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Abstract
In this study, bionanocomposite films based on poly(lactide) (PLA) plasticised with poly(ethylene glycol) (PEG) (7.5 wt%) 
and reinforced with various contents of nanofibrillated cellulose (NFC) (1, 3, 5 wt%) were prepared. The hydrothermal deg-
radation was investigated through immersion in several aqueous environments at temperatures of 8, 23, 58, and 70 °C as a 
function of time (7, 15, 30, 60, 90 days). The effect of water immersion on the physicochemical properties of the materials 
was assessed by monitoring the changes in the morphology, thermo-oxidative stability, thermal properties, and molar mass 
through field emission scanning electron microscopy (FE-SEM), thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC), and gel permeation chromatography (GPC). The hydrothermal degradation behaviour was not critically 
affected regardless of the nanofibrillated cellulose content. All the materials revealed certain integrity towards water immer-
sion and hydrolysis effects at low temperatures (8 and 23 °C). The low hydrothermal degradation may be an advantage for 
using these PLA biocomposites in contact with water at ambient temperatures and limited exposure times. On the other 
hand, immersion in water at higher temperatures above the glass transition (58 and 70 °C), leads to a drastic deterioration 
of the properties of these PLA-based materials, in particular to the reduction of the molar mass and the disintegration into 
small pieces. This hydrothermal degradation behaviour can be considered a feasible option for the waste management of 
PLA/PEG/NFC bionanocomposites by deposition in hot aqueous environments.
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Introduction

Biopolymers produced from renewable sources that are also 
biodegradable have gained much interest in the past decades 
due to rising oil prices and the problem of plastic waste man-
agement [1–3]. Poly(lactide) (PLA) is a promising biopoly-
mer made from agricultural products such as corn, wheat 
or sugar beets and shows good mechanical properties, easy 

processability and biodegradability [4]. Nevertheless, PLA 
has some drawbacks restraining large-scale industrial pro-
duction, such as poor thermal resistance, inherent brittleness 
and low impact resistance [5]. A common way to improve 
impact resistance and crystallisation kinetics is to blend 
with other polymers that can act as plasticisers [6–8]. It has 
been reported that poly(ethylene glycol) (PEG) effectively 
improves the chain mobility, elongation at break, hydrophi-
licity, degradation rate, or softness of PLA [9–14]. In addi-
tion, PLA’s properties can be tailored by adding fillers to the 
matrix, such as natural fibres [15–17]. Nanofibrillated cel-
lulose (NFC) has been shown to significantly enhance PLA 
assets by promoting the crystallisation process, improving 
the mechanical properties, and modulating the water and air 
permeability [18–20]. Acetylation of NFC can improve the 
interphase between the PLA matrix and the fibres, to obtain 
a better and more uniform dispersion [9, 10]. At present 
PLA-based materials can be utilised in packaging [21–27], 
medicine [28–30], agriculture [31–33], electronics [34–36], 
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and automotive [37–39], where the behaviour in contact 
with water plays an important role. As a bio-polyester, PLA 
possesses labile bonds that can be hydrolytically broken 
by interaction with water molecules [40]. Gaining knowl-
edge about the structural, thermal, and mechanical changes 
undergone through hydrothermal degradation is crucial for 
extending the application range and managing the waste of 
PLA-based bionanocomposites.

PLA has been reported as relatively stable in water at 
temperatures below the glass transition, while higher degra-
dation rates occur above the glass transition [41, 42]. Water 
molecules can penetrate into the polymer structure and act as 
a plasticising agent by increasing the mobility of molecules, 
and promoting relevant physico-chemical changes [43]. Fur-
thermore, adding hydrophilic components, such as PEG and 
NFC, can make the materials more attractive to water and 
impact their hydrothermal stability in contact with aqueous 
solutions [44, 45].

Although the water absorption behaviour of PLA-based 
materials containing PEG is well documented, changes 
in the performance of plasticised bionanocomposites 
reinforced with NFC promoted by hydrothermal degrada-
tion, especially at different temperatures, still needs to be 
investigated [32, 46–48]. For this purpose, a simulation of 
hydrothermal ageing is an excellent tool to ascertain the 
degradation behaviour of biocomposites during their hypo-
thetic service life exposed to various humid environments 
[41, 49]. Therefore, this work aims to implement a detailed 
investigation of the hydrothermal degradation behaviour of 
bionanocomposite films based on poly(lactide) (PLA) with 
poly(ethylene glycol) (PEG) as a plasticiser (7.5 wt%) and 
nanofibrillated cellulose (NFC) as a reinforcement filler 
(1, 3 and 5 wt%) in different simulated environments. The 

temperatures of 8, 23, 58, and 70 °C selected for the water 
immersion provide a broad overview of the hydrothermal 
degradation process that simulates various applications 
and end-of-life scenarios, and are all of them motivated 
in Table 1.

The consequences of exposure to hydrothermal degrada-
tion conditions in these humid environments were assessed 
based on the mass variation, visual appearance, surface 
morphology, thermo-oxidative stability, crystalline struc-
ture, and molar mass as a function of immersion time. These 
parameters were monitored during different extractions after 
7, 15, 30, 60, and 90 days.

Materials and Methods

Materials and Reagents

Poly(lactide) (PLA) pellets (Grade 4032D) were supplied 
by Nature Works LLC (Minnetonka, USA) with a D-iso-
mer content of 1.6%. According to the manufacturer, the 
grade 4032D is well suited for thermoforming, coating, 
injection moulding, blow moulding, and fibre applica-
tions. Poly(ethylene glycol) (PEG) with a molar mass of 
1500  g   mol−1 from Merck (Darmstadt, Germany) was 
added as a plasticising agent. Nanofibrillated cellulose 
(NFC) was obtained from Eucalyptus Bleached Kraft Pulp 
(80% Eucalyptus globulus and 20% Eucalyptus nitens) in 
form of sheets, supplied by CMPC Pulp S.A. Santa Fe Mill 
(Nacimiento, Chile). Tetrahydrofuran (THF) (≥ 99.8%) used 
as a mobile phase in gel permeation chromatography was 
supplied by Scharlau (Barcelona, Spain).

