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ybrid material L,D-PLA : 5CB :
SWCN under the influence of neutral, acidic, and
alkaline environments

Patryk Fryń,a Sebastian Lalik,a Krzysztof A. Bogdanowicz, b Natalia Górska,c

Agnieszka Iwan *d and Monika Marzec *a

The aim of the study was to investigate the influence of the environment's pH on the degradation of the

layers of the ternary composite L,D-PLA : 5CB : SWCN (10 : 1 : 0.5, w/w/w), where L,D-PLA (poly(lactic acid))

is a biodegradable polymer, 5CB is a well-known liquid crystal (4′-pentyl-4-biphenylcarbonitrile), and

SWCN are single-walled carbon nanotubes. For this purpose, the samples were stored in air, distilled

water, and solutions of 0.1 M NaOH and 0.1 M HCl, for up to 62 days. Using differential scanning

calorimetry, atomic force microscopy, and infra-red spectroscopy methods it was observed that for both

neat L,D-PLA and composite layers there was a poor degradation process after the storage under

standard air conditions, distilled water, and 0.1 M HCl solution, while the erosion of the surface layer kept

in 0.1 M NaOH solution was revealed just after 6 days. The longer storage in 0.1 M NaOH solution

resulted in complete degradation of the L,D-PLA polymer layer, while the composite layer survived for up

to 62 days. The solubilization of the polymeric L,D-PLA matrix in the composite after 62 days was so

severe that it resulted in the vanishing of thermal effects on the DSC curve except for one that was

probably connected with the glass transition of the residual quantity of the polymer that remained in the

layer or the isotropisation of 5CB. As a result, we have shown that admixtures of 5CB and SWCN

accelerate the degradation of L,D-PLA in the composite layer due to the hydrophilic/hydrophobic

interface in the layer and act as plasticizers. The mechanism of the degradation process is also discussed.
1. Introduction

With constant globalization, concerns about environmental
issues are becoming an important factor to consider in relation
to energy production and environmental pollution. Therefore,
for 20 years, considerable emphasis has been placed on
biodegradable materials based on polymer matrices, providing
ecological solutions, and being a renewable source of mate-
rials.1 The specic recycling conditions for biodegradable
materials are crucial.2

In recent years, poly(lactic acid) (PLA), the most commer-
cially used bioplastic in the world,3 is of great interest as
a material for the production of biomedical materials and
devices, such as implantable scaffolds, saturated threads,4,5
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micro- and nanoparticles,6,7 and due to its hydrolytic degrada-
tion (compost degradation) also to remove non-toxic by-prod-
ucts in costly and multi-step industrial processes.8–10

It is important to understand the degradation process of
biodegradable polymers when designing new materials and
compositions that would retain their properties for a desired
period of time and could be recycled quickly and efficiently.11–13

Poly(lactic acid) (PLA) has been considered a promising biode-
gradable polymer material due to easy processability, high
strength, and biodegradability, which are required when used
as a blend component with other materials, to solve the short-
comings. Therefore, the strategy of creating blends or mixtures
of different polymers and/or nanomaterials showing good
compatibility, which increases the adhesion between the pha-
ses or mixture components, seems a reason for the preparation
of new biodegradable materials possessing tailored properties
suitable for numerous applications.14,15 PLA, as a polymer
component of various products, has been thoroughly studied.
Life cycle assessment leads to a conclusion that this material is
sustainable, renewable, and intended to be a low-carbon
material in the future. Therefore, this material can make an
important input into ecological safety by reducing the negative
impact of anthropogenic factors on the environment by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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optimizing the recycling of the polymer blends containing more
and more bio-friendly materials.3

Karamanlioglu et al. observed that PLA degrades slowly
below its glass transition temperature. The studies on PLA lms
at room temperature and 40% relative humidity and at 55 °C
under dry conditions revealed deterioration in mechanical
properties by 68% or 34% and a decrease of crystallinity by 5%
and 3%, respectively. Additionally, the degradation inuenced
the melting temperature by decreasing its value by 4 °C and
caused the deformation of CH signals observed in FTIR
spectra.16

Liu et al. investigated the degradation process for poly(L,D-
lactic acid) depending on the temperature, both under air and
nitrogen conditions, and observed that the degradation process
occurs in two or three stages. In the rst step, oligomers con-
taining carboxyl groups are formed (self-hydrolysis) and are not
affected by the atmosphere. In the second stage, aer the olig-
omers have evaporated, the thermo-oxidation process occurs,
which reduces the activation energy. The third thermal stage
was observed in the nitrogen atmosphere for samples above
200 °C and was assigned to the presence of carboxylic groups, as
acidic catalysts, coming from degradation products
(monomers).17

The effect of pH on the degradation of PLA oligomers was
investigated and it was noticed that the degradation process
occurred as an acid-, base- or non-catalyzed process. The acid
catalysed process was observed at a pH of 1 to approx. 4, fol-
lowed by a non-catalytic process, which depended on the olig-
omer length, and base catalysis above pH 5 for oligomers with n
> 4. The longest non-catalytic stage was observed for dimers.18

