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A B S T R A C T

PLA-based composites were prepared by mixing the polymer in the melt with organophilic Mg/Al LDH and Mg
Stearate. The obtained materials were therefore characterized in comparison with the unfilled PLA with the aim
of investigating the relationships between the morphology of the polymer composites and their thermal stability,
crystallinity and mechanical properties. The degradative effects induced by the presence of O-LDH and its organic
component (i.e alkyl carboxylates used as surfactant) were evaluated by analysing the samples with SEC and TGA
under standard and modulated conditions, in the presence of nitrogen and air. The collected results proved that
the main effects on degradation are due to inorganic reactive species and to increased interfacial surface owing
to intercalated/exfoliated morphology. The main thermal transitions of the composites were studied by XRD and
DSC (even in modulated conditions) before and after annealing processes at different temperatures. The results
inherent to the percentage of crystallinity, the content of rigid amorphous fraction (RAF), and the main size of
crystalline domains were discussed by considering the filler nature/content, its dispersion degree in polymer ma-
trix and the annealing temperature. By crystallization at 80 °C the filler promoted both RAF and crystallites size.
Unlike unfilled PLA, the composites showed an increase of the stiffness and a general loss of ductility which were
tentatively ascribed to annealing at 80 °C and to the extent of interfacial interactions.

1. Introduction

PLA-based nanocomposites prepared by dispersing 2D nanostruc-
tured systems into the polymer matrix have attracted considerable atten-
tion due to the possibility of obtaining materials with increased mechan-
ical and barrier properties [1]. In particular, thanks to the large extent
of polymer-inorganic interface, layered nanofillers can act as nucleating
agents and their dispersion can help tailoring the microstructure of PLA,
which is reported to play a significant role in barrier properties and then
it can be considered a key parameter in designing materials for packag-
ing applications [2,3].

Being PLA a biodegradable and food contact allowed polymer that
derived from renewable resources, the nanometric dispersion of 2D sys-
tems, such as layered double hydroxides (LDHs) or hydrotalcite-like
compounds, which can be synthesized as non-toxic and food-contact
approved, has received great attention in recent years for preparing
PLA-based nanocomposites for food bio-packaging applications. By

this way, PLA composites with improved optical and barrier properties
as well as with enhanced crystallinity have been successfully obtained
[4,5]. In this regard LDHs are a class of synthetic anionic clays with a
host–guest nanolayered structure consisting of positively charged metal
hydroxide sheets in which guest molecules (generally –CO32-, and/or
-OH- in native LDH) are accommodated, together with water molecules
[6]. The nanometric dispersion of LDHs (i.e. delamination into single
layers) into apolar polymers (e.g. polyolefins and polyesters) is possible
only if native LDH is organophilically modified. The organo-modifica-
tion of LDHs is usually achieved through the use of chemicals suitable
for food-packaging applications and acting as surfactants, such as alkyl
carboxylates (e.g. oleate, stearate and palmitate), which can be used
alone or as a mixture [7–12]. Other organic molecules suitable for pack-
aging (e.g. alkyl sulphates, antioxidant, dyes) [13–15] and also bearing
specific functionalities are described as guest molecules of organo-LDH
systems and their dispersion in PLA is widely reported [4,5,17–19].
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Different methods can be used to produce organo-LDHs including
direct synthesis and regeneration [14]. However, a common strategy
is the organo-modification by anion exchange from LDH precursors
thus producing organic-inorganic hybrid systems (organophilic-LDH,
O-LDH), where the percentage of the organic fraction, capable of pro-
moting the intercalation of the PLA chains between the layers of the hy-
droxides, is generally greater than 40% by weight. Several reports have
described the mixing of these hybrid systems with PLA, both in the melt
and in solution, to afford nanocomposites with different morphologies
and thermo-mechanical properties depending on the organic modifiers,
metal cations of the hydroxide layers, composition and dispersion proce-
dures. Indeed, by considering the numerous parameters affecting the ul-
timate features of such composites, the findings outlined in these reports
about morphological, thermal and mechanical properties do not always
agree.

The morphology of PLA-based composites with organophilic LDH ob-
tained by using sodium dodecyl sulphate, sodium benzene sulfonate and
carboxylates as modifiers looks generally exfoliated when analysed by
XRD. Indeed the XRD patterns of these PLA-based composites do not
show diffraction signals due to O-LDH even if single layers mixed with
a small fraction of nanostacks are generally present. Furthermore, in a
few cases, tactoids and large aggregates of several microns and likely
due to flocculation have been evidenced by SEM and TEM analyses
[4,9,11,12,16,17,20]. A small quantity of hybrid system (between 1
and 3% by weight), induces significant variations of the molecular struc-
ture and of the thermal properties of the PLA. A decrease in molecular
weight, especially if mixing takes place in the melt, is reported, even if it
has not been fully and clearly discussed which of the two components of
the hybrid system (the organic or the inorganic fraction, that means the
surfactant or the layered double hydroxide) is actually responsible for
this behaviour [10–12,16,20]. Similar evidence is discussed as a very
general trend with regard to the thermal stability of composites, but not
all the results are in agreement. Depending on the metal cations pair that
form the hydroxide layers and on the chemical nature of the surfactant,
both an increase or a decrease of the thermal stability of the composites
have been reported [4,5,12,17,18,21,22]. Composites with Mg/Al-LDH
modified with sodium dodecyl sulphate, containing 1–3 wt % of O-LDH,
showed a detriment of the thermal stability with respect to PLA matrix
[4]. Similar behaviour is described for the composites obtained by dis-
persing O-LDH modified with carboxylates [10,12] or with carboxylic
acid-terminated PLA (PLA-COOH) [9,17]. Other reports have described
the use of LDHs modified with sodium dodecylbenzene sulfonate and
plasticizers21. as well as of LDHs constituted by a different pair of metal
cations (Ni/Al, Zn/Al) and modified with complexants [5] or phospho-
rus compounds [18], evidencing that these hybrid systems are able to
increase the thermal stability of PLA once dispersed at nanoscale level.