Table 1  Temperatures selected for the water immersion studies

Temperature Motivation

8 °C • Occurs during the storage of e.g. food packaging in a refrigerator
• Simulates natural environments, such as rivers and lakes, and shows the degradation of PLA/PEG/NFC composites if waste 

enters these cold, humid places
23 °C • Represents standard room temperature, which is dominantly used for storing packaging materials

• It is also the typical temperature used in the standards:
◦ EN-ISO 62 “Plastics—Determination of water absorption” [50]
◦ ASTM D570-98 “Standard Test Method for Water Absorption of Plastics” [51]

58 °C • It is used for biodegradation studies [52, 53], for example, in the following standards:
◦ ASTM D6400-04 “Standard Specification for Compostable Plastics” [54]
◦ ASTM D5338-11 “Standard Test Method for Determining Aerobic Biodegradation of Plastic Materials under Controlled Com-

posting Conditions” [55]
◦ DIN EN 13432:2000-12 “Packaging Requirements for Packaging Recoverable through Composting and Biodegradation Test 

Scheme and Evaluation Criteria for the Final Acceptance of Packaging” [56]
◦ ISO 14855-2 “Determination of the Ultimate Aerobic Biodegradability of plastic materials under Controlled Composting Condi-

tions” [57]
70 °C • Simulates applications in automobile or electronic parts where higher temperatures can occur

• Allows seeing the hydrothermal degradation behaviour over the glass transition of PLA  (Tg =  ~ 55 °C) in the rubbery state of the 
materials
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Preparation of Nanofibrillated Cellulose (NFC)

Kraft pulp sheets were processed by grinding until disin-
tegrated fibres with a size of less than 1 cm were obtained. 
The fibres were then partially acetylated with glacial acetic 
acid (180 °C, 2 h, solid/liquid ratio 1/20) and recirculated in 
a laboratory disc refiner operating at 2500 rpm for 40 passes 
to ensure size reduction and homogeneity of the NFCs. Sub-
sequently, after cooling, the NFC suspension was diluted in 
heptanol and heated to remove the acetic acid, which has a 
lower boiling point. Finally, water was added to displace the 
heptanol from the NFC and to separate it by decantation, 
so that the fibres were not dried during these processes and 
hornification was avoided.

The prepared acetylated NFC have a degree of substitu-
tion of 0.52, determined by titration according to Rodrigues 
Filho et al. [58], and an average diameter of 30 nm, deter-
mined by the intrinsic viscosity according to the model of 
Albornoz-Palma et al. [59] (parameters: [η] = 1003 mL  g−1, 
average length = 8.1 μm). The morphology of the NFC can 
be appreciated in the scanning electron micrograph shown 
in Fig. S1 in the Supplementary Information.

Preparation of PLA/PEG/NFC bionanocomposites

For the composite preparation, the PLA pellets were pre-
liminarily dried at 80 °C for 2 h to remove the moisture. 
Then, PEG was combined with the NFC suspension in a 
DLAB MS-H280-PRO magnetic hot plate (Beijing, China) 
at 120 °C for 40 min to achieve a homogeneous dispersion. 
Next, prior to compounding with PLA, the PEG/NFC mix-
tures were placed in an oven at 100 °C for 2 h to remove 
the humidity. Afterwards, the mixtures and the PLA pellets 
were combined in a Brabender 815653 torque rheometer 
(Duisburg, Germany) at 180 °C for 5 min and 50 rpm. The 
partial acetylation of NFC allows the improvement of the 
interface between the PLA matrix and fibres, obtaining a 
more uniform dispersion [60, 61].

For the PLA/PEG blend, 7.5 wt% plasticiser was added, 
and for the composites, NFC proportions of 1, 3, and 5 wt% 
were included, based on the sum of the mass of PLA and 
PEG. Therefore, actual proportions of the all the compo-
nents in the resulting materials were calculated, as shown in 
Table 2. For the sake of clarity, bionanocomposite composi-
tions were labelled according to the entire numeral of NFC 
weight percentage.

The different compositions were injection moulded into 
Type IV ASTM D638 dog-bone specimens and further 
processed through thermo-compression to obtain the film 
specimens [62]. A HAAKE MiniJet II setup (Vreden, Ger-
many) was used for the injection, with a preheating stage 
at 190 °C for 2 min. The temperature of the moulds was 
55 °C, and the injection and post-pressure were 400 bar and 

300 bar, respectively. Subsequently, flat rectangle sheets 
were obtained through compression moulding using a cus-
tom-made four-axis hot plate press. First, each material got 
preheated at 190 °C for 10 min. Afterwards, the material got 
pressed into a PTFE mould with a pressure of 50 kg  cm−2 
for 3 min, followed by a pressure of 75 kg  cm−2 for 3 min 
and 100 kg  cm−2 for another 3 min. After compression, the 
samples were removed from the hot press and cooled at 
room temperature. The obtained sheets were cut into smaller 
stripes with the dimensions of 3.0 × 1.0  cm2 and a thick-
ness of 0.5±0.1 mm. The thickness was measured with a 
Comparator Stand (type BS-10 M) from Mitutoyo at five 
different locations, and the average was calculated and used 
respectively for future calculations. Afterwards, the speci-
mens were placed in zip bags and stored in a desiccator at 
room temperature until further analysis [63].

Water Immersion

The water immersion was monitored in terms of gravimet-
ric change, as adopted from the standard EN-ISO 62:2008 
“Plastics—Determination of water absorption” [50]. The 
water temperatures were 8, 23, 58 and 70 °C, as motivated 
in Table 1.