Luo et al. studied the biodegradation of the samples based
on poly(lactic acid) with and without the addition of titanium
dioxide in the form of anatase ller. The studies were carried
out for 90 days on samples under controlled conditions. It was
found that the addition of the inorganic ller did not affect the
degradation mechanism, which was identied as heteroge-
neous, as indicated by an increase in the crystallinity of the
polymer. The high content of TiO2 accelerates the degradation
rate, most likely due to the easier access of water to the blend
structure.19

In turn, Marra et al. compared the effect of TiO2 and ZnO
additions on the PLA degradation process in various media. The
polymer matrix was admixed with nanoparticles in the range of
2–5 wt% and under isothermal conditions subjected to UV
radiation and of 1 M NaOH solution and solution of proteinase
K. They found that the addition of both types of nanoparticles
accelerated the degradation of the polymer. Under basic
conditions, ZnO accelerated the process, while TiO2 acted
rather as an inhibitor. The enzymatic hydrolysis occurred faster
for the PLA : TiO2 and slower for the PLA : ZnO composition.20

Czarnecka-Komorowska et al. studied the PLA composites
with a content of 1, 2.5, or 5 wt% halloysite nanotubes, in order
to evaluate the mechanical properties of the new composite
materials over time (composting process). They observed that
the composite material, especially with a content of 5 wt%
showed a loss of mass and a decrease of viscosity, increased
fragility and cracks, and even delamination aer 30 days.21
© 2023 The Author(s). Published by the Royal Society of Chemistry
The degradation process of the PLA : carbon nanotube
composites, as a potential biomedical material, has been
investigated only in an aqueous environment. During the
incubation of the composite material, swelling and partial
degradation were noted due to the penetration of water into the
polymer matrix. The changes in the mechanical properties of
the composite in the form of mats were also greater compared
with the mats of neat PLA. The 14 day incubation reduced the
strength of the sample from 47 to 78% of the initial value. The
authors did not provide any important data regarding the
crystallinity, wettability, and porosity of the samples and their
inuence on the degradation process.22

To summarize, nowadays the use of biopolymers in blends is
becoming a necessity in order to improve ecological safety. It is
well known that poly(lactic acid) (PLA) is a biodegradable
material with lower greenhouse gas emissions. In our previous
article23 we described the properties of the three-component
composites L,D-PLA : 5CB : SWCN with different proportions of
components. We have shown that the addition of 5CB to the L,D-
PLA matrix in the proportion of 1 : 10 (w/w) results in an
increase of exibility, and in combination with the conductive
nature of single-walled carbon nanotubes the L,D-PLA : 5CB :
SWCN composite with a ratio of 10 : 1 : 0.5 (w/w/w) exhibits the
lowest resistance (41.0 U) and thermal stability in air condition
up to a temperature of 160 °C.

In this study, knowing how L,D-PLA degrades under alkaline
conditions,24 we focused on how the addition of SWCN and 5CB
inuences this degradation. We have evaluated the inuence of
the environment at different pH values on the layer containing
the biodegradable polymer L,D-PLA in the form of a ternary
composition L,D-PLA : 5CB : SWCN (10 : 1 : 0.5 w/w/w). To this
end, changes in mass, thermal properties, infrared spectra, and
the surface topography of the layers were studied in detail. The
samples were stored for up to 62 days under various conditions
including, air conditions in a fume cupboard, distilled water,
0.1 M NaOH, and 0.1 MHCl solutions. To our knowledge, this is
the rst work studying the inuence of both 5CB and SWCN on
the degradation of the L,D-PLA layer. We have shown that the
composite layer still degrades similarly to a neat L,D-PLA layer in
three environments (water, air, and acidic) but aer 62 days, the
L,D-PLA layer in alkaline environments completely degrades
while the composite layer remains continuous (Proikakis et al.
also observed a weight loss of approx. 70% aer 45 days in an
alkaline environment24). We have also demonstrated that the
nature of additives, in this case, hydrophobic 5CB and SWCN,
has a signicant impact on the degradation rate, which is an
important nding not described in the literature.

2. Materials and methods
2.1. Materials

L,D-Poly(lactic acid) (L,D-PLA) was used as received from Galactic.
4′-Pentyl-4-biphenylcarbonitrile (5CB), and single-walled carbon
nanotubes (SWCN) were used as received from Sigma-Aldrich
(Saint Louis, Missouri, USA). The SWCN used had an average
diameter of 0.84 nm, a median length of 1 mm, and $95%
carbon basis ($99% as carbon nanotubes). Chloroform (98.5%)
RSC Adv., 2023, 13, 3792–3806 | 3793
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was used as received from POCH. Hydrochloric acid and
sodium hydroxide were used as received from STANLAB.