Furthermore, the stiffness and mechanical strength of PLA are raised
by its crystalline fraction obtained by annealing. The crystallinity of PLA
in PLA/LDH or PLA/O-LDH composites is generally higher than that of
pristine PLA because of the nucleating action exerted by the LDH and
O-LDH. Different numerical values depend on the quantity of LDH and
on kinds of metal cations of hydroxide layers [5,16,22]. Nevertheless
several papers discuss the opposite trend (a decrease of crystallinity) ex-
plaining this evidence on the basis of an inhomogeneous distribution
of crystallites in proximity of LDH [12,20]. The mechanical features of
these composites have been investigated in standard conditions and im-
provements of the performances are generally reported [4,5,10,21].

To the best of our knowledge, nothing is reported so far concerning
the thermal behaviour of PLA in PLA/O-LDH nanocomposites induced
by different annealing temperatures, which are able of generating differ-
ent crystalline phases, and no data have been reported about the effects
of this thermal treatment on mechanical features of composites.

In this paper we shed more light on the thermal behaviour of com-
posites obtained by dispersing O-LDH (modified by alkyl carboxylates)
in PLA matrix and prepared in the melt. The morphology and the
microstructure were characterized by size exclusion chromatography
(SEC), X-ray diffraction analysis (XRD), scanning electron microscopy
(SEM), Fourier transform infrared spectroscopy (FTIR), and micro-Ra-
man spectroscopy. The thermal stability was investigated by thermo-
gravimetric and modulated-temperature thermogravimetric analyses
(TGA and MT-TGA) carried out under nitrogen and oxygen atmosphere
and the results were correlated with composites’ composition and mor-
phology. Standard differential scanning calorimetry (DSC) and modu-
lated temperature DSC (MT-DSC) as well as XRD analysis were used to
investigate the percentage of crystallinity, the size of crystalline domains
and the content of rigid amorphous fraction (RAF) as a function of dif-
ferent annealing temperatures. Finally, preliminary mechanical tests are
here reported before and after annealing at 80 °C.

2. Experimental part

2.1. Materials

Poly (lactic acid) PLA, 96% l-lactic acid (Natureworks [melt flow
index 4–8 g/10 min (2.16 kg, 190 °C)], was used as the polymer ma-
trix. Before processing, PLA was dried in a vacuum oven at 110 °C for
18 h. Poly (butylene succinate adipate) (PBSA) with a melt flow index
(MFI) of 1.4 g/10 min (2.16 kg, 190 °C) and = 52 000 g/mol,
= 112 000 g/mol (as determined by size exclusion chromatography,
SEC) was used as coupling agent. Layered double hydroxide organically
modified with hydrogenated fatty acids (O-LDH) (Perkalite F100, Azko
Nobel, modifier content 55 wt%) and magnesium stearate (Mg-Stearate)
(Sigma Aldrich, technical grade) were used after drying both at 110 °C
for 12 h.

2.2. Composite preparation

Composite samples were prepared by melt blending the PLA ma-
trix with different content of O-LDH (PLA_O-LDH_1 and PLA_O-LDH_2).
In addition, for comparison purposes, PBSA was added as coupling
agent to test its capability to improve the interfacial interaction be-
tween PLA and the nanostructured filler (PLA_O-LDH_1_PBSA). In one
sample, MgStearate was added to PLA and it was used to investigate
the effect of surfactant employed as LDH modifier onto the ultimate
properties of PLA (sample coded as PLA_MgStearate). Finally, a blank
experiment consisting of PLA treated in Brabender at 180 °C was pre-
pared (PLA_180). Samples were prepared in a discontinuous mechani-
cal mixer Brabender (PlastographOHG47055, 30 mL chamber) at 180 °C
for 10 min and setting a rotor speed of 60 rpm. The amount of poly-
mer introduced was 20 g for all the runs (PLA and eventually PBSA)
and the filler was added after 3 min. During the runs the torque values
were monitored and the final Δtorque values are reported in Table 1 to

Table 1
Samples composition, Δtorque values and and data (from SEC analysis).

Sample code O-LDH (wt%) Δtorque a (Nm) (D) (D)

PLA – – 125 000 190 000
PLA_180 b 0 0.6 102 000 174 000
PLA_O-LDH_1 1 0.0 72 000 135 000
PLA_O-LDH_2 2 3.4 65 000 121 000
PLA_O-LDH_1_PBSA c 1 2.7 81 000 148 000
PLA_MgStearate d 0 1.9 68 000 139 000

a Evaluated as torque at 2min-torque at 10 min.
b PLA treated at 180 °C without any additive.
c Sample containing 1 wt% of PBSA with respect to PLA.
d Sample containing 1 wt% of MgStearate added after 3min.
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Table 2
Detailed analysis of crystalline region in neat and filled samples.

Annealing at
80 °C

FWHM
(Θ)

D
(nm)

Annealing at
130 °C

FWHM
(Θ)

D
(nm)

PLA_180 0.6776 12.9 PLA_180 0.4725 18.6
PLA_O-LDH_1 0.5556 15.8 PLA_O-LDH_1 0.4926 17.8
PLA_O-LDH_2 0.5338 16.4 PLA_O-LDH_2 0.4687 18.8
PLA_MgStearate 0.5451 16.1 PLA_MgStearate 0.4920 17.8
PLA_O-
LDH_1_PBSA

0.5563 15.8 PLA_O-
LDH_1_PBSA

0.4973 17.7

gether with the sample composition and their molecular weight (see
Table 2).

2.3. Composites characterization

Size exclusion chromatography (SEC) analysis of the samples was
performed in CHCl3 at a flow rate of 0.3 mL min−1 using an Agilent
Technologies 1200 Series instrument equipped with a degasser, an iso-
cratic HPLC pump, a refractive index (RI) detector, and two PLgel 5 μm
MiniMIX-D columns conditioned at 35 °C. The system was calibrated
with polystyrene standards in a range from 500 to 3 × 105 g mol−1.
Samples were dissolved in CHCl3 (2 mg mL−1) and twice-filtered
through a 0.20 μm syringe filter before analysis. Number average mol-
ecular weight ( ) and weight average molecular weight ( ) were
calculated using the Agilent ChemStation software and are compiled in
Table 1.

Attenuated Total Reflectance (ATR-FTIR) spectra were recorded at
room temperature with a PerkinElmer Two Spectrometer equipped with
an ATR accessory with diamond crystal. The spectra were generally ac-
quired between 4000 and 400 cm−1 with a resolution of 4 cm−1 using
16 scans. The composites were analysed onto films prepared hot-press-
ing using a press Carver 3851CE: T = 180 °C, 3 bars, 3 min.

The micro-Raman analysis was performed using a Renishaw mi-
cro-Raman inVia instrument equipped with a 1800 grooves/mm diffrac-
tion grating, a CCD detector, and a 50 × magnifying lens. The instru-
ment has a Nd:YAGlaser source at λ = 532 nm wavelength. The samples
were analysed as polymer films.

Wide-angle X-ray diffraction (WAXD) analysis was performed at
room temperature with a X'Pert PRO (PANalytical) powder diffractome-
ter in the 1.5–30.0° 2θ range applying a scan speed of 0.01601° min−1,
using a Cu Kα radiation (1.5406 Å). The samples were analysed after
annealing at 80 °C and at 130 °C for 8 h in a oven (under vacuum) in
order to induce the well-known α′- and α-crystalline phases for PLA re-
spectively. The thickness of crystal lamellae was determined by applying
the Scherrer equation. The full width at half maximum (FWHM) in radi-
ans for the crystallographic (203) plan was calculated by means of the
Origin software, using a Gaussian function which gave the best fitting
results (i.e. error less than 8%). LaB6 was used to determine the contri-
bution of the experimental set-up to the line broadening of the 203 re-
flection.

A first set of standard thermogravimetric analyses (TGA) was per-
formed from 30 up to 900 °C at 10 °C/min in a Netzsch® TG 209
analyser under nitrogen and oxygen at a dynamic gas flow of
30 mL min−1. Al2O3 crucible has been used. The sample masses were
ranging between 10 and 15 mg. Modulated temperature thermogravi-
metric analysis (MT-TGA) experiments were then performed in plat-
inum pans compatible with high temperature, from 30 to 700 °C, in
a Thermal Analysis® Discovery apparatus. The sample masses were
about 5 mg. Each calibration procedure included a baseline, a calibra-
tion in temperature and a calibration in mass. The calibration in tem-
perature was done using the Curie point of nickel as reference. The cal-
ibration in mass was done using standard masses, and the calibration

in mass loss was done using calcium oxalate as reference. MT-TGA
experiments were performed under nitrogen and oxygen at a purge
rate of 25 mL min−1 with a balance purge of nitrogen at 25 mL min−1.
The modulation parameters (i.e. amplitude = 5 °C, period = 200 s, and
heating rate = 5 °C/min, were chosen to provide a minimum of five cy-
cles within the degradation process range. MT-TGA theory has been de-
scribed in literature [23–27]. It is an efficient technique to investigate
the influence of both chain scission and changes in functionality on the
kinetics of decomposition since it allows determining the activation en-
ergy Ea (eq .1) of the different processes involved in the degradation of
a material from a single experiment.

(1)

Where T is the average value of oscillatory temperature; A is the ampli-
tude of the temperature oscillation; and dαp/dαv is the ratio for adjacent
peaks and valleys, of the periodic rate of reaction.

The modulated temperature differential scanning calorimetry
(MT-DSC) investigations were performed with a Q100 calorimeter (TA
instrument®). The instrument was calibrated for heat flow, temperature
and baseline using standard Tzero technology. The nitrogen flow was
50 mL min−1 for all the experiments. The calibration of the temperature
was carried out using indium and zinc as standards, and the calibra-
tion in energy was carried out using standard indium. The calibration of
the specific heat capacity was carried out using sapphire as a reference.
Modulation parameters were defined as follow: 2 °C/min heating rate,
0.318 °C amplitude, and 60 s period. These parameters correspond to
heat only conditions which are suitable for simultaneous investigations
of glass transition, crystallization and melting. MT-DSC measurements
were performed on amorphous samples quenched from the melt, and
semi-crystalline samples obtained by isothermal crystallization from the
melt at 80 °C and 130 °C for 8 h to favor the formation of α′- and α-crys-
tal polymorphs of PLA, respectively. The cooling of the melt was per-
formed as fast as possible in-situ in order to prevent crystallization be-
fore reaching the crystallization temperature. The morphological analy-
sis was performed by using Field Emission - Scanning Electron Micro-
scope, FE-SEM with a FEI Quanta 450 ESEM FEG in SE mode (instru-
ment located at CISUP-University of Pisa).

Stress-strain measurements have been performed by Instron mod.
5966 E2 (5 mm min−1). Films of the samples were prepared by compres-
sion-molding at 180 °C and cut to have specimens suitable for the analy-
sis (1 cm × 10 cm). The measurements were performed onto the films
as obtained and even onto the films after annealing at 80 °C (under vac-
uum) for 8 h.

3. Results and discussion

3.1. Structural and morphological analysis

During the runs the torque evolution was monitored and, with the
exception of the sample PLA_O-LDH_1, a general drop of the appar-
ent melt viscosity was observed, suggesting a decrease in the molecu-
lar weight of PLA (Table 1). SEC results are in agreement with this
trend and showed that the addition of both the fillers led to a de-
crease of PLA molecular weight, particularly by increasing the content
of O-LDH, and the effect was only partially restrained by using PBSA
as coupling agent. This evidence, already observed for similar PLA com-
posites [11,20], can be attributed to catalytic degradation of PLA in-
duced by Al and Mg ions and in particular by basic Mg–OH sites on
the layer surfaces [28]. Besides this effect, traces of water in the inter-
gallery spaces might contribute to degradation due to hydrolytic chain
scission [12,16]. Interestingly, it has been evidenced that also stearate
salt caused a PLA molecular weight reduction, possibly due to its cat-
alytic role in degradation mechanism, as already reported [29]. This re
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sult indicates that carboxylate chain ends may act as degrading agents
[11] even during the mixing, by probably triggering a back-biting mech-
anism [9,17], even if Mg ions and residual water can determine the
same final effect. The carboxylate-modified LDH (O-LDH) was observed,
indeed, as more effective in provoking the degradation with respect to
unmodified LDH [10]; nevertheless, this result is likely affected by the
better dispersion of the O-LDH with respect to that obtained by using an
unmodified LDH due to more effective interfacial interactions between
hydroxide surface and PLA macromolecules, enlarging the contact area
between polymer and filler [9,10].

The XRD spectrum of O-LDH showed an intense (003) reflection
at 2θ = 3.18° corresponding to a basal spacing of 2.8 nm in agree-
ment with surfactant content and its arrangement in the interlayer spac-
ing [30]; whereas the composites did not show the characteristic dif-
fraction peaks of O-LDH, suggesting a good dispersion as generally re-
ported for similar compositions (Fig. 1) [9,11,19]. However, the ab

Fig. 1. XRD Patterns of O-LDH, PLA_180 and all the composites containing O-LDH.

sence of diagnostic diffraction peaks due to O-LDH cannot be consid-
ered a proof for complete exfoliation of the nanostructured filler, be-
cause the layer structures, which are not in parallel registry, are not de-
tected. Indeed, polymer-lamellae aggregations generating three-dimen-
sional frameworks have been observed for composites designed with the
same or similar nanostructured filler [7,19,31]. SEM analysis of sam-
ple PLA_O-LDH_1 (Figure ESI 1) and of sample PLA_O-LDH_2 (Fig. 2)
clearly evidenced the presence of aggregates; in particular the fractured
area of sample PLA_O-LDH_2 showed the presence of regions contain-
ing macro-aggregates composed by inorganic lamellae with intercalated
polymer fractions which are related to each other with linking zones due
to the polymeric chains. Thanks to the organo-modification of LDH, the
polymer (specifically PLA or PBSA) is able to intercalate and destroy the
piled ordered lamellae, but macro-aggregates can be generated as a re-
sult of interactions between functionalities (such as C O of PLA and
–OH of LDH) providing flocculation of disordered hybrid systems (micro
and nano-stacks) containing both LDH layers and polymer chains [9].

The Leica optical microscopy combined with micro-Raman instru-
ment confirmed the presence of inclusions with different size ranging
from several microns to sub-microns (Figure ESI 2a shows pictures col-
lected on different portions of films of composites PLA_O-LDH_1 and
PLA_O-LDH_2). These inclusions seem to be morphologically organized
in disordered stacked structures, as expected and in agreement with SEM
results. Differently, the non-ordered microparticles of MgStearate pre-
sent in the PLA_MgStearate composite show a more globular shape (Fig-
ure ESI 2b).

The ATR-FTIR spectrum of O-LDH (Figure ESI 3) showed the di-
agnostic signals of intercalated surfactant species (i.e. alkyl carboxy-
lates, mainly hydrogenated fatty acid, stearate and palmitate): strong ad-
sorptions at 1555 cm−1 and 1412 cm−1 are indeed associated with the
asymmetric and symmetric stretching modes of the carboxylate group
(RCOO−) and peaks at 2918 and 2850 cm−1 are due to asymmetric and
symmetric stretching vibrations of methylene groups belonging to the
organic modifier, whose fraction was about 55% wt7,31. However, the
spectra of the composites PLA_O-LDH_1 and PLA_O-LDH_2 (Figure ESI
3) did not show significant differences in the profile of the absorp

Fig. 2. SEM analysis of sample PLA_O-LDH_2 at different magnifications; the blue circles evidenced polymer fraction linking macro-aggregates and generating the flocculated structures.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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tion bands with respect to that of PLA, owing to the very low content of
O-LDH.

The Raman spectra of O-LDH (Figure ESI 4) confirmed the pres-
ence of the organic moieties. The bands at 2883 and 2848 cm−1 (vs
νCH2), and other diagnostic signals at 1454 and 1434 cm−1 (s, δCH2),
1295 cm−1 (s, νC-C), 1126 cm−1 (m/s, νC-C) 1096 cm−1 (w, νC-C) and
1059 cm−1 (m/s, νC-C) and 887 cm−1 (w, ρCH2) are due to alkyl car-
boxylates, whereas the very weak peaks between 380 and 550 cm−1 are
ascribable to vibrations of OH groups associated to Mg and Al and to
stretching of Al–O–Mg; other signals can be attributed to residual car-
bonate and exchanged anions which are a mixture of alkyl carboxylates
[33,34].

Fig. 3 reports the Raman analyses by aiming the laser on the in-
clusions and on the apparently free zone (polymer matrix) collected on
different portions of PLA_O-LDH_2 and the spectrum of pristine PLA.
The comparison revealed the presence of signals ascribable to both
components. All the spectra showed the characteristic modes of PLA
[35], with the main diagnostic peaks in the regions of νCH2 and CH3
(vs) between 3050 and 2882 cm−1 and at 873 cm−1 attributed to the
νC-COO. In addition, symmetric νC-CH3 at 1042, asymmetric νCH3 at
1128 and asymmetric νCH groups at 1452 cm−1 were clearly visible
and completely overlapped those of O-LDH. The spectra collected by
aiming the laser over the inclusions or over an apparently free zone

Fig. 3. (a) Raman analyses of different portions of a film of sample PLA_O-LDH_2 com-
pared to pristine PLA (blue curve) and O-LDH (red curve); (b) enlargement of spectra in
the Raman shift region of ν CH2 and CH3. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

of the composite, showed a diagnostic signal of O-LDH (νCH2 at
2848 cm−1) not present in the pristine PLA (see Fig. 3b) suggesting a
homogeneous dispersion of the nanostructured filler even if the relative
peaks intensity does not reflect the sample composition, but rather the
local ratio between the polymer and the O-LDH at the interface.

XRD analyses were carried out onto films of all samples thermally
treated at 80 °C and 130 °C in order to study the effect of different fillers
onto the crystal form and size evolution of PLA in the composites dur-
ing annealing procedures. Fig. 4 reports the XRD patterns of sample
PLA_MgStearate annealed at 80 and 130 °C (Figure ESI 5 reports the
XRD curves for all the other samples).

The comparison of the XRD patterns evidenced the shift of the in-
tense peaks at (110)/(200) and (203/(113) and the presence of new
peaks (assigned in Fig. 4) confirming, on the basis of literature, that α′-
and α-crystals developed at 80 °C and 130 °C, respectively [36].

The thickness of lamellae (D) was estimated by means of the Scher-
rer method using the corresponding equation (eq. (2)) (i.e. FWHM in
radians for the (203) crystallographic plan; wave-length of the radiation
used λ = 0.154 nm, Bragg angle (Θ) and Scherrer constant K = 0.9516,
37)
D = (K λ)/(FWHM cosθ) (2)

Upon increasing the annealing temperature, the crystalline domain
size (D) increased, independently of sample type and composition, thus
suggesting that the α-phase fostered larger crystalline domains (i.e. ther-
modynamically more stable phase). No significant differences were ev-
idenced by looking at the D values for samples annealed at 130 °C, de-
spite the different degree of crystallinity between neat PLA and compos-
ites (see Table 3), thus suggesting that the dimensions of such crystals
are not affected by the presence and nature of inorganic substrate. The
prolonged annealing seemed to level out any effect, even if the samples
containing fewer amounts of filler (1 wt%) seem to have smaller sized
crystallites. However, different contributions to line broadening of the
XRD peaks, such as crystal strain and the presence of defects, due to in-
tercalation processes has to be taken into account for these samples as
more intercalated/exfoliated.

The annealing at 80 °C able to provide the crystals of α′-species re-
sulted in D values remarkably different ranging from unfilled sample
with really low mean size of the ordered (crystalline) domains with
respect to filled samples having higher D values. These data suggest

Fig. 4. XRD patterns of sample PLA_MgStearate annealed at 80 °C (black curve) and at
130 °C (red curve) for 8 h
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Table 3
Thermal and structure parameters from MT-DSC.

Quenched PLA
Tcmax (°C)/Tfmax
(°C)/Xc (%) b/XRAF
filler (%) c

PLA annealed
at 80 °C for
8 h
Tfmax (°C)/Xc
(%) b/XRAF
(%) c

/XRAF crys (%) c

PLA annealed at
130 °C for 8 h
Tcmax (°C)/Tfmax
(°C)/Xc (%) b/XRAF
(%) c

/XRAF crys (%) c

PLA_180 100/156/0/0 155/32/18/18 99/156/39 a/11/11
PLA_O-LDH_1 104/156/0/4 155/32/32/28 --/156/46/18/14
PLA_O-LDH_2 105/155/0/12 154/30/38/26 --/154/45/15/3
PLA_MgStearate 100/157/0/7 156/32/24/17 --/156/48/8/1
PLA_O-
LDH_1_PBSA

96/157/0/4 156/32/32/28 --/156/47/23/19

a Xc max is not reached, there is a cold crystallization peak.
b Crystallinity of samples calculated from Xc = (ΔHf - ΔHc)/ΔHf 0 with ΔHf 0 = 93 J g −1.
c Rigid amorphous fraction: XRAF filler = 1 - (ΔCp/(ω ΔCp°)), XRAF = 1 - (ΔCp/(ω ΔCp°)) -
Xc, and XRAF crys = XRAF - XRAF filler, with ΔCp° being the heat capacity step of amorphous
PLA_180 and ω the weight fraction of PLA.

the capability of all the fillers to grow the main size of crystalline do-
mains which increased by increasing the filler dimension (PLA_O-LDH_1
vs PLA_MgStearate) and the content of O-LDH.

3.2. Thermo-mechanical properties

TGA and MT-TGA experiments of PLA and composites performed un-
der nitrogen and oxygen atmospheres are reported in ESI 6 and Fig.
5 while the TGA of O-LDH is reported in ESI 7; they showed results
globally consistent with each other although characteristic temperatures
recorded from MT-TGA were lower than their equivalent from TGA.
This effect may be attributed to the lower heating rate (5 °C/min ver-
sus 10 °C/min) and to the modulation procedure that allows obtaining a
curve with better resolution. In all cases, the degradation occurs in one
step.

The thermal stability of neat PLA, assessed by standard TGA was
weakly dependent on the atmosphere used to carry out the analysis.
Thermo-oxidative degradation of PLA in the solid state occurs by ran-
dom chain scission reactions after the formation of peroxy radicals and
hydroperoxides but similar weight loss curves versus temperature are
generally reported in literature also in the case of inert atmosphere: the
decomposition pattern of neat PLA in oxygen is similar to that in the
inert atmosphere [38–41]. Interestingly, MT-TGA helps evidencing a
stabilizing effect of oxygen since the degradation temperature of PLA
recorded under oxygen atmosphere shifted to significantly higher values
than that recorded under nitrogen. This stabilizing effect of oxygen has
been discussed for other polymers. Peterson et al. [42,43] have reported
that the presence of oxygen (their study was performed under air atmos-
phere) increases the initial decomposition temperature of poly (methyl
methacrylate) by 70 °C. They assumed that this behaviour results from
competitive reactions leading to the formation of thermally stable rad-
ical species that suppress the unzipping of polymer. The competition
between different reactions under oxygen atmosphere was also inves-
tigated by Wang et al. [44] in polyacrylonitrile fibers. One may con-
sider that the hydroperoxides formation and decomposition may delay
the chain breaking events. The discrepancy between TGA and MT-TGA
data may result from different diffusion capability of oxygen in the sam-
ple analysed by MT-TGA owing to reduced heating rate typical of this
experimental condition, with respect to TGA experiments. This can en-
hance the effects related to possible reaction between polymer and oxy-
gen.

Regarding the nanocomposites, the shift to higher degradation tem-
peratures under oxygen atmosphere was recorded from both tech

Fig. 5. MT-TGA curves of PLA and composite samples acquired under (a) nitrogen and (b)
oxygen atmosphere.

niques, suggesting that the stabilizing effect of oxygen is even more
pronounced with the addition of fillers. The mechanism behind is not
straightforward however. The observed shift is very pronounced for
PLA_O-LDH_1 and PLA_MgStearate (i.e. both latter composites exhibited
the lowest amount of filler among those studied herein).

The presence of nanofillers favored the thermal degradation process,
regardless of the nature of the atmosphere used (results shown in Table
ESI 1) [12,17,22,28]. One may attribute this result to the interfaces
between the matrix and the filler that create additional preferential
area for initiating and propagating the degradation. As already reported
in the literature [30], the TGA analysis carried out onto O-LDH (Fig-
ure ESI 7) shows different steps and in particular the loss of ad-
sorbed water, the loss of adsorbed anions which degrade at around
290–320 °C and then the degradation of the intercalated anions to-
gether with the dehydroxylation of the inorganic layers (between 250
and 450 °C). These degradative steps and the associated reaction prod-
ucts, especially water molecules, Mg(OH)2 and MgO resulting from de-
hydroxylation reaction, can affect the thermal stability of intercalated
PLA chains causing the random breaking of polymer chains and produc-
ing oligomers and lactide at lower temperatures with respect to unfilled
polymer by unzipping depolymerisation mechanism [12,17,22,28]. As
shown in Fig. 5 and in Table ESI 1, these effects were more pro-
nounced when the filler weight percentage increased and by using
the polymer coupling agent PBSA which is probably able to inter-
calate the piled O-LDH layers [45] favoring the interfacial interac-
tion between the filler and the polymer matrix. The lowest degrada
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tion temperature values are, indeed, obtained for PLA_O-LDH_2 and
PLA_O-LDH_1_PBSA.

The addition of the macrofiller (MgStearate) has not the same effect.
In PLA_MgStearate the mass loss occurred for higher temperatures in
comparison with PLA_O-LDH_1. The higher thermal stability of PLA_Mg-
Stearate with respect to PLA_O-LDH_1 confirmed that the degradation is
mainly activated by the inorganic component of hybrid (the layered hy-
droxides) whose interaction with polymer chains is more effective when
modified with carboxylate (as surfactant). At the same time, the smaller
interfacial surfaces characteristic of microcomposite (PLA_MgStearate)
in comparison with nanocomposite (PLA_O-LDH_1) reduces the possibil-
ity or the extent of any degradation reactions activated by carboxylate,
even if the latter have a certain effectiveness with respect to pristine PLA
[46].

The activation energy (Ea) calculated from MT-TGA measurements
(Fig. 6 and experimental part for details) was consistent with these ob-
servations, and for the analysis carried out under nitrogen the Ea trend
with respect to mass loss partially reflects that previously discussed
[17]. Interestingly, in our testing experiments, Ea in the middle stage
of degradation was higher under oxygen than under nitrogen, for all

Fig. 6. Activation Energy evaluated from MT-TGA curves under (a) nitrogen and (b) oxy-
gen atmosphere.

the systems, suggesting the formation of stable species during thermo
oxidative degradation of both neat PLA and PLA_O-LDH nanocompos-
ites. This behaviour, although not discussed in depth, was reported by
Babanalbandi et al. [47] conducting conventional TGA. It is also re-
markable that the activation energy for PLA_MgStearate was slightly
lower under nitrogen, but higher when the experiment was performed
under oxygen, compared to neat PLA, whereas the introduction of
O-LDH led to a strong decrease of activation energy under both oxygen
and nitrogen atmosphere. This definitely confirmed the impact of the
filler's nature on the thermal stability and proved that the presence of
O-LDH contributes to accelerate degradation.

The main thermal transition values of samples were determined
from DSC investigations. Fig. 7 shows the calorimetric signatures for
quenched and annealed samples. Table 3 gives the values of all the pa-
rameters extracted from these curves.

Quenched samples (Fig. 7a) exhibited the classical behaviour of PLA
(i.e. an endothermic step around 55 °C corresponding to the glass tran-
sition, a cold crystallization around 100 °C leading to the concomitant
crystallization under both α- and α′-forms, and finally a complex melting
double peak around 150 °C, as widely reported in literature [36,48]).
Interestingly, PLA showed a better ability to cold crystallize in the pres-
ence of MgStearate (1% w/w) compared to neat PLA. On the contrary, a
sort of delay in cold crystallization of samples containing O-LDH can be
observed with respect to PLA_MgStearate, which is presumably due to
smaller size of dispersed particles and to larger surface of polymer-filler
interaction.

Samples annealed at 80 °C (Fig. 7b) showed the endothermic step
at the glass transition lower than in the case of the rejuvenated sample
(in agreement to the presence of crystalline phase). At higher tempera-
ture an exothermic peak corresponding to the reorganization of the α′-
crystalline form to α-one [49] and an endothermic peak related to the
melting of α-form appeared whatever the sample. The samples annealed
at 130 °C (Fig. 7c) showed similar low endothermic steps at the glass
transition than those annealed at 80 °C, but only an endothermic peak at
higher temperature (about 155 °C) and related to the melting of α form
as expected [50]. For all thermal treatments, the melting temperatures
coincide among samples with an uncertainty of ±1 °C.

Furthermore, among the samples annealed at 130 °C, only in the case
of neat PLA, an exothermic peak around 100 °C due to the cold crystal-
lization was observed. The presence of this peak unequivocally demon-
strates the role of the fillers as nucleating agents and their ability to
induce the crystallization of the polymer. This evidence was also con-
firmed by the degree of crystallinity Xc, reported in Table 3, which is
higher in composites than in neat PLA, assessing the nucleation effects of
the filler despite its nature and shape. While the formation of the more
ordered α-form growing at 130 °C is speeded-up by the presence of mi-
cro-and nanofiller, it is not possible to ascertain a nucleation effect at
80 °C with all samples having reached their maximum degree of crys-
tallinity. Moreover, the cold-crystallization temperatures of quenched
amorphous samples (Fig. 7a) did not evidence a clear trend among sam-
ples. It might indicate a more complex morphological dependence of the
nucleation mechanism with temperature.

By comparing the heat capacity step of any sample in comparison
to amorphous PLA_180, it is possible to determine the content of amor-
phous phase which mobility is restricted, either by the nanofillers or
by the crystals. This corresponds to the rigid amorphous fraction (XRAF)
that does not contribute to the heat capacity increment associated with
the glass transition. In amorphous samples, RAF forms around the fillers
(XRAF filler) [50–53], whereas in semi-crystalline samples it also forms in
the vicinity of the crystals (XRAF crys) when macromolecules difficultly
rearrange into crystals. It is assumed that XRAF filler is independent on
the thermal history. Therefore XRAF crys is simply deduced by subtracting
XRAF filler from XRAF (Table 3).
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Fig. 7. Evolution of the normalized average heat flow as a function of temperature for all
the samples after quenching (a) and annealing at 80 °C (b) and 130 °C (c) respectively for
8 h. Insets are showing the glass transition domain for semi-crystalline samples. In all fig-
ures, the curves are shifted for clarity.

XRAF filler increases with the content of O-LDH, reaching values up to
12% for PLA_O-LDH_2 whereas it does not differ between PLA_O-LDH_1
and PLA_O-LDH_1_PBSA. Interestingly, these results correlate with ther-
mogravimetric analyses which show a poor thermal stability for sam-
ples containing O-LDH, and the worst for PLA_O-LDH_2. Since RAF in
PLA is generally reported as a less dense part of the amorphous phase
[54] located close at the filler surface, one may assume that it consti-
tutes a privileged path for reactive species formed at interface. In fact
several authors reported that XRAF crys increases with the decrease of

the annealing temperature [55,56]. By crystallizing at 80 °C, XRAF crys is
higher in samples containing O-LDH than in neat PLA, suggesting that
O-LDH hinders the crystal packing. However at 130 °C, the addition of
O-LDH shows no, or opposite, effect. It has previously been shown by
Leng et al. [53] that there is no linear relation between XRAF filler and
XRAF crys. We observe, moreover, that XRAF crys could be either promoted
or inhibited depending on the crystallization conditions.

In PLA_MgStearate XRAF filler = 7%, but RAF has less incidence on
thermal stability than other fillers for the reasons given in the discussion
of thermogravimetric measurements. Moreover, in this system, XRAF crys
is globally low in comparison to nanocomposites. Although one could
tentatively relate XRAF crys to the interfacial area, knowing that the sur-
face/volume ratio increases opposite to the size of the filler, further in-
vestigations are needed to explain this results.

The effects of annealing on the mechanical properties of PLA and
PLA composites were even investigated and results are reported in
Table 4. Young Modulus (E) tensile strength (TS) and elongation at
break (EB) of samples after annealing at 80 °C are compared with those
of quenched samples.

Before annealing, all the composites showed increased values of the
modulus with respect to PLA_180 sample in agreement with the rein-
forcing effect exerted by dispersed filler.

TS is higher for PLA_MgStearate in comparison to that of PLA_180,
but EB was similar, suggesting that the addition of microfiller even in
low/modest quantity increases the plastic response, especially with ref-
erence to Young Modulus and mechanical resistance to applied load
(TS).

The samples containing the nanofiller (O-LDH) were characterized
by lower values of TS and EB compared to PLA_180, in agreement with
data reported in literature [57]; in addition, by increasing the amount of
O-LDH a negative trend can be observed and the composite PLA_O-LD-
H_2 appears more brittle with respect to the matrix and to the other
composites. This result can be tentatively correlated to the amount of
interfaces among nanocomposites, i.e., XRAF filler, which is the higher for
that sample and can negatively affect the plastic deformation capability
of the specimen.

After annealing at 80 °C the microcomposite (PLA_MgStearate)
showed a behaviour completely comparable to that of PLA_180, which
improved the mechanical performances with reference to E and TS by
keeping unchanged the elongation, whereas, nanocomposites showed
lower values for TS and the EB, despite the increase of the modulus.
Once again the sample containing higher quantity of O-LDH showed
higher detriment of TS and EB values. This trend, already reported for
similar nanocomposites subjected to reprocessing [57], is probably as-
cribable to different phenomena. First of all there is an increase of crys-
tallinity that could raise the stiffness as evidenced by the increase of E,
shown for all the samples by comparing the data before and after an-
nealing. All the samples are characterized by similar crystallinity, but
samples containing O-LDH strengthen and stiffen by developing a sub-
stantially higher XRAF crys. In addition, during annealing, even if carried
out in static condition, further intercalation processes of polymer chains
into the O-LDH layers can enlarge the fraction of the exfoliated mate-
rial and thus of polymer chains which, as accommodated in proxim-
ity of (or between) the layers, are characterized by reduced mobility,
likely increasing the whole material stiffness and its brittleness. This can
partially justify the ductility loss evidenced especially for samples hav-
ing better dispersion, which means in the presence of coupling agent
(PBSA), and/or higher content of O-LDH. However, together with in-
creased crystallinity and nanofiller dispersion, different effects like as a
certain molecular weight reduction [13,57], owing to prolonged anneal-
ing and possibly affecting the mechanical performances of PLA [58],
cannot be completely excluded.
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Table 4
Mechanical properties of PLA and its composites.

Sample
Property a PLA_180 PLA_O-LDH_1 PLA_O-LDH_2 PLA_O-LDH_1_PBSA PLA_MgStearate

E (MPa) 5000 ± 450 5200 ± 300 5090 ± 150 5300 ± 250 5500 ± 100
TS (MPa) 46.0 ± 3.0 44.9 ± 1.5 30.5 ± 3.2 40.6 ± 0.5 56.8 ± 1.0
EB % 1.3 ± 0.09 1.2 ± 0.05 0.69 ± 0.06 1.0 ± 0.05 1.4 ± 0.07
E (MPa)80 5400 ± 500 5600 ± 350 5400 ± 150 5900 ± 300 5400 ± 240
TS (MPa) 80 52.4 ± 3.4 43.9 ± 1.8 21.5 ± 5.6 36.8 ± 2.1 52.4 ± 1.6
EB %80 1.3 ± 0.23 1.0 ± 0.12 0.46 ± 0.11 0.7 ± 0.03 1.1 ± 0.12

a Performed onto 5 replicates and averages calculated by eliminating the extreme values.

4. Conclusions

Composites of PLA with organo-modified LDH were prepared by
melt blending process and characterized with respect to morphology
and thermomechanical features. The characteristic diffraction peaks of
O-LDH were not visible in XRD patterns of PLA/O-LDH samples thus
suggesting an exfoliated morphology, but disordered microaggregates
possibly formed by flocculation were evidenced by SEM. This effect was
more evident by increasing the content of O-LDH. Interestingly, the mi-
cro Raman analysis of microaggregates/inclusions revealed that they are
composed by both PLA and O-LDH phases and are characterized by a
good interaction between polymer chains and inorganic layers not in
parallel registry. A certain decrement of PLA molecular weight was ob-
served by increasing the O-LDH content or enlarging the interfacial sur-
face.

The thermal stability of the composites depended on the nature and
content of filler; generally a decrease of thermal stability is evidenced by
adding the filler. All the composites showed a reduction in the values of
the activation energy in the middle stage of degradation ranging from 40
to 60%, but microsized filler (MgStearate) and/or low content of O-LDH
retained the degradation effects particularly in the oxygen atmosphere.
In general all the factors/parameters improving the interactions between
the polymer chains and the inorganic substrates such as the increase of
the content of nanofiller or the use of a coupling agent decreased the
thermal stability, definitely assessing that the chemical nature of LDH,
that means the magnesium aluminium hydroxides, induced an acceler-
ation of degradation reactions of PLA. Fewer effects were observed for
the sample PLA_MgStearate proving that the carboxylates used as sur-
factants did not provoke extensive degradation of PLA.

Even crystallinity, content of RAF, and size of crystalline domains
are affected by nature and content of filler upon the different annealing
processes. To summarize the salient results regarding the different be-
haviour of filled and un-filled samples (with micro- and nano-filler), the
main findings related to the structure/properties as a function of the an-
nealing temperature are following reported.

Find-
ing

Samples an-
nealed at 80 °C

Samples annealed at 130 °C

Crys-
tals form

α′ α

Nu-
cleation

Not evidenced Promoted by the filler (micro and nano)

RAF About 20–40%
increased by
nanofiller

About 10–20% weakly increased with filler
content in nanocomposites and not increased in mi-
crocomposite

XRAF
crys

promoted by
adding nanofiller

not promoted by adding filler, sometimes even
inhibited

Crys-
tallite
size (D)

greatly en-
hanced with the ad-
dition of filler

in the same order, sometimes slightly smaller
with the addition of filler

By annealing the samples at 80 °C, which induced a predominant for-
mation of α’ crystalline (metastable) phase, the size of crystalline do-
mains and the RAF content were both higher for the nanocomposites in
comparison to unfilled PLA. These results suggested that in this condi-
tion the filler partially hinders the decoupling between crystal and amor-
phous, but not the crystal growth.

In contrast, by annealing the samples at 130 °C (generating a pre-
dominant content of α crystalline phase), the size of crystalline domains
is in the same order among samples. The RAF content is less in com-
parison to the annealing at 80 °C, as expected. However, RAF associ-
ated to crystallization is not promoted by the filler addition. Even more
surprising, its content is only significant in samples where the disper-
sion and thus the interfacial interactions are more effective (the sample
with lower content of O-LDH and prepared with the coupling agent).
From the collected data we evidenced a complex dependence of the
microstructure on the crystallization conditions through opposite struc-
tural effects regarding the size of the crystals and the RAF behaviour.

Finally the mechanical features of the nanocomposites showed
higher modulus by filler dispersion and owing to annealing at 80 °C;
moreover, the experimental data suggested a certain increase of the stiff-
ness and a general loss of ductility with respect to un-filled polymer
likely due to further improvements of nanofiller dispersion.
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