH = 12). Arrows: bands due to Ca-
silicate filler.

FIGURE 7    |    ATR IR spectra of samples RP and C (benchmark and 
after treatment at 70°C and pH = 12). High frequency region.
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and degree of crystallinity. Moreover, hydrolytic degradation 
is also significantly influenced by the degree of crystallinity 
[48]. Figure 8 compares the changes in crystallinity for both 
polymers before and after exposure to high temperature and 
basic pH.

As reported in prior studies [49], pristine PLA primarily exists 
in an amorphous state and crystallizes in the α-form, character-
ized by XRD peaks near 14.8°, 16.8°, 19.0°, and 23°. Additional 
peaks may originate from the added fillers, industrial additives, 
secondary phases, or manufacturing artifacts, consistent with 
results from FT IR characterization (see the complexity of the 
C  O stretching mode signals). The XRD pattern of the RP 
benchmark also shows a low-intensity peak at 16.2°, tentatively 
attributed to the less common PLA δ-form under specific condi-
tions [50]. After exposure to harsh conditions, peak intensities 
increase, reflecting a higher degree of crystallinity, as reported 
in Table 3. Overlapping peaks at 16.2° and 16.4°, together with 
the emergence of a new peak at 18.8°, suggest a shift toward α-
form dominance. The persistent peak at 23° corresponds to the 
calcium silicate filler [51], which remains almost unaffected by 
the treatment, confirming that alterations of the PLA polymer 
chains represent the relevant degradation pathway as suggested 
by the IR results.

The XRD pattern of the C benchmark indicates an amorphous 
phase, as no characteristic peaks for PLA α- or δ-forms are ob-
served between 16° and 19°. After exposure to harsh conditions, 
crystallization of the α-form is evident, with distinct peaks at 
16.4° and 18.8°. Similarly, the prominent peaks at 19.4° and 
22.5° are likely attributable to glass fibers.

Previous studies have shown that high crystallinity in PLA 
composites promotes selective degradation in amorphous re-
gions, resulting in slit-like valleys and increased surface rough-
ness [52], consistent with our observations in RP samples. 
Conversely, low crystallinity leads to more uniform degrada-
tion, reducing surface roughness through homogeneous erosion 
[52], in agreement with our findings in C samples. The inorganic 
filler, besides catalyzing the breaking of ester bonds, may act as 
a nucleating agent, contributing to the crystallization process.

Interestingly, RP-70-12 exhibits a systematic shift of XRD 
peaks toward higher angles compared to the RP benchmark, 
indicating reduced interplanar distances. This shift likely re-
sults from hydrogen bond formation or mild hydrolysis (via 
nucleophilic substitution) involving hydroxide ions (OH−), poly-
mer chains, and the inorganic filler in the basic environment. 
This hypothesis is supported by wetting analysis (Section 3.2), 
where the contact angle decreased from 83° to 45° after degra-
dation due to increased H-bonded surface groups, and by FTIR 
data (Section  3.5), which show the emergence of a broad and 
strong band related to new hydroxy groups. This behavior is 
less pronounced in C samples, which also exhibited a smaller 
decrease in contact angle. The apparent increase in crystallin-
ity, however, did not translate into improved mechanical per-
formance. Instead, it reflects local reorganization of shorter 
chains produced by chain scission, which possess enhanced 
mobility and crystallize more readily. The net effect is embrit-
tlement, demonstrating that the observed crystallinity increase 
serves as a marker of chain rearrangement rather than material 
strengthening.

4   |   Discussion

The combined analysis of mechanical, morphological, spectro-
scopic, and crystallographic data provides a consistent picture 
of the degradation phenomena affecting PLA-based compos-
ites under harsh alkaline conditions. Filler type strongly mod-
ulates the degradation behavior. In both cases, the presence of 
SiO− groups in the inorganic filler can act as a catalyst for the 
hydrolysis of ester bonds to carboxylate species [42, 43]. In the 

FIGURE 8    |    Comparison between PLA samples before and after harsh conditions. XRD patterns of (a) RP and (b) C samples. The intensity (I) is 
expressed in arbitrary units (a. u.).

TABLE 3    |    Estimated range of crystalline content of the dense 
samples, expressed in %.