L,D-PLA: FT-IR [cm−1]: 2995 m nas(CH3), 2965 sh n(CH3), 2944
m ns(CH3), 2879 w, 2861 w, 1748 s n(C]O), 1722 sh, 1453 m
das(CH3), 1382 m ds(CH3), 1360 m ds(CH3), 1302 w, br d(CH),
1268 m n(C–O), 1209 sh, 1180 s ns(C–O–C), 1127 s n(C–O), 1081 s
nas(C–O–C), 1043 s n(C–O), 1020 sh, 956 w, 919 w, 896 w, 869 m
n(C–C), 847 sh, 754 m n(C–C), 735 sh, 706 br, 669, (s – strong, m –

medium, w – weak, br – broad, sh – shoulder).25

2.2. Experimental methods

The thermal properties of L,D-PLA, and the composite layers
were studied using the differential scanning calorimetry (DSC)
method. DSC curves were registered using the PerkinElmer
Diamond 8000 calorimeter (PerkinElmer, Waltham, MA, USA)
to study changes in the transition temperatures depending on
the environment and time. The samples, ca. 5 mg, were sealed
using a press in 30 mL aluminium vessels. The measurements
were performed both by heating and cooling at 10 °C min−1

rate. At least three cycles of heating and cooling were performed
for each sample to ensure the repeatability of the results.

The surface topography of L,D-PLA and composite layers was
studied sing atomic force microscopy (AFM) Agilent 5500 (Agi-
lent Technologies, Santa Clara, CA, USA) working in the non-
contact mode. Parameters such as setpoint, proportional gain,
integral gain, and speed were adjusted during each measure-
ment to obtain the best possible images. Images were collected
at several randomly chosen areas for each sample and image
processing was performed using the Gwyddion.26

Infra-red spectra of the layers kept under various environ-
ments were recorded at room temperature using a Thermo
Scientic™ Nicolet™ iS5 spectrometer equipped with an iD5
ATR accessory (Thermo Fisher Scientic, Waltham, MA, USA) in
Fig. 1 The scheme of sample preparation for measurements.

3794 | RSC Adv., 2023, 13, 3792–3806
the range of 550–4000 cm−1, with a spectral resolution of 2 cm−1

and at 32 scans per spectrum (FT-IR). The spectra were collected
using the OMNIC 8.3 soware while full spectrum processing
was performed using Bruker Opus 7.0.

The samples were weighed using a Sartorius Cubis MSA125P-
1CE-DU analytical balance (Sartorius Weighing Technology
GmbH, Goettingen, Germany) with an accuracy of 0.01 mg.

2.3. Preparation of layers

Layers of L,D-PLA, and composite were prepared by the drop-
casting method in a ve-step procedure: in the rst step, the
appropriate amount of polymer (ca. 2 g per layer) was added to
30 mL of chloroform. Next, the admixture of SWCN (ca. 100 mg)
and 5CB (ca. 200 mg) was added in the case of the hybrid layer.
The solutions of L,D-PLA and composite were mixed with
amagnetic stirrer for at least 2 hours and followed by sonication
(Ultrasonic Processors—VCX500, tip 6 mm) for 30 min. The
created mixture was poured onto a Petri dish with a diameter of
16 cm and le in a fume cupboard for evaporating the chloro-
form. Finally, ready layers were cut into smaller pieces (ca. 1 cm
× 1 cm). Small pieces of neat L,D-PLA, and the composite were
placed under different conditions:

� 12 pieces under standard air conditioning in the fume
cupboard.

� 15 pieces in distilled water (pH = 6.93 ± 0.12).
� 15 pieces in 0.1 molar NaOH aqueous solution (pH = 12.63

± 0.07).
� 15 pieces in 0.1 molar HCl aqueous solution (pH = 1.19 ±

0.06).
Then, aer a set time (1, 6, 13, 29, and 62 days), 3 samples of

neat L,D-PLA and 3 samples of the composite were taken from
each environment (distilled water, acidic and alkaline solu-
tions). Aer gently wiping, the samples were weighed and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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studied by AFM, DSC, and FT-IR. At the same time, samples le
in the fume cupboard were also studied. The scheme of the
sample preparation for measurements is presented in Fig. 1,
while the mean masses of the samples determined at the
beginning of the experiment are shown in Table 1.
3. Results and discussion

Photos of the polymer L,D-PLA, and the composite layers aer
exposure to various environmental conditions for 62 days are
presented in Fig. 2. Only in the case of the L,D-PLA layer stored in
0.1 M NaOH solution, the last surviving layer is shown, i.e., aer
29 days (Fig. 2c). Regardless of the environment, all L,D-PLA
layers became partially tarnished, (the most was the layer kept
in 0.1 M NaOH solution, Fig. 2b–d). On the other hand, the
composite layers kept in distilled water and 0.1 M HCl solution
did not differ much from each other and from the reference
layer deposited in the fume cupboard (Fig. 2e–g). The composite
layer became very brittle and cloudy aer 62 days in 0.1 MNaOH
solution (Fig. 2h).
3.1. Mass loss

During the degradation studies, the changes in the mass of the
samples exposed to environments with different pH changes
with time were studied. For this purpose, the average mass loss
and the average relative mass loss of the studied samples are
Table 1 The mean masses at the beginning of the experiment

Environment

m0 � sðm0Þ½mg�

L,D-PLA Composite

Air 36.60 � 16.07 40.81 � 7.55
H2O 23.43 � 17.77 24.96 � 13.52
0.1 M NaOH 29.72 � 19.03 27.63 � 12.18
0.1 M HCl 21.55 � 18.72 24.08 � 12.44

Fig. 2 The layers of L,D-PLA (a–c), and composite (e–h) after 62 days in
environment (d).

