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The effects of a layered double hydroxide (LDH) (Zn/Al palmitate) and two layered hydroxide salts (LHS), intercalated with
the anion salicylate or palmitate, on the properties of poly(L-lactide) (PLLA) nanocomposites were investigated. PLLA and the
nanocomposites were synthesized by ring opening polymerization of the cyclic dimer of lactic acid (lactide), using tin(II) 2-
ethylhexanoate (stannous octanoate) as catalyst. PLLA nanocomposites containing two different fillers concentrations (1 wt% and
2 wt%) were produced. Compared to PLLA, almost all the nanocomposites exhibited an enhancement on thermal resistance. The
sample containing 1wt% of Zn/Al palmitate exhibited a decomposition temperature 51°C higher than neat polymer. Results of
flexural properties demonstrated that the nanocomposites containing Zn/Al palmitate displayed the highest values of maximum
flexural stress and elongation at break. The sample with 2 wt% of this filler revealed values of maximum flexural stress and strain
at break, 15% and 157%, respectively, higher than PLLA. Contrary to PLLA, which only exhibited break point, this nanocomposite
showed a less fragile behavior, as a yield point was observed. In this case, it was possible to promote a higher flexibility without
reducing the flexural stress, revealing an advantage of the Zn/Al palmitate under the plasticizers that have been used so far for

PLLA.

1. Introduction

Recently, biodegradable polymers have attracted a large
amount of attention, because there is a global concern on
the reduction of the environmental impact generated by non-
degradable polymers. For this reason, there is an urgent need
to develop renewable source-based environmental benign
plastic materials, especially in short-term packaging and
disposable applications that would not involve the use of toxic
or noxious components in their manufacture and could allow
the composting of naturally occurring degradation prod-
ucts [1]. Among these ecological materials, poly(L-lactide)
(PLLA) has drawn intensive attention for their outstanding
biocompatibility and biodegradability as well as physical
properties which are comparable with polystyrene (PS) and

polyethylene terephthalate (PET) [2]. However, the large-
scale use of PLLA as packaging material is still hampered by
its high cost and low performance compared to commodity
polymers [3]. In order to try to enhance mechanical, thermal,
and gas barrier properties of PLLA, some scientific groups
have already studied the incorporation of some nanoscale
layered synthetic inorganic reinforcements like layered dou-
ble hydroxides (LDHs) on this polymeric matrix [2, 4-10].
Although the effect of LDHs on the mechanical and/or
thermal properties of PLLA nanocomposites has already been
investigated, studies considering PLLA nanocomposites filled
with LDH-palmitate were not found. This anion was selected
because preview promising results [11] demonstrated that it
was possible to enhance PMMA properties by the addition
of low concentrations of LDHs intercalated by long-chain



organic anions. The LDHs exhibit structures that derive from
brucite. Brucite structure is based on infinite layers composed
of octahedra that are connected to each other through their
edges. Magnesium cations and hydroxyl groups occupy the
center and vertices of the octahedra, respectively.

Brucite-like structures can experience other modifica-
tions, by either isomorphic substitution of cations in the
layers or substitution of part of the hydroxide groups by
appropriate anions or water molecules. In the latter case,
additional anions must be present in the second coordination
sphere in order to balance the charge of the layers [12]. These
modifications generate the layered hydroxide salts (LHS),
whose composition can be represented by the general for-
mula: M** (OH),_,(A"™"),/,,nH,0, where M*" is the metallic
cation and A™" is the intercalated hydrated counterion.

As far as the authors know, there are no studies on the
production of poly(L-lactide) nanocomposites reinforced by
layered hydroxide salts.

Katiyar and Nanavati [13] investigated the effect of mont-
morillonite clay, modified with surfactant, on the thermal sta-
bility and molecular weight of poly(L-lactic acid) nanocom-
posites. Compared to pure PLLA, all the nanocomposites
exhibited higher temperatures of the onset degradation. The
highest average molecular weight (169000 Da) was observed
for the nanocomposite containing 1wt% of montmoril-
lonite modified with dioctadecyl dimethyl ammonium bro-
mide. For all the nanocomposites, as the clay concentration
increased the molecular weight decreased.