For the water absorption studies, the samples were firstly 
dried in a vacuum oven Heraeus Vacutherm VT 6025 (Lan-
genselbold, Germany) at 30 °C for 24 h to remove the rem-
nant moisture. Subsequently, the mass of the dried samples 
(m0) was determined with a Mettler Toledo AB135-S scale 
(Columbus, OH, USA). Then, the samples were placed in 
glass vials with a volume of 19 mL filled with distilled water 
and threaded with PTFE plugs to ensure the conditions of 
complete contact of the exposed surface with water. The 
temperatures of 23, 58, and 70 °C were carried out in dif-
ferent ovens from Heraeus Instruments Type B 12 (Hanau, 
Germany). The environment of 8 °C was carried out in a 
fridge from Aspes Type 4FAC4858 (Mondragón, Spain). 
After specific periods of immersion, the samples were taken 
out of the water to determine the mass (mt). Before weigh-
ing, all traces of water on the surface were removed with 
a clean paper tissue. The mass as a function of time (Mt), 

Table 2  Designation and composition of the PLA, PLA/PEG 
and PLA/PEG/NFC materials

Designation PLA (wt%) PEG (wt%) NFC (wt%)

PLA 100.00 – –
PLA/PEG 92.50 7.50 –
PLA/PEG/NFC1 91.59 7.42 0.99
PLA/PEG/NFC3 89.81 7.28 2.91
PLA/PEG/NFC5 88.10 7.14 4.76
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with which mass variation profiles were constructed, was 
calculated according to Eq. (1).

Material Characterisation Techniques

Field‑Emission Scanning Electron Microscopy (FE‑SEM)

The surface morphology was examined with a Zeiss Ultra 55 
field-emission scanning electron microscope (Oberkochen, 
Germany). The specimens were cut into small pieces and 
mounted on metal studs. They were sputter-coated with plat-
inum for 15 s using a Leica EM MED020 high-resolution 
sputter coater (Wetzlar, Germany). While testing, a voltage 
of 1.50 kV, with a working distance of around 5 mm and a 
temperature of 22 °C were considered. The pictures taken 
for the samples have a magnification of 5000×.

Thermo‑gravimetric Analysis (TGA)

The thermo-oxidative stability was determined with the 
Mettler-Toledo TGA 851 equipment (Columbus, OH, USA). 
A heating circulator type F32-HL from Julabo GmbH (Seel-
bach, Germany) was used for thermal control. The samples 
with a mass of about 4 mg were placed into 40 mL alumina 
crucibles from Mettler-Toledo. A dynamic thermo-gravimet-
ric procedure with a heating rate of 10 °C  min−1 in the tem-
perature range of 25–800 °C was considered. An oxidative 
atmosphere with oxygen  (O2) as the gas with a flow rate of 
50 mL  min−1 was used. Two specimens for each sample were 
analysed. TGA analyses were performed with the software 
STARe (version 9.01) from Mettler-Toledo. To evaluate 
the thermal stability of the materials, the peak temperature 
(Tpeak) of the derivative thermogravimetric curve (DTG), as 
well as the extrapolated onset temperature of the sigmoidal 
thermogravimetric curve (Tonset), where the horizontal base-
line crosses the tangent of inflection point, were determined 
following the ISO 11358–1 standard [64]. The averages of 
the values from each sample were taken respectively.

Differential Scanning Calorimetry (DSC)

Calorimetric data were determined with the Mettler-Toledo 
DSC 820 setup (Columbus, OH, USA) coupled with a cool-
ing system type Haake EK 90/MT from Thermo Fisher Sci-
entific (Waltham, USA). The samples with a mass of about 
4 mg were placed into 40 mL aluminium crucibles from 
Mettler-Toledo perforated on top to allow gas evaporation. 
The temperature range between 0 and 200 °C was run with a 
heating/cooling rate of 10 °C  min−1. All measurements used 

(1)M
t(%) =

(m
t
− m

0
)

m
0

⋅ 100

nitrogen  (N2) with a flow rate of 50 mL  min−1 as a protective 
gas to prevent oxidative reactions of the samples. The scan-
ning program consisted of three subsequent heating/cooling/
heating segments with 3-min-long isotherms for stabilisa-
tion. Two samples for each specimen were measured, and 
the obtained values were averaged. The DSC analyses were 
performed with Mettler-Toledo’s software STARe (version 
9.01).

Different values were gathered from the DSC measure-
ments to gain information about the various phase transitions 
and the crystallinity of the composites. The values of the 
first heating scan were taken respectively for further calcu-
lations because it allows the determination of the present 
sample condition after the preparation through compression 
moulding, immersion in water, and storage. From the first 
heating scan, the enthalpy of the cold crystallisation process 
(ΔhCC) and the melting process (ΔhM) were gained through 
the integration of the DSC-curve. The degree of crystallinity 
(Xc) of the materials was calculated with the obtained values 
using Eq. (2).

where ∆hM and ∆hM0 are the melting enthalpies for the PLA 
samples and 100% crystalline PLA, ∆hCC is the enthalpy 
of the crystallisation event, and w is the weight fraction of 
PLA in the composite. A value of 93 J  g−1 was taken as 
the melting enthalpy of a totally crystalline PLA material 
(∆hM0) [65].

Furthermore, it is possible to evaluate the crystalline 
structure by calculating the lamellar thickness (lc) with the 
Thomson-Gibbs equation [66], represented in Eq. (3).

 where TM is the obtained peak temperature of the melting 
procedure, TM

0 is the equilibrium melting temperature of 
an infinite crystal (480 K), σe is the surface free energy of 
the basal plane where the chains fold (60.89·10–3 J  m−2), 
and ∆hMV is the melting enthalpy per volume unit 
(111.083·106 J  m−3) [67].

Gel Permeation Chromatography (GPC)

The molar mass was evaluated with an Omnisec gel per-
meation chromatography (GPC) system from Malvern 
Panalytical (Worcestershire, United Kingdom). The system 
consists of the Resolve section with an integrated pump, a 
degasser, an autosampler and a column oven, and the Reveal 
part with a multi-detector including Ultraviolet, Refractive 
Index, Low- and Right-Angle Scattering and Viscosity. 
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The measuring system was calibrated before and after each 
sequence using a monodisperse polystyrene (PS) standard 
(105 000 g  mol−1). Two columns from Malvern Panalyti-
cal were used (T2000 and T4000, both 300 mm × 8 mm) 
at a temperature of 35  °C. Tetrahydrofuran (THF) was 
used as a mobile phase with a flow rate of 1.0 mL  min−1. 
The samples were dissolved in THF with a concentration 
of ca. 2.0 mg  mL−1 at 58 °C for 48 h and filtered through 
0.45 µm PTFE filters. Two injections of 100 µL per sample 
were performed, and the obtained data were analysed with 
the Omnisec V11™ software. As a result, the molar mass 
distribution was obtained, along with other parameters, such 
as the number average molar mass (Mn) and the weight aver-
age molar mass (Mw).