© 2023 The Author(s). Published by the Royal Society of Chemistry
presented as a function of time (Fig. 3 and 4). Since the mass
loss is proportional to the initial mass, the mean relative mass
loss over time is shown. The layers kept in the air in a fume
cupboard were taken as a reference. The average mass loss and
the average relative mass loss as a function of time for the L,D-
PLA, and composite layers kept in the air are presented in
Fig. 3a and b, respectively. It was seen that the L,D-PLA, and
composite layers poorly degrade in the same way in the air
within the limits of uncertainty and there were no signicant
differences between them.

A comparison of the mass losses of the L,D-PLA, and
composite layers for environments with different pH is pre-
sented in Fig. 4. There is a slight change in the mass in the
aquatic environment in relation to the reference sample kept in
the air, while the largest change is for the 0.1 M aqueous NaOH
solution. All L,D-PLA layers placed in 0.1MNaOH for longer than
30 days completely degrade. Thus, the alkaline environment
strongly degrades the L,D-PLA polymer layers. Similarly, for the
composite, the mass loss in the alkaline medium was the fastest
of all environments (Fig. 4c and d) but no complete degradation
of the layer was observed aer 62 days, as it was for the undoped
L,D-PLA polymer layer. However, the rate of mass loss over time
was faster for the composite than for the L,D-PLA polymer in an
alkaline environment (see Fig. 3d and 4b). On the other hand,
within the uncertainty, the loss of mass of the composite layers
in time, both in distilled water, acid solution, and in the air, was
the same.

These phenomena can be explained by the specic compo-
sition of the ternary composite, namely, the presence of two
hydrophobic components 5CB and SWCN. We suppose that the
structure of L,D-PLA in the ternary composition differs from that
of the neat polymer because 5CB and SWCN affect the rear-
rangement of the polymer chains in the layer. Taking into
account the affinity of the methyl group in the polymer repeti-
tive unit to hydrophobic additives, it is very likely that formed
dispersion causes the exposition of ester groups to the surface
various environments and the L,D-PLA layer after 29 days in an alkaline

RSC Adv., 2023, 13, 3792–3806 | 3795
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Fig. 3 Mean absolute (a) and relative (b) mass loss of L,D-PLA, and composite layers kept in the air.
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and is probably due to the formation of ester domains. This
rearrangement probably results in the formation of looser
structures than in a neat polymer, making the composite
structure more susceptible to water penetration and washout.
In the presence of an alkali environment, the greatest loss of
Fig. 4 Mean absolute (a and c) and relative (b and d) mass loss of L,D-PLA,
is the same for all graphs.

3796 | RSC Adv., 2023, 13, 3792–3806
mass was found because degradation in an alkali solution
promotes the formation of carboxylic salts, more soluble than
carboxylic compounds.27 Therefore, in this case, both surface
and in-bulk degradation of the layer occurs. The degradation
rate strongly depends on the environment and solubility/
and composite, respectively, in various environments. The legend in (c)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 DSC curves registered during heating (a and c) and cooling (b and d) for L,D-PLA, and composite, respectively after 60 days under different
conditions. The legend in (b) is the same for all graphs.
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dispersity of degradation by-products demonstrating the
tendency of alkali \ water $ acidic. It seems that the acidic
environment reduces the solubility/dispersion of products
containing carboxyl end groups.
Table 2 Transition temperatures of the investigated L,D-PLA, and compos

Environment Tg [°C] DCp [

L,D-PLA Heating H2O 50.8 0.465
HCl 50.3 0.380
NaOH (30 days) 53.0 0.435
Air 48.9 0.440

Cooling H2O 51.7 0.393
HCl 51.3 0.519
NaOH (30 days) 53.3 0.378
Air 50.5 0.421

Composite Heating H2O 45.9 0.388
HCl 46.7 0.370
NaOH — —
Air 46.4 0.404

Cooling H2O 45.7 0.378
HCl 46.4 0.384
NaOH — —
Air 46.7 0.399

© 2023 The Author(s). Published by the Royal Society of Chemistry
Finally, we should stress here that the studied samples were
in the form of layers with an area of 1 × 1 cm2 and were studied
at a temperature below Tg, as such, we deal here mainly with the
mechanism of surface degradation, but it is possible that
ite layers under different conditions were detected by the DSCmethod

J (g °C)−1] Tonset [°C] Tend [°C] DH [J g−1] Xc [%]