Some authors [7] evaluated the mechanical properties of
poly(lactic acid) nanocomposites containing LDH-stearate in
their compositions. Results demonstrated that the nanocom-
posite containing 1wt% of Mg/Al 3:1 stearate exhibited
a tensile strength value very similar to the one obtained
for the neat polymer. However, as the filler concentration
increased there was a decrease on this property. On the
other hand, compared to neat polymer, the nanocomposites
containing 1 and 3 wt% of filler revealed elongation at break
values about seven times higher. Another research group [6]
investigated the effects of the incorporation of two different
fillers, LDH-laurate and organomodified montmorillonite
clay, into poly(L-lactic acid) properties. Thermogravimetric
analysis results showed that the nanocomposites containing
LDH-laurate were much less thermally stable than PLLA or
the nanocomposites containing modified montmorillonite.
Compared to PLLA, oxygen and water vapor permeability
were significantly reduced for the nanocomposites containing
organomodified montmorillonite, but the addition of LDH-
laurate did not cause an enhancement on the barrier proper-
ties.

In the present study, the effect of three different fillers,
one LDH (Zn/Al (palmitate)) and two LHS (LHS (salicylate)
and LHS (palmitate)), on the mechanical and thermal prop-
erties of poly(L-lactide) nanocomposites was investigated.
The nanocomposites were synthesized by intercalative in situ
bulk polymerization. Two different weight fractions of filler
were evaluated (1 and 2wt%), in relation to the polymer
mass. These concentrations were selected because previous
studies of our group [14] demonstrated that higher loadings
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of layered compounds can adversely affect the mechanical
properties of the polymer nanocomposites.

2. Experimental

2.1. Materials and Methods. (3S)-cis-3,6-Dimethyl-1,4-diox-
ane-2,5-dione (lactide) (98%) (Purac), tin(II) 2-ethylhex-
anoate (stannous octoate) (95%) (Sigma Aldrich), sodium
hydroxide, ethanol, zinc chloride, zinc nitrate, ammo-
nium hydroxide, salicylic acid (Ecibra), aluminum chloride
(Synth), and palmitic acid (Vetec) were of analytical grade
and used as received.

2.2. Preparation of Layered Double Hydroxides. Layered dou-
ble hydroxides were produced by coprecipitation method, as
previously reported [11].

Reaction for the production of Zn/Al palmitate is as
follows:

0.67Zn"? + 0.33A1" + (C,;H,,0,) ™ excess + 20H "
€]
— Zn,6;Aly 33 (OH), (C16H3102)0,33 nH,0

n is a variable number of water molecules.

2.3. Preparation of Layered Hydroxide Salts. Zinc hydroxide
nitrate (ZHN), Zn;(OH)g4(NO;),2H,0, was prepared by
adding aqueous ammonium hydroxide to a solution of zinc
nitrate. The aqueous synthesis solution/suspension pH was
maintained close to 7 and it was stirred vigorously for 24
hours at room temperature. The mixture was centrifuged
at 4000 rpm for 10 minutes, the supernatant was discarded,
and the precipitate was washed with deionized water; these
processes were repeated for five times. The solids were dried
in an oven for one week at 60°C.

Reaction for the production of ZHN is as follows:

5Zn" +2(NO,) " + 8 (OH)™! + 2H,0
(2)
— Zns (OH), (NO,), 2H,0

After that, in the anionic exchange reaction of the ZHN,
nitrate anions were exchanged by selected anions (salicylate
or palmitate). In this process, ZHN was added to an interca-
lating agent solution and this mixture was vigorously stirred
for three days, after which the exchanged layered hydroxide
salt suspension was centrifuged at 4000 rpm for 10 minutes
and washed with deionized water. The centrifugation and
washing processes were repeated for five times and the solids
were dried in an oven at 60°C for seven days.