Results and Discussion

In this study, the effects of water immersion on the gravimet-
ric mass, visual appearance, surface morphology, thermo-
oxidative stability, crystalline structure, and molar mass of 
the PLA, plasticised PLA/PEG, and PLA/PEG/NFC bio-
nanocomposites are presented and compared to the non-
immersed materials. Afterwards, given the simultaneous 
influence of hydrothermal degradation by multiple factors, 
such as the immersion time (0, 7, 15, 30, 60, and 90 days), 
immersion temperature (8, 23, 58, and 70 °C), and the com-
position of the materials, a statistical approach was applied 

to quantify their isolated effects. As for the composition, the 
contribution of poly(ethylene glycol) (PEG) as a plasticiser 
alongside nanofibrillated cellulose (NFC) as a reinforce-
ment filler was analysed and compared to pure poly(lactide) 
(PLA). The possibilities and limitations of using these PLA-
based bionanocomposites in the simulated wet environments 
of typical bioplastic applications were consequently dis-
played and examined.

Monitoring of Mass and pH Variation During 
Immersion

The mass variation curves at different immersion tem-
peratures (8, 23, 58, and 70 °C) are shown in Fig. 1. Mass 
changes were monitored for a maximum period of 90 days 
at 8 and 23 °C, while at 58 and 70 °C they had to be stopped 
after ~ 30 days and ~ 10 days, respectively, because the sam-
ples started to get vastly disintegrated, making them impos-
sible to be measured.

Pure poly(lactide) (PLA) absorbs water during immersion 
at all temperatures and achieves a steady equilibrium. In 
contrast, the samples containing poly(ethylene glycol) (PEG) 
lose mass after reaching a maximum of water absorption, 
resulting in a peak-like curve progression, as can be appre-
ciated in the inset of Fig. 1 for the early stages of immer-
sion at the temperature of 23 ºC. This phenomenon has been 
ascribed to the release of species such as short polymer seg-
ments, additives, plasticisers, or fillers, which can begin to 

Fig. 1  Mass variations of the 
PLA, PLA/PEG and PLA/PEG/
NFC films through immersion 
in water at different tempera-
tures (8, 23, 58, and 70 °C)
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leach and dissolve due to their poor interaction and freedom 
of movement [68–71]. After the peak, the curves of the PLA/
PEG blend and the PLA/PEG/NFC bionanocomposites for 
the immersion temperatures of 8 and 23 °C remain constant, 
while those for 58 and 70 °C continue to decline linearly 
until disintegration. The plasticised samples immersed in 
water at 58 °C progressively lose ca. 5.0% of mass after 
30 days, while the specimens immersed at 70 °C lose ca. 
7.5% after 10 days. This constant mass loss at higher tem-
peratures is supposed to be due to the release of hydrolysed 
soluble oligomers that can escape from the matrix [72].

At this point, to further investigate the hydrothermal per-
formance, the pH of the aqueous solutions was measured as 
a function of time, as presented in Fig. 2. At 8 °C, the pH of 
the solutions for pure PLA and the PLA/PEG blend remains 
unaltered, while that of the PLA/PEG/NFC bionanocompos-
ites decreases from the very first stages of water immersion, 
more significantly as the NFC percentage increased. This 
behaviour suggests that the PLA/PEG/NFC bionanocom-
posites had more low molar mass acidic compounds than 
pure and plasticised PLA, that were released during immer-
sion. These compounds with low molar mass could have 
been created during processing in the torque rheometer, 
when PEG and NFC were added to the PLA. Other authors 
showed that adding fillers during melt processing can alter 
the rheological behaviour of the melt as a consequence of the 
filler-matrix interface and the presence of short-range inter-
actions via overlapping of interfacial layers on neighbouring 

fillers [73]. This effect may produce higher shear forces dur-
ing processing and enhance thermo-mechanically induced 
chain scission. This influence, together with the hydrophilic 
nature of NFC, which can lead to the absorption of small 
amounts of water and hydrolytic chain scission during pro-
cessing [74], can lead to greater degradation. A similar but 
more accentuated pH decrease was visible during immer-
sion at 23 °C, also showing a reduction for the pure PLA 
and PLA/PEG films. Here, temperature contribution gained 
importance, revealing a more significant acidic compound’s 
release. At 58 °C, an even stronger pH loss was found with 
a slower decreasing behaviour for PLA compared to plasti-
cised PLA and bionanocomposites. Finally, at 70 °C, a sharp 
pH decrease for all the materials was observed after only 
15 days. 

These observations suggest that 8 °C did not provide 
enough thermal energy to promote a significant mass loss 
due to hydrolytic breakage during immersion but highlight 
the contribution of NFC during processing, which could 
have generated low molar mass compounds with carboxyl 
end groups that were released from the first stages of immer-
sion and decrease the pH. At 23 ºC, the reduction of pH for 
all the compositions, more accentuated with the presence of 
NFC, demonstrates that all the materials underwent hydro-
lytic degradation during immersion. Additionally, water 
immersion at higher temperatures of 58 and 70 ºC above 
the glass transition of PLA promoted an extensive hydrolytic 
scission of ester bonds and subsequent leaching of acidic 

Fig. 2  pH variations of the 
solutions during immersion in 
water of PLA, PLA/PEG and 
PLA/PEG/NFC films at differ-
ent temperatures (8, 23, 58, and 
70 °C)
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compounds [75], which strongly influenced the mass of the 
films and the pH of the remnant solutions.

Macroscopic Changes

The macroscopic changes during immersion were moni-
tored, and the visual appearance of the films is shown in 
Table 3. Raw PLA remains transparent after immersion 
at 8 and 23 °C, while the PLA/PEG blend and the PLA/
PEG/NFC bionanocomposites develop small white dots, 
which become more prominent with time. Additionally, 
the PLA/PEG blend and PLA/PEG/NFC bionanocompos-
ites immersed at 23 °C slowly lose their transparency and 
become whitish as a function of time.