141.8 153.8 0.807 0.861
142.0 153.6 0.681 0.727
143.4 155.0 0.774 0.826
141.5 152.8 0.701 0.748
— — — —
— — — —
— — — —
— — — —
136.7 151.3 17.465 21.434
137.3 151.4 18.069 22.176
— — — —
137.9 151.0 13.677 16.785
— — — —
— — — —
— — — —
— — — —
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swelling could have a marginal inuence on this degradation
(however, we did not observe any increase in mass, character-
istic of swelling).
3.2. DSC study

The DSC curves for the L,D-PLA, and composite layers kept in the
aqueous, alkaline, acidic, and air environments recorded aer
62 days are presented in Fig. 5. An exception is the DSC curve
recorded for the L,D-PLA polymer layer kept in an alkaline
environment, which was recorded aer 30 days, since, as
previously shown, these layers degrade completely over a period
of more than 30 days. As is seen, all DSC curves are very similar
Fig. 6 Surface topography of the L,D-PLA (a), and composite (d) layers jus
layers after 29 days in various environments.

3798 | RSC Adv., 2023, 13, 3792–3806
for the L,D-PLA, regardless of the environment (Fig. 5a and b),
with only a slight shi of the onset (Tonset) and end (Tend)
temperatures, corresponding to the melting of the polymer, is
visible.

For the layer kept in the 0.1 M NaOH aqueous solution, this
shi in temperatures is the greatest. All the determined thermal
parameters for L,D-PLA (regardless of the environment) are
consistent with the literature data for the neat L,D-PLA, which
suggests that degradation does not reduce the polymer molar
mass Mw (which could be manifest by a signicant shi in the
melting point and broadening transitions).28 Considering the
possibility of solubilizing L,D-PLA in these environments, it can
be assumed that the described mass loss is mainly related to
t after layer formation, and of L,D-PLA (b and c) and composite (e and f)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polymer solubilization and, therefore, the thermal properties of
the remaining polymer are almost like in the pristine form.

The discrepancy between the Tg temperature for the neat PLA
determined by us and Jia et al.29 (49 °C and 62 °C) may result
from many factors, e.g., different polydispersity and chemical
purity of the PLA used, the use of the solvent for the preparation
of layers and a long time of sonication, being kept in the air for
60 days or high-pressure treatment (of ca. 5 MPa) as well as
higher temperatures than 170 °C and vacuum drying at 60 °C
for 8 h.

An unexpected behaviour was noted for the composite layer
exposed to a 0.1 M NaOH aqueous solution. All thermal effects
coming from the polymer are not visible on DSC curves (Fig. 5c
and d), which may indicate a signicant degradation of the L,D-
PLA polymer chain into smaller fragments (oligomers) and their
elution from the layer into the solution. In turn, the small
anomaly visible at ca. 33 °C (le inset in Fig. 5c) may be the
result of the glass transition of the residual quantity of the
polymer that remained in the layer or of the liquid crystalline
dopant (5CB). Given the mass loss of the sample aer 29 days in
an alkaline environment and assuming that it was due to the
solubilization of the polymer matrix (polymer chains are
broken: ester bonds break, oligomers are formed and dissolve),
the remainder of the layer would have a different component
Fig. 7 Surface topography of the L,D-PLA layers after 1 (a), 6 (b), 13 (c), a

© 2023 The Author(s). Published by the Royal Society of Chemistry
ratio, roughly 0.8 : 1.0 : 0.5 (L,D-PLA : 5CB : SWCN). This explains
why the thermal effects from the polymer are not visible in the
DSC curve (the ratio between the polymer matrix and the plas-
ticizers has changed drastically and too small polymer content
does not produce thermal effects). Considering the above
aspects into account, the DSC curve shows the behaviour
characteristics of a mixture in which the main component is the
liquid crystal 5CB, which is in line with the literature report for
the mixture of 5CB with carbon nanotubes.30 In the case of
composite layers kept in other environments, a slight shi in
the phase transition temperatures was observed (Table 2). A
decrease in the Tg temperature in the composite is also
observed in relation to the neat L,D-PLA, therefore, 5CB and
SWCN act as plasticizers and plasticize the polymer.31 These
results conrmed the above-mentioned degradation mecha-
nism of the ternary composite.

It should be noted here that on the DSC curves registered
during heating for all L,D-PLA layers, only the glass transition
and melting point are visible, while the cold crystallization is
not (Fig. 5a). In turn, the glass transition and melting point, as
well as cold crystallization, were registered for composite layers
kept in all environments except the alkaline solution (Fig. 5c).
This lack of cold crystallization in neat L,D-PLA and its presence
in the composite are not fully understood by us yet, but were
nd 29 (d) days in 0.1 M NaOH solution.
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also observed by other researchers.32 However, there are also
reports of a twofold situation, i.e., the existence of cold crys-
tallization on the DSC curve for neat PLA, and its disappearance
with increasing admixture.32,33 Additionally, crystallization is
not visible in the cooling curves for both L,D-PLA, and the
composite, which may indicate a much lower crystallinity of the
L,D-PLA polymer used by us than that used by other
researchers.32,33 Therefore, based on the DSC results, we calcu-
lated the crystallinity Xc of the L,D-PLA polymer both in neat
polymer and composite layers kept in various environments:34
Fig. 8 Surface topography of the composite layer after 1 (a), 6 (b), 13 (c),
example of the determination of h and L from the AFM profile (f).