Exchange reactions are as follows:

Palmitate anion:

Zns (OH)g (NO;), 2H,0 + 2 (Cj4H;,0,)™"
3)
— Zn; (OH) (C,4Hj,0,), 2H,0 + 2NO;~
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Salicylate anion:

Zn, (OH); (NO;), 2H,0 + 2 (C,H;0,)™"
(4)
— Zns (OH); (C,;H505), 2H,0 + 2NO;~

2.4. Preparation of PLLA Nanocomposites. PLLA nanocom-
posites were produced by in situ intercalative ring opening
polymerization of L-lactide, using stannous octoate, as cat-
alyst. The L-lactide: catalyst molar ratio was fixed at 500: 1.
Prior to polymerization, the respective filler (1 or 2wt%)
was mixed with L-lactide and catalyst and this mixture was
vigorously stirred for 1 hour. Subsequently, the mixture was
charged in a reactor and the polymerization was carried out
at 120°C for 7 hours under dynamic flow of nitrogen.

2.5. Characterizations. The X-ray diffraction measurements
(XRD) were performed using a Shimadzu-XRD 7000 diffrac-
tometer, using CuK, radiation (A = 1.5406A), at a rate
of 2°/min, operating at 40 KV and 30 mA, over 20 range of
1.5-70".

The FTIR spectra were obtained in a Spectrum One
Perkin Elmer equipment, in a wavenumber range of 400 to
4000 cm™", with a resolution of 4 cm™". Measurements were
recorded in the transmittance mode.

The UV-Vis transmittance spectra of the nanocomposites
were obtained in a spectrophotometer Varian/Cary 5G equip-
ment in the wavelength range of 200 to 800 nm.

Thermogravimetric analysis (TGA) was performed on
a Universal V2.3C TA Instrument, where the samples were
heated from 30 to 700°C, with a heating rate of 20°C/min on
oxidant atmosphere (oxygen flow of 100 ml/min).

For XRD, FTIR, UV-Vis, and TGA analyses, the nano-
composite samples were ground (using an IKA All equip-
ment) and then passed through a 100-mesh sieve.

In order to carry out the mechanical tests, the samples
were injection molded using a Haake Minijet injection
molding system from Thermo Fisher Scientific. The injection
molding conditions adopted were cylinder temperature of
200°C, injection pressure of 200 bar, injection time of 10
seconds, mold temperature of 43°C, holding pressure of
150 bar, and a holding time of 15 seconds. The specimens had
64 mm length, 12.7 mm width, and 3.2 mm thickness.

The flexural properties were measured using MTS test-
ing machine model 810, considering a three-point loading
system. The testing speed was 5mm/min and span length
was 30 mm. Three specimens were tested for each sample of
nanocomposite.

3. Results and Discussions

3.1. Layered Double Hydroxide and Layered Hydroxide Salts.
Figure 1 exhibits the XRD patterns for salicylic acid, ZHN,
and LHS (salicylate) while Figure 2 displays the X-ray diffrac-
tion patterns for palmitic acid, Zn/Al palmitate, ZHN, and
LHS (palmitate). The basal spacing of the fillers was calcu-
lated by Bragg’s equation, using the position of the higher
order basal peaks.
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FIGURE 1: X-ray diffraction patterns: (a) salicylic acid, (b) zinc
hydroxide nitrate (ZHN), and (c) zinc hydroxide nitrate intercalated
by the anion salicylate (LHS (salicylate)).
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FIGURE 2: X-ray diffraction patterns: (a) palmitic acid, (b) Zn/Al
palmitate, (c) zinc hydroxide nitrate (ZHN), and (d) zinc hydroxide
nitrate intercalated by the anion palmitate (LHS (palmitate)).