At 58 °C, the materials became opaque and showed mul-
tiple white spots after only 15 days. After 30 days, the films 
were completely white with a very fragile behaviour. At 
longer immersion times, these samples develop cracks, col-
lapse and disintegrate into small parts. The visual changes 
of the samples stored in water at 70 °C occur even faster 
and more drastically. Indeed, after 90 days of immersion at 
70 °C, the materials disintegrated so far that it was impos-
sible to manage them properly.

Overall, at lower temperatures of 8 and 23 ºC, the polymer 
chains maintain the morphology and structure determined 
by processing below the glass transition. In comparison, the 
immersion at higher temperatures of 58 and 70 °C favours 
water penetration and more kinetic energy that may act as 
driving forces for increased chain mobility and hydrolytic 
cleavage, which provoked significant changes in the visual 
appearance likewise found in other studies immersing PLA-
based composites [76]. Most of these changes have been 
associated with a preferential degradation of amorphous 
regions and increased material crystallinity [68, 77, 78], 
significantly increasing opacity [79].

Microscopic Surface Morphology

The surface morphology of the samples at a microscopic 
level before and after 60 days of water immersion is pre-
sented in Table 4. In addition, the electron micrographs of 
the samples after 30 days of immersion can be found in the 
Supplementary Information in Table S1.

After the immersion in water at 8 and 23 °C for 60 days, 
the film specimens remained practically stable and showed 
a characteristic plane surface with small stripes caused by 
compression moulding during sample preparation. In con-
trast, above the glass transition temperature at 58 ºC, the 
PLA, the PLA/PEG blend and the PLA/PEG/NFC biona-
nocomposites show clear pores and cracks on the surface 
of films. The cracks and pores of the materials get more 
extensive, resulting in a further rough and uneven surface as 
degradation progresses. More drastic morphological changes 

occur at the highest water immersion temperature of 70 °C, 
resulting in a sponge-like porous structure. Equally looking 
pores were found by Fukushima et al. due to the immersion 
of PLA at elevated temperatures [76]. This structure is sug-
gested to occur because parts of the amorphous regions may 
have been hydrolysed during immersion and disappeared, 
leaving the crystalline structures behind [80, 81]. This per-
formance is coherent with the perceived mass loss and pH 
reduction due to the release of acidic substances from the 
bionanocomposite.

Particularly, at 58 and 70 ºC, the PLA/PEG blend and the 
PLA/PEG/NFC bionanocomposites show dominant cracks 
on the face of the films, more restrained with increasing 
nanofibrillated cellulose (NFC) content. The presence of 
NFC seems to enhance the integrity of the PLA/PEG-based 
films, contrarily to what has been reported for PLA-based 
biocomposites with hydrophilic micro or macro-fillers, 
where they act as water attracting elements with differential 
swelling to matrix, developing stress at interphase region 
leading to microcracking [41, 68]. Even though PLA/PEG 
blends are highly hydrophilic, the inclusion of low percent-
ages of NFC with functional groups in his surface, can inter-
act with PLA and PEG domain and act as a cohesive agent 
[82], therefore contributed to reduce the cracking phenom-
ena during immersion.

Thermo‑oxidative Stability

The obtained derivative thermogravimetric (DTG) ther-
mograms of the immersed PLA, PLA/PEG and PLA/PEG/
NFC samples at 8, 23, 58 and 70 °C are shown in Fig. 3, 
involving a main mass loss stage at 350 ºC with a mass loss 
of ca. 95%, typical for PLA-based materials. Complemen-
tarily, the thermograms of PLA/PEG and PLA/PEG/NFC 
revealed the decomposition peak of PEG at around 250 °C. 
As mentioned before, after 90 days of immersion in water 
at 70 °C, the samples got vastly disintegrated, and conse-
quently, TGA analysis could not be performed. The immer-
sion in water at 8 and 23 °C seem to have no significant 
effect on the thermo-oxidative stability, regardless of the 
composition, as indicated by the overlapping of the obtained 
thermograms for all immersion times. On the other hand, 
the immersion at 58 and 70 °C clearly shifts the decom-
position step of the materials towards lower temperatures 
as a function of immersion time, especially in terms of the 
onset temperature. The corresponding TG thermograms, 
which can be found in the Supplementary Information in 
Fig. S2, corroborate the shift towards lower temperatures of 
the onset of the decomposition process, that takes place over 
a wider temperature range, also with a more heterogeneous 
behaviour as a function of immersion time. Although it was 
non-critical, the effect of NFC could be appreciated at long 
immersion times particularly at 58 ºC, contributing to retain 
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to a greater extent the characteristic shape and temperatures 
of the thermo-oxidative decomposition process of the non-
immersed samples. The cohesive effect of NFC intuited in 
previous section may have contributed to reduce the oxygen 
penetration pathways during thermogravimetric analyses 
and, therefore, retain certain thermo-oxidative stability.

Thermal Phase Transitions and Crystalline Structure

The hydrothermal degradation kinetics of PLA are known 
to be affected by the initial crystallinity and can also pro-
mote changes in its crystalline structure during immersion 

[83]. In fact, the hydrolysis reaction is influenced by the 
water diffusion into the amorphous parts, which are more 
labile to degradation and can undergo rearrangements 
into crystalline domains [78], in agreement with previous 
microscopic results.

The calorimetric thermograms for the first heating scan 
were chosen for the evaluation because they represent the 
present thermal properties of the materials after immersion 
and can be seen in Fig. 4 for the different compositions, 
immersion temperatures and times. The thermograms for 
the cooling and the second heating scans can be found in 
Fig. S3 and Fig. S4 in the Supplementary Information.