3800 | RSC Adv., 2023, 13, 3792–3806
Xc ¼ DHm

wDH0
m

� 100% (1)

where w = 1 for L,D-PLA, and w = 0.8696 for the composite,
DH0

m = 93.7 J g−1 is the enthalpy change at the melting point for
a polymer with 100% crystallinity. The values of enthalpy
change DHm together with calculated crystallinity Xc are pre-
sented in Table 2. As can be seen, the crystallinity strongly
increases aer doping with liquid crystal 5CB and single-walled
carbon nanotubes, which was also observed by Tarani et al. aer
and 29 (d and e) days in 0.1 M NaOH aqueous solution together with an

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The dimensions of the objects visible on the composite's
layers kept in various environments

Environment h [nm] L [nm]

Air 20.80 � 9.62 330.88 � 116.64
H2O 8.67 � 6.37 200.16 � 63.74
0.1 M HCl 6.81 � 2.29 67.76 � 12.76
0.1 M NaOH 9.18 � 4.28 63.89 � 18.22

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ja

nu
ar

y 
20

23
. D

ow
nl

oa
de

d 
on

 1
/2

6/
20

26
 8

:5
7:

47
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
PLA doping with llers ZnO, TiO2, and Ag nanoparticles.34 The
impurities in the composite in the form of both the 5CB liquid
crystal and the SWCN can be treated as impurities in the poly-
mer that act as primary nucleation seeds on which the polymer
crystallization seeds are formed in the process of heterogeneous
nucleation.33 As a result, the crystallinity for the composite
signicantly increased relative to the neat L,D-PLA polymer (see
Table 2), and an anomaly related to cold crystallization
appeared on the DSC curve for the composite, which was not
present for the neat polymer (Fig. 5). The appearance of cold
crystallization for composite is evidence for an increase in the
mobility of the polymer chains in the composite.33
3.3. AFM study

Images of the surface topography of the L,D-PLA, and composite
layers aer 29 days in the air, distilled water, and 0.1 M HCl
aqueous solution are shown in Fig. 6, while the inuence of
0.1 M NaOH aqueous solution on the surface topography is
shown in Fig. 7 and 8.

In the case of the layers kept in the air, the L,D-PLA polymer
layer has a continuous and smooth surface (low roughness
coefficients, see Table 3, Fig. 6a), while on the surface of the
composite layer randomly dispersed objects in a form of the
bundle are clearly visible (Fig. 6d). The effect of distilled water
aer 29 days on the L,D-PLA layer results in the appearance of
ne cracks (Fig. 6b), the roughness parameters also increased
by an order of magnitude (Table 3), which suggests signicant
changes on the surface. The degradation in water may be
related to the self-catalyzed hydrolysis of L,D-PLA (the presence
of carboxylic acid end groups catalyses the breaking of the ester
bonds). The released proton ions break the chain, allowing the
oligomers formed to be solubilized.11 The AFM observation of
the composite layers did not reveal any surface changes aer
exposure to distilled water (Fig. 6e). Most likely, the use of
additives such as 5CB allows the formation of a more stable
structure, restricting the access to the carboxylic end groups.

The surface of the L,D-PLA layer aer exposure to an aqueous
0.1 M HCl solution (Fig. 6c) practically did not change, as also
Table 3 The roughness parameters Sq and Sa for the surface of the pre

Environment Day

L,D-PLA Air 0
H2O 29
0.1 M HCl 29
0.1 M NaOH 1

6
13
29

Composite Air 0
H2O 29
0.1 M HCl 29
0.1 M NaOH 1

6
13
29 (Fig. 8d)
29 (Fig. 8e)

© 2023 The Author(s). Published by the Royal Society of Chemistry
seen in the Sa and Sq parameters (they are of the same order as
for the layer kept in the air). In contrast, the surface of the
composite layer changes signicantly (Fig. 6f), which is also
evidenced by the change in roughness parameters (Table 3).
Moreover, the topography image of the composite kept in acid
revealed the presence of different sizes of objects compared to
the image of the same sample stored in air or water (Table 4).
Summarizing, this might suggest that a very small amount of
L,D-PLA did undergo solubilization during the storage in acidic
conditions, as was observed by Lazzari et al. for the kinetic
degradation of PLA oligomers.18

The inuence of the 0.1 M NaOH aqueous solution on the
surface topography of the L,D-PLA layers is presented in Fig. 7,
where the images of the layer surface aer 1, 6, 13, and 29 days
are presented. From the rst day, numerous holes in the layer
are clearly visible, which become larger in the following days.
The surface roughness parameters also signicantly increase
with the degradation of the layer in an alkaline environment
(Table 3). These ndings are in good agreement with the liter-
ature, indicating that the degradation kinetics changes from
10−2 at pH = 2 to 102 at pH = 10.18