Benchmark
After harsh 
conditions

RP C RP C

Crystallinity (%) 22–24 6–7 32–33 17–18
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C samples, a dissolution of the outer polymeric layer produced 
smoother surfaces (AFM) and exposed fiber (SEM), thereby 
accelerating hydrolytic attack. The faster degradation of biode-
gradable glass fibers compared to conventional glass fibers may 
also contribute to facilitating the decomposition of the polymer 
matrix, as the progressive loss of fiber integrity can increase po-
rosity and accessibility to water and microorganisms [53], pro-
moting the biodegradation of the polymer phase. In contrast, 
the RP samples containing calcium silicate exhibited increased 
surface roughness and microcrack formation, consistent with 
partial filler dissolution and enhanced water uptake. Calcium 
silicate may also act as a nucleating agent, promoting crystalli-
zation of the remaining polymer, which explains the more pro-
nounced increase in crystallinity compared with the C samples.

Despite the observed increase in crystallinity (XRD), both com-
posites experienced significant losses in tensile strength and 
ductility. This apparent contradiction can be rationalized by 
considering that chain scission initially occurs in the amorphous 
domains, generating shorter chains with enhanced mobility that 
reorganize into more ordered, crystalline structures. The disap-
pearance of at least one component in the C  O stretching region 
of the IR spectra may support this hypothesis. However, the ex-
tensive reduction in molecular weight weakens the overall mate-
rial, resulting in embrittlement and failure at low strain. Thus, the 
increase in crystallinity reflects local reorganization of surviving 
chains rather than a global improvement in mechanical integrity.

Hydroxide ions promote cleavage of ester bonds, leading to 
chain scission and the formation of hydroxyl and carboxylate 
end groups, as evidenced by the broad OH band (~3450 cm−1) 
and the COO− band (1580–1590 cm−1). These findings confirm 
that alkaline hydrolysis is the primary degradation pathway.

Overall, the results highlight the complex interplay between 
filler chemistry, chain scission, and morphological reorganiza-
tion in determining the long-term durability of these compos-
ites. Although the number of samples was limited, consistent 
trends across independent measurements (mechanical testing, 
SEM, AFM, FTIR, and XRD) reinforce the validity of the con-
clusions. Nevertheless, further studies with larger sample sets 
and molecular weight characterization (e.g., GPC) are required 
to quantify chain scission and confirm the proposed degrada-
tion mechanism.

5   |   Conclusions

This study demonstrates that commercial PLA biocomposites 
for multi-use cutlery (glass fiber-reinforced) and rigid packag-
ing (calcium silicate-reinforced) undergo distinct degradation 
pathways when exposed to harsh alkaline, dishwasher-like con-
ditions (70°C, pH 12, 30 days), confirming their vulnerability 
during repeated industrial cleaning cycles.

Mechanical testing revealed severe embrittlement in both com-
posites, with ultimate tensile strength dropping ~70% for cutlery 
(80 → 25 MPa) and ~55% for packaging (54 → 24 MPa), and strain 
at break falling below 1% primarily due to hydrolytic chain 
scission above Tg that reduces matrix ductility. Surface analy-
ses (SEM/AFM) showed reinforcement-specific damage: glass 

fiber dissolution caused matrix erosion and fiber exposure in 
cutlery samples, while calcium silicate triggered microcracking 
and dramatic roughness increases in packaging samples. FTIR-
ATR confirmed ester hydrolysis (reduced C  O, increased OH/
COOH), while XRD revealed higher crystallinity post-aging, 
indicating chain reorganization as amorphous regions degrade 
preferentially.

These findings highlight the complex interplay between envi-
ronmental factors, reinforcement type, and polymeric matrix in 
determining the long-term durability of PLA-based composites 
and fill a critical gap by systematically comparing their perfor-
mance under realistic dishwasher conditions. Calcium silicate 
composites showed better mechanical retention despite more se-
vere surface damage, suggesting localized filler hydration slows 
bulk water diffusion, whereas glass fibers accelerate matrix loss 
through corrosion. Future research should focus on optimizing 
the composition and processing of bioplastics to enhance their 
resistance to harsh conditions, thereby promoting their wider 
adoption in demanding applications.
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