Zinc hydroxide nitrate revealed a basal spacing of 9.79 A,
contaminated with a minor phase with basal distance of
10.23 A, which is very close to 9.78 A, value reported previ-
ously in literature [15]. XRD pattern of the LHS (salicylate)
revealed two series of basal reflections, which correspond to
basal spacing of 12.77 A (main phase) and 14.8 A (contami-
nation). The presence of two crystalline phases may indicate
two different packing modes of the organic anions in the
interlayer spacing. It has been proposed [16] that there are
several packing modes for the organic hydrocarbon chains
in the interlayer, including monolayer, bilayer, or antiparallel
packing at a slant angle with respect to the hydroxide layer. In
general, the packing mode of organic anions in the gallery is
mainly determined by their chain structure, that is, the chain
length and the chain cross section, and is little affected by the
charge density on the hydroxide layer [16].

Figure 2 shows that the LDH (palmitate) exhibited two
different series of basal reflections, with basal spacing of
4415A and 38.16A. It is believed that, in the interlayer
spacing of this LDH, the anionic species can be arranged
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FIGURE 3: FTIR spectra of the fillers: (a) zinc hydroxide nitrate
(ZHN), (b) salicylic acid, (c) LHS (salicylate), (d) palmitic acid, (e)
LHS (palmitate), and (f) Zn/Al palmitate.

in bilayer packing (basal spacing of 44.15A). In this case,
hydrogen bonding of neutral COOH groups with adjacent
COO™! occurs. According to the literature [16], when the
hydrocarbon chain contains 14-18 carbons and the supplied
amount of the organic anion is more than the anion exchange
capacity, a so-called bilayer packing mode is also observed. In
this last case, neutral palmitic acid can also be cointercalated
into the interlayer spacing, forming hydrogen bonds with
carboxylate anions or hydroxide groups. The phase observed
at 38.16 A is attributed to zinc palmitate.

LHS (palmitate) displayed a basal spacing of 36.98 A.
This filler exhibited several diffraction peaks, especially one
close to 21° (2 theta) that can be related to palmitic acid,
as a contaminant, not completely eliminated during washing
procedure.

Figure 3 shows the FTIR spectra of the fillers studied.
The broad band at around 3500cm™ can be attributed
to stretching vibration of the O-H group. ZHN spectra
revealed a band at 1386 cm™' which is associated with the
intercalated nitrate anions. None of the LHS intercalated by
organic anions exhibited the band related to nitrate anions,
which can indicate a total replacement of these anions by
the organic anions studied. ZHN spectra showed bands at
3480 cm ™' and 3440 cm™ (stretching vibrations of the O-
H groups) and 1650 cm ™ (angular deformation of the O-
H groups from water molecules). These bands can also be
attributed to hydroxyl groups of the hydroxide layers and/or
physisorbed and intercalated water molecules. The FTIR
spectra of the layered compounds intercalated by the anion
palmitate revealed bands close to 2920 cm~! and 2850 cm™},
which can represent symmetric and asymmetric stretching
vibrations of the C-H groups, respectively.

LDH (palmitate) and LHS (salicylate) samples showed
a band close to 1600 cm™", which can be associated with
carbonyl stretching vibrations of acid as contaminant or due
to H-bonding of free acid with carboxylate and/or pendant
layer hydroxide groups [17]. These results are in agreement
with those obtained by XRD and both of them indicated the
formation of two phases. LDH (palmitate), LHS (palmitate),
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FIGURE 4: TGA curves of intercalating anion precursors and fillers
produced.

and LHS (salicylate) exhibited bands close to 1540 cm™" and
1400 cm ™', which can correspond to asymmetric and sym-
metric stretching vibration of the C=0 group, respectively.

The spectra of LHS (palmitate) exhibited a band at
1702 cm™". This band also is observed in the palmitic acid
spectra and it corresponds to the stretching vibration of
the C=0 group of the protonated carboxylate. This fact can
indicate that palmitic acid is present as a contaminant.

LHS (salicylate) spectra exhibited bands at 1471 cm ™! and
1452 cm™" which can be related to C=C stretching vibration
of the aromatic rings.