The surface topography of the composite layer aer 1, 6, 13,
and 29 days kept in 0.1 M NaOH aqueous solution is presented
in Fig. 8. As is seen, the surface of the layers does not change
signicantly with longer exposure to an alkaline environment.
However, it seems that some objects on the surface of the layer
kept for 29 days in an alkaline environment are visible in the
higher resolution image (Fig. 8e). We performed the analysis of
the surface layers based on AFM images to determine both the
sented layers

Sq [nm] Sa [nm] Surface [mm2]

0.89 0.69 2500
11.16 7.61 2500
0.69 0.51 2500

58.37 38.57 2500
429.50 338.84 2500
419.74 337.37 2500
935.63 733.96 9676
122.89 93.12 625
20.95 17.16 126
10.55 8.14 25

327.17 248.82 2500
286.63 222.07 2500
210.46 162.28 625
523.68 413.46 2500
21.72 17.00 25
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Fig. 9 FT-IR spectra for L,D-PLA (a–c), and composite (d–f) layers in different environmental conditions. The legend in (a) is the same for all
graphs.
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width L and height above the surface h of the observed objects.
For this purpose, 83 proles were selected for the layer kept in
0.1 M NaOH solution and 20 for the other environments. The
method of their determination is presented in Fig. 8f. As
calculated, the objects visible on the surface of the layers have
a height of ca. 7–21 nm, i.e., about 10 times larger than the
3802 | RSC Adv., 2023, 13, 3792–3806
diameter of carbon nanotubes (average 0.84 nm). These objects
can be formed by aggregates of SWCN, by carbon nanotubes, or
their aggregates coated with the L,D-PLA polymer, and/or liquid
crystal 5CB. Additionally, the width of the objects is in the range
of ca. 64–331 nm and it is the smallest for the layer kept in an
alkaline solution. Moreover, the observed dense network of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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these objects on the surface of the composite kept in 0.1 M
NaOH may indicate degradation of the polymer on the surface
of the layer, leaving only carbon nanotubes on the surface and
probably 5CB. This result conrmed the earlier assumptions
from DSC studies that solubilization of the degraded polymer
causes erosion of its surface.
Fig. 11 Comparison of FT-IR spectra of the 5CB liquid crystal and
composite after 62 days in 0.1 M NaOH aqueous solution.
3.4. FT-IR study

The degradation processes of the L,D-PLA, and composite layers
in environments with different pH were also analysed using the
FT-IR method (Fig. 9). For both the polymer and the composite
layers, no changes in FT-IR spectra were observed over time,
suggesting no chemical degradation in the air (Fig. 9a and d).
Only in the case of composite, the FT-IR spectra recorded aer 6
days of exposure to air showedmore intense bands derived from
the 5CB liquid crystal, which suggests a greater amount of 5CB
liquid crystal in the studied fragment of the sample. As in the
case of the samples kept in the air, no changes in the FT-IR
spectra were observed for the samples stored in both distilled
water (Fig. 9b and e) and 0.1 M HCl aqueous solution (Fig. 9c
and f). The only difference was observed for the composite layer
aer 6 days in 0.1 MHCl aqueous solution, where intense bands
appeared from the 5CB liquid crystal, which again suggested
a higher concentration of liquid crystals in the studied fragment
of the sample.

On the other hand, the FT-IR spectra for the L,D-PLA layers
placed in 0.1 M NaOH aqueous solution did not change with
time, however, for the layers aer 13 and 29 days of keeping in
the solution, additional bands at approx. 2920 cm−1 appear,
related to n(CH) or n(CH3) stretching vibrations (Fig. 10a).

However, in the case of composite layers, aer one day of
exposure to an aqueous solution of NaOH, the difference is
visible in the spectrum in comparison to the sample not treated
with NaOH (Fig. 10b). Namely, we observed a greater manifes-
tation of the bands connected to vibrations of 5CB liquid crystal
in the spectrum in addition to the bands of the L,D-PLA polymer.
This means that 0.1 M NaOH aqueous solution causes chemical
Fig. 10 FT-IR spectra of L,D-PLA (a), and composite (b) layers exposed to

© 2023 The Author(s). Published by the Royal Society of Chemistry
degradation of the L,D-PLA polymer but has no effect on 5CB.
The FT-IR spectrum of the composite obtained aer 6 days
shows an even more distinct increase in the intensities of the
bands of 5CB, which dominated the spectrum. This is proof that
further degradation of the polymer matrix in the composite had
occurred.