Fig. 3  DTG thermograms of the PLA, PLA/PEG and PLA/PEG/NFC films before and after the immersion in water at different temperatures (8, 
23, 58, and 70 °C) for different times (0, 7, 15, 30, 60, and 90 days)
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Table 3  PLA, PLA/PEG and 
PLA/PEG/NFC films after 
immersion in water at different 
temperatures (8, 23, 58, 70 °C) 
and times (0, 15, 30, 90 days)

8 °C 23 °C
0 days 15 days 30 days 60 days 90 days 0 days 15 days 30 days 60 days 90 days

PLA

PEGa

NFC1b

NFC3c

NFC5d

58 °C 70 °C
0 days 15 days 30 days 60 days 90 days 0 days 15 days 30 days 60 days 90 days

PLA

PEGa

NFC1b

NFC3c

NFC5d

a PLA/PEG, bPLA/PEG/NFC1, cPLA/PEG/NFC3, dPLA/PEG/NFC5

Table 4  Micrographs of the 
PLA, PLA/PEG and PLA/PEG/
NFC films before and after the 
immersion in water at 8, 23, 58 
and 70 °C for 60 days

Non-immersed Immersed for 60 days
8 ºC 23 ºC 58 ºC 70 ºC

PL
A

PL
A

/P
EG

1
CF

N/
GEP/

ALP
3

CF
N/

GEP/
ALP

5
CF

N/
GEP/

ALP
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Before water immersion, raw PLA exhibits a glass 
transition with a structural relaxation followed by a cold 
crystallisation and a melting process consisting of two 
overlapping peaks ascribed to two dissimilar crystalline 
populations. The PLA/PEG blend and the PLA/PEG/NFC 
bionanocomposites show less significant structural relaxa-
tions, smaller cold crystallisations, and a more prominent 
unimodal melting peak.

From the thermograms of the samples stored in water 
at 8 and 23 °C, phase transitions remained virtually stable. 

However, the immersion at the higher temperatures of 58 
and 70 °C caused both the structural relaxation and cold 
crystallisation to vanish. Analogous results for PLA during 
accelerated ageing have been reported [42, 79, 84]. This phe-
nomenon is supposed to occur due to an increased crystallin-
ity during water immersion that might prevent the rearrange-
ment of the polymer chains when subjected to the heating 
program in the DSC. In addition, the melting peak generally 
shifted towards lower temperatures and became broader and 
smaller as a function of immersion time, especially visible 

Fig. 4  DSC thermograms of the first heating scan of the PLA, PLA/PEG and PLA/PEG/NFC films before and after the immersion in water at 
different temperatures (8, 23, 58, and 70 °C) for different times (0, 7, 15, 30, 60, and 90 days)
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at 70 °C. Particularly for the PLA/PEG blend and the PLA/
PEG/NFC bionanocomposites, the melting transition devel-
ops from a regular peak into an asymmetric shape, which 
was also found by other studies for PLA-based materials 
[68, 85–87]. Nijenhuis et al. and Yasuniwa et al. attributed 
this behaviour to lamellar rearrangements during the crys-
tallisation of PLA, resulting in a second low-temperature 
peak of a new crystalline population on top of the original 
crystallites [86, 88].

Hydrothermal Chain Scission

The molar mass distributions of raw PLA, the PLA/PEG 
blend, and the PLA/PEG/NFC bionanocomposites after dif-
ferent immersion times in water at different temperatures are 
shown in Fig. 5.

For the samples immersed at 8  °C, non-significant 
alteration of the molar mass distributions was noticed, 
while at 23 °C, they slightly shifted to lower molar mass 
values. In contrast, the distributions of raw PLA, the PLA/
PEG blend, and the PLA/PEG/NFC bionanocomposites 

Fig. 5  Molar mass distributions of the immersed PLA, PLA/PEG and PLA/PEG/NFC films at 8 °C, 23 °C, 58 °C, and 70 °C (from top to bot-
tom) after different immersion times (0, 7, 15, 30, 60, and 90 days)
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immersed at 58 and 70 °C show a clear displacement 
towards lower values and a more heterogeneous profile 
as a function of time regardless of the composition, dem-
onstrating a strong decrease in molar mass. The change 
in the shape of the distributions is a consequence of chain 
breakage and possible rearrangement or functionalisation 
of the polymer segments. Generally, hydrothermal deg-
radation of PLA-based materials is a vastly heterogene-
ous process that can lead to non-gaussian performance 
[71]. Water immersion causes cleavage of the ester bonds, 
which leads to shorter polymer segments with smaller 
molar masses. The breakdown of the polymer structure 
into smaller segments is random and can result in the 
appearance of many different peaks in the distributions. 
Moreover, some authors suggest that the degradation 
products are formed both at the surface, and in bulk, and 
in the amorphous and crystalline regions with different 
degradation rates [71]. These results are consistent with 
the heterogeneous weight loss profiles due to hydro-
thermal degradation observed by the thermogravimetric 
measurements and with the changes in the acidity of the 
remnant aqueous solutions in the previous sections.

Influence of Immersion Time, Temperature, 
and Material Composition on Hydrothermal 
Degradation

In this study, the hydrothermal degradation is simultane-
ously influenced by multiple factors, such as the immersion 
time, immersion temperature, and the composition of the 
materials. Complementarily to the detailed results shown 
in previous sections, an overall perspective given by a sta-
tistical approach was made to quantify the effects of these 
factors. Therefore, the values for some of the assessed indi-
cators of the physico-chemical characteristics of the biona-
nocomposites were selected: the onset temperature (Tonset) 
and the peak temperature (Tpeak) of the main thermo-oxida-
tive decomposition step, the degree of crystallinity (Xc) and 
lamellar thickness (lc), as well as the average molar mass in 
number (Mn) and the average molar mass in weight (Mw). 
The values of these indicators are plotted in the Supplemen-
tary Information in Fig. S5, Fig. S6, and Fig. S7.

In order to have an isolated look at the influencing fac-
tors, the chosen numeric values were added together for 
the respective levels, and the arithmetic means were cal-
culated and gathered in Table 5. Through this procedure, 
the influence of a single factor can be studied, while the 

Table 5  Arithmetic means of the onset-temperature (Tonset-mean) and 
peak-temperature (Tpeak-mean) of the main decomposition step, the 
degree of crystallinity (Xc-mean) and lamellar thickness (lc-mean), 
and the average molar mass in number (Mn-mean) and average molar 

mass in weight (Mw-mean) for the various factors (immersion time, 
immersion temperature, material composition before and after water 
immersion) and their respective levels

*The samples were vastly disintegrated after 90 days in water at 70 °C, therefore no TGA and DSC analysis could be performed. The missing 
values made it impossible to calculate the average value for 90 days of immersion time

Factor Level Tonset-mean (°C) Tpeak-mean (°C) Xc-mean (%) lc-mean (nm) Mn-mean (kDa) Mw-mean (kDa)