Figure 4 shows thermogravimetric curves (TGA) for the
oxidative thermal decomposition of the intercalating anion
precursors and the layered compounds produced. Salicylic
acid and palmitic acid showed decomposition temperatures
close to 350°C (char residue of 0.7%) and 430°C (char residue
of 0.5%), respectively.

Zn/Al palmitate showed thermal decomposition until
570°C with a char residue of 20%. ZHN, LHS (salicy-
late), and LHS (palmitate) exhibited thermal decomposition
until 280°C (char residue of 71%), 443°C (char residue of
36%), and 488°C (char residue of 15%), respectively. These
results showed that anionic exchange reaction promoted an
enhancement in the thermal stability of the layered hydroxide
salt.

3.2. Polymer Nanocomposites. Figure 5 displays the X-ray
diffraction patterns for PLLA and PLLA nanocomposites.
Comparing the XRD patterns of the nanocomposites to the
PLLA, it can be noticed that they are very similar, since the
diffraction peaks related to the layered materials are absent.
This fact can indicate that the inorganic fillers are exfoliated in
the polymeric matrix. However, as the studied concentrations
of the LDH or LHS were very low (1wt% or 2wt%), the
diffraction peaks related to these layered compounds may
not have been detected by the equipment. In order to verify
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FIGURE 5: X-ray diffraction patterns of PLLA (a) and PLLA
nanocomposites (b-g), (b) Zn/Al palmitate (1wt%), (c) Zn/Al
palmitate (2 wt%), (d) LHS (salicylate) (1wt%), (e) LHS (salicylate)
2wt%), (f) LHS (palmitate) (1wt%), and (g) LHS (palmitate)
2 wt%).
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FIGURE 6: FTIR spectra of PLLA (a) and PLLA nanocomposites
(b-g), (b) Zn/Al palmitate (1wt%), (c) Zn/Al palmitate (2wt%),
(d) LHS (salicylate) (1wt%), (e) LHS (salicylate) (2wt%), (f) LHS
(palmitate) (1wt%), and (g) LHS (palmitate) (2 wt%).

the dispersion of the filler, it would be important to perform
TEM images. TEM allows a qualitative understanding of the
internal structure, spatial distribution of the various phases,
and views of the defect structure through direct visualization
[1]. Unfortunately, it was not possible to carry out TEM
images because some nanocomposites started to undergo
degradation two weeks after they had been produced.

Figure 6 exhibits the FTIR spectra of PLLA and PLLA
nanocomposites. All the nanocomposites revealed FTIR
spectra very similar to the ones obtained for PLLA. The
band centered around 3500 cm™" can be attributed to O-H
stretching vibrations. Bands close to 3000 cm ™', 2950 cm ™,
and 2850 cm™" can be related to C-H stretching vibrations.
The band at 1760 cm ™" can be assigned to carbonyl stretching
vibration. Bands close to 1180 cm ™}, 1130 cm ™!, and 1090 cm ™!
can be attributed to C-O stretching vibrations.

Transmission (%)

200 300 400 500 600 700 800
Wavelength (nm)

A) PLLA

B) 1 wt% of LHS (salicylate)
C) 2 wt% of LHS (salicylate)
D) 1 wt% of LHS (palmitate)

(E) 2 wt% of LHS (palmitate)
(F) 1 wt% of Zn/Al palmitate
(G) 2 wt% of Zn/Al palmitate

—~ o~~~

FIGURE 7: Percent transmission versus wavelength of PLLA (A) and
PLLA nanocomposites (B-G).

The spectrum of the nanocomposite containing 2 wt% of
Zn/Al palmitate revealed extra bands at 1540 cm ™" (this band
also appeared in the Zn/Al palmitate LDH spectra) and at
1211cm ™", which can be associated with carboxylate asym-
metric stretching vibrations and C-O asymmetric stretching
vibrations, respectively. The spectra of the nanocomposites
containing 1wt% of Zn/Al palmitate and 1wt% of LHS
(