The spectra obtained aer 6 and more days did not differ
from each other, which suggests that further degradation in the
sample is not progressing. However, as shown above, the loss of
mass still occurs, so the changes observed in the FT-IR spectra
mainly concerned the layer surface (the ATR FT-IR method used
is sensitive mainly to changes on the sample's surface). The FT-
IR spectra obtained aer 6 or more days also showed rotational
components from water vapor, which could have remained in
the crater-like cavities visible in the AFM images (Fig. 8).
Additionally, a comparison of the FT-IR spectra of pure 5CB and
the composite kept in 0.1 M NaOH solution for 62 days is pre-
sented in Fig. 11. This shows that the bands visible in the
spectrum of the composite indeed originate from the 5CB liquid
crystal additive.
0.1 M NaOH aqueous solution. The legend in (b) is the same as for (a).
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Taking into account the previously reported contact angle for
L,D-PLA : SWCN (10 : 0.01 w/w) equal to 105.9 ± 0.2°,35 i.e., lower
by 10° from the neat polymer, it is seen that the addition of
SWCN reduces the hydrophobic nature of the composite. As
a consequence of better wettability, the aqueous environment
being in good contact with the surface of the layer causes
acceleration of hydrolysis of the polymer. The composite layer
erodes in an aqueous environment, reducing the amount of
polymer in the solid form on the surface, as conrmed by mass
evaluation and FT-IR studies.

4. Conclusions

We conducted extensive research on the properties of the neat
biodegradable polymer layers and the ternary composition layer
based on this polymer in various environments. We observed
that additives play an important role in the polymer degrada-
tion process. Summarizing, the degradation of the L,D-PLA layer
and composite (L,D-PLA : 5CB : SWCN, 10 : 1 : 0.5, w/w/w) layers
was similar within the uncertainty in the air, distilled water, and
0.1 M HCl solution. In the case of the layers kept in 0.1 M NaOH
an aqueous solution, the degradation of the polymer L,D-PLA
was faster in the composite. DSC measurements showed that
the NaOH aqueous solution degraded the polymer L,D-PLA in
the composite layer and shied the soening point of the
polymer by about 2 °C, which was not observed for the
composite layer kept in other environments. AFM imaging
showed that the acidic environment does not affect the surface
of the layer, distilled water forms micro-grooves, and the alka-
line environment degrades the layer, creating craters. The
alkali-treated layers became brittle and cloudy. No changes were
observed in the FT-IR spectra of the L,D-PLA, and composite in
air, distilled water, and 0.1 M HCl aqueous solution. Only very
slight changes at high energies were observed for the polymer
treated with 0.1 M NaOH aqueous solution, but the spectra aer
6 days and more did not differ from each other. On the other
hand, a large inuence of 0.1 M NaOH aqueous solution on the
surface of the studied composite was observed. Chemical
decomposition of L,D-PLA in the composite began aer one day
of exposure. Aer 6 days, the intensity of the 5CB bands
increased and the intensity of the L,D-PLA bands decreased
drastically in the FT-IR spectrum, which proves the degrading
effect of the 0.1 M NaOH aqueous solution, mainly on the L,D-
PLA polymer. We suppose that the degradation process occurs
both at the surface and in the bulk as an effect of possible
polymer chain rearrangement in the presence of hydrophobic
additives. It should also be mentioned here that different
applications of PLA (e.g. electronics, transportation, agriculture,
packaging, biomedical industry, textile) result in different types
of degradation processes (e.g. hydrolytic, photodegradative,
microbial, or enzymatic). It is well known that microbial and
enzymatic degradation of PLA is more rapid and is currently the
focus of researchers.36 At present, PLA is one of the most
promising biodegradable materials to be used in place of
polyethylene terephthalate (PET) and polystyrene (PS) (well-
known non-degradable materials). Depending on the applica-
tion, PLA is enriched with admixtures to obtain the desired
3804 | RSC Adv., 2023, 13, 3792–3806
functional properties, e.g., the conductivity of biodegradable
electrodes for application in solar cells.35 For this reason, the
addition of a conductive compound such as SWCN (exhibiting
excellent electron mobility and one-dimensional shape) is
necessary to receive a biodegradable electrode. However, the
optimization of the SWCN content is necessary and required for
the creation of the semi-transparent electrode. On the other
hand, SWCN exists in both metallic and semiconducting forms.
However, only semiconducting SWCN eliminates recombina-
tion and can offer efficient electron diffusion pathways, which is
important for solar cell applications. Additionally, SWCN
exhibits a strong tendency to create contact between both forms
and transfer electrons from semiconductors to metallic ones.37

For this reason, various additional compounds have been
proposed to eliminate the negative effect of SWCN on photo-
voltaics. In our work, for the rst time, according to our
knowledge, we proposed the use of 5CB to stabilize SWCN in the
PLA layer in order to obtain biodegradable materials with
interesting thermal, mechanical, and structural properties.
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34 E. Tarani, K. Pušnik Crešnar, L. F. Zemljic, K. Chrissas,
G. Z. Papageorgiou, D. Lambropoulou, A. Zamboulis,
D. Bikiaris and Z. Terzopoulou, Cold Crystallization
Kinetics and Thermal Degradation of PLA Composites with
Metal Oxide Nanollers, Appl. Sci., 2021, 11, 3004, DOI:
10.3390/app11073004.
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