Immersion time 0 d 329.1 (± 2.4) 355.7 (± 2.1) 37.0 (± 1.8) 13.2 (± 0.0) 26.6 (± 0.7) 45.4 (± 0.7)
7 d 328.1 (± 3.4) 355.6 (± 2.3) 48.5 (± 3.2) 12.5 (± 0.1) 15.9 (± 1.0) 28.9 (± 1.4)
15 d 325.1 (± 5.7) 354.7 (± 3.6) 47.9 (± 3.3) 12.1 (± 0.1) 15.5 (± 0.7) 30.6 (± 0.4)
30 d 324.1 (± 4.3) 352.8 (± 3.7) 50.1 (± 3.9) 11.3 (± 0.1) 13.2 (± 0.5) 25.4 (± 0.3)
60 d 313.7 (± 5.5) 351.1 (± 3.7) 51.5 (± 4.1) 10.4 (± 0.1) 13.5 (± 0.7) 23.6 (± 0.3)
90 d n.d.* n.d.* n.d.* n.d.* 12.6 (± 0.5) 22.5 (± 0.3)

Immersion temperature 8 °C 332.0 (± 4.7) 356.4 (± 2.8) 35.0 (± 3.1) 13.4 (± 0.1) 24.3 (± 0.9) 46.5 (± 0.5)
23 °C 331.1 (± 0.5) 356.2 (± 2.4) 36.7 (± 3.9) 13.4 (± 0.1) 22.1 (± 1.3) 41.2 (± 1.2)
58 °C 323.1 (± 4.4) 354.0 (± 3.2) 59.7 (± 3.4) 11.3 (± 0.1) 7.3 (± 0.4) 13.4 (± 0.2)
70 °C 304.9 (± 6.4) 347.7 (± 5.0) 66.5 (± 4.0) 8.3 (± 0.1) 2.8 (± 0.2) 3.8 (± 0.2)

Composition before 
immersion

PLA 332.4 (± 4.2) 355.9 (± 1.8) 2.8 (± 1.6) 14.3 (± 0.0) 39.7 (± 0.2) 76.1 (± 0.4)
PLA/PEG 326.3 (± 2.6) 356.3 (± 1.7) 48.8 (± 3.8) 12.9 (± 0.1) 23.3 (± 0.3) 42.0 (± 0.1)
PLA/PEG/NFC1 327.4 (± 2.0) 356.0 (± 3.5) 47.1 (± 1.5) 13.0 (± 0.0) 20.5 (± 0.4) 34.3 (± 0.1)
PLA/PEG/NFC3 326.3 (± 1.9) 353.8 (± 2.7) 42.7 (± 1.1) 12.8 (± 0.1) 22.3 (± 0.1) 35.0 (± 0.2)
PLA/PEG/NFC5 333.2 (± 1.2) 356.5 (± 0.8) 43.5 (± 0.8) 13.1 (± 0.0) 24.4 (± 0.1) 40.5 (± 0.1)

Composition after 
immersion

PLA 325.7 (± 3.6) 354.6 (± 2.0) 29.4 (± 2.2) 12.3 (± 0.1) 22.8 (± 1.0) 43.9 (± 1.1)
PLA/PEG 322.7 (± 3.6) 355.5 (± 2.8) 54.7 (± 3.2) 11.5 (± 0.1) 13.1 (± 0.7) 23.7 (± 0.4)
PLA/PEG/NFC1 324.9 (± 5.4) 355.5 (± 2.9) 53.8 (± 4.1) 11.5 (± 0.1) 12.3 (± 0.5) 22.4 (± 0.4)
PLA/PEG/NFC3 321.8 (± 6.0) 353.2 (± 4.2) 54.4 (± 4.1) 11.5 (± 0.1) 12.4 (± 0.7) 21.5 (± 0.5)
PLA/PEG/NFC5 320.4 (± 4.3) 349.6 (± 4.5) 50.0 (± 4.8) 11.6 (± 0.1) 13.0 (± 0.5) 24.2 (± 0.2)
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influences of the other factors are cancelled out. Figure 6 
shows the influence of the factors immersion time, tem-
perature, and composition on the values representing the 
thermo-oxidative stability, crystalline structure and hydro-
thermal chain scission. For the temperature and compo-
sition graphs, the values of the non-immersed samples 
were added for a better comparison and visualisation of 
the influence of hydrothermal degradation.

The influence of the immersion time in water on the 
hydrothermal degradation is represented in the first col-
umn of Fig. 6. The thermo-oxidative decomposition tem-
perature and the lamellar thickness, which is directly 
related to the melting temperature, decreases linearly 
as a function of time, given the hydrolytic attack on the 
crystalline domains [7]. In contrast, the degree of crystal-
linity increases sharply after the first 7 days of immer-
sion and then gradually approaches a plateau. The same 

Fig. 6  Influence of the immersion time, temperature, and sample composition on the thermo-oxidative stability (Tonset-mean, Tpeak-mean), the 
crystalline structure (Xc-mean, lc-mean), and the hydrothermal chain scission (Mn-mean, Mw-mean)
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asymptotic increase in the crystallinity as a function of 
ageing time was found by Berthe et al. [49] for raw PLA 
and by Hakkarainen et al. and Gil-Castell et al. for PLA-
based materials [7, 71] in their water absorption studies. 
The profile of the molar mass as a function of immersion 
time shows a complementary progression to the profile for 
the degree of crystallinity. The breakage of the PLA chains 
into smaller segments due to hydrothermal chain scission 
increases their mobility, allowing them to rearrange into 
crystalline domains more easily [35]. The asymptotic 
curve progression indicates a fast-hydrolytic degradation 
of the amorphous regions in the early stages, followed by 
a slower degradation of the crystalline regions, which have 
a higher resilience towards hydrolysis.

The immersion temperature displayed the most signifi-
cant influence on the hydrothermal degradation of the PLA/
PEG/NFC bionanocomposites, as represented in the second 
column of Fig. 6 [78]. While the physicochemical proper-
ties stay almost unaffected through immersion in water at 
8 and 23 °C, the values significantly change at 58 °C and 
even more at 70 °C. For instance, the mean onset tempera-
ture of the main decomposition step decreases through 
the immersion in water at 58 °C around 6 °C and at 70 °C 
declines up to 24 °C. While the peak temperature seems 
only slightly affected, the onset temperature decreases con-
siderably, resulting in a greater width of the decomposition 
step. Furthermore, the degree of crystallinity of the mate-
rials increases significantly due to the lower molar mass 
caused by hydrolytic chain scission, which transforms the 
amorphous regions into crystalline phases. Other stud-
ies also found that the extent of these transformations is 
increased in environments with higher temperatures [41, 
42, 49, 68, 84]. Additionally, it is well known that water 
can penetrate into the polymer matrix and act as a plasti-
ciser resulting in increased chain mobility and thus creating 
more crystalline domains, as reported in other water absorp-
tion studies [7, 40, 41, 46, 48, 69, 76, 89]. The combination 
of water and temperature results in an exponential profile 
for the crystallinity between 8 and 70 °C. The substantial 
increase in crystallinity of the samples immersed at higher 
temperatures explains the previous observation of the films 
becoming white, non-transparent, and fragile after storage 
in water. The molar mass profile shows a complementary 
curve progression compared to the degree of crystallinity, 
showing a strong decrease in the molar mass of PLA/PEG/
NFC bionanocomposites at 58 and 70 °C to values down to 
around 2.5 kDa after 90 days. At such high temperatures, the 
materials are above their glass transition, which significantly 
promotes the hydrolysis reaction resulting in severe polymer 
chain breakage and, thus, highly crystalline structures. This 
substantial molar mass decrease due to chain breakage at 
higher temperatures creates smaller oligomers with carboxyl 
end groups that are more soluble in water and result in the 

previously mentioned mass loss, pH reduction and disinte-
gration behaviour of the films.

Finally, the relevance of the composition of the materials 
on the hydrothermal degradation behaviour was analysed 
in the third column of Fig. 6. Thermo-oxidative stability 
given by the onset and peak temperatures of decomposi-
tion remained practically unaltered regardless of the NFC 
addition. In terms of crystalline structure, raw PLA had a 
lower crystallinity than the PLA/PEG blend and the PLA/
PEG/NFC bionanocomposites, both before and after water 
immersion. However, through the water immersion, the 
degree of crystallinity for raw PLA increased on average by 
26.6% (+ 950%), while the crystallinity for the PLA/PEG 
blend rose slightly by 5.9% (+ 12%), and the PLA/PEG/
NFC nanocomposites increased by 6.5 to 11.7% (+ 14 to + 
27%, respectively). This indicates that raw PLA could have 
a more substantial potential to increase crystallinity during 
immersion. However, it must be considered that the blend 
and bionanocomposite materials could be more restrained 
given that they already had a high degree of crystallinity 
of ~ 45% before the immersion. In this regard, it is relevant 
to mention that the NFC percentage of up to 3%wt seemed 
to enhance crystallisation due to the nucleating performance 
of the nanoparticles that enhanced crystallinity degree in the 
non-immersed samples. Greater percentages of NFC may 
have resulted in nanoparticle agglomeration, which buffered 
the nucleation ability and resulted in a lower crystalline 
fraction. This behaviour is aligned with other studies in the 
literature, all referring to a nucleating effect of the nanofill-
ers up to agglomeration [90–93]. The analysis of the molar 
mass revealed that raw PLA also had a significantly higher 
molar mass before the immersion compared to the PLA/PEG 
blend and the PLA/PEG/NFC bionanocomposites. Neverthe-
less, when subjected to hydrothermal ageing, all the materi-
als exhibit a comparable decrease in average molar mass 
of about 40%, regardless of the composition. The higher 
molar mass of PLA compared to the PLA/PEG blend and 
the PLA/PEG/NFC bionanocomposites before water immer-
sion explains its lower degree of crystallinity. The chains in 
the PLA/PEG blend and the PLA/PEG/NFC bionanocom-
posites were able to move and rearrange themselves more 
freely during processing due to their shorter length and the 
plasticising effect of PEG. Dorgan et al. suggest that the 
entanglement molecular weight of PLA is around 9 kDa 
[52]. Therefore, the long chains of PLA before immersion 
may have been highly entangled that movement during pro-
cessing was hindered, so they were prevented from crystal-
lisation. The processing of the PLA/PEG blend and, in par-
ticular, the PLA/PEG/NFC bionanocomposites contributed 
to the formation of low molar mass compounds, which are 
then released during immersion, as shown in Fig. 2 from 
the stronger pH decrease of the solution after immersion in 
water at 8 °C and 23 °C. Hydrothermal degradation at 58 and 
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70 °C promoted the breakage of the long chains of raw PLA 
into smaller segments down to 2.5 kDa. Consequently, the 
small and hydrolysed segments that are less entangled can 
rearrange themselves easier, resulting in a more significant 
increase in the crystallinity of raw PLA and the release of 
acidic compounds.

Conclusions

From a technological point of view, several insights can 
be gathered from this study. The hydrothermal degrada-
tion behaviour was not critically affected regardless of 
the nanofibrillated cellulose (NFC) content. This indi-
cates that it could be possible to improve the properties 
of poly(ethylene glycol) (PEG)-plasticised poly(lactide) 
(PLA) with NFC as a reinforcement filler without exhibit-
ing more remarkable physicochemical changes in contact 
with water. The immersion of the PLA/PEG/NFC biona-
nocomposites in water at temperatures above their glass 
transition (58 °C and, especially, 70 °C) leads to a drastic 
decrease in their physicochemical properties, highlight-
ing the limited use in applications in contact with water 
at these temperatures. However, the observed advanced 
degradation and disintegration may be feasible for waste 
management or molecular recycling of these materials by 
deposition in hot aqueous environments. In contrast, the 
PLA/PEG/NFC nanocomposites revealed certain integ-
rity towards water immersion and hydrolysis effects after 
90 days of immersion in water at lower temperatures (8 °C 
or 23 °C), indicating a potential use of the materials in 
water-contact applications at ambient temperatures and 
limited exposure times, such as in food packaging. Finally, 
the observed hydrothermal stability at low temperatures 
indicates that these PLA/PEG/NFC bionanocomposites 
cannot decompose sufficiently and could lead to waste 
accumulation if disposed of in cold, humid environments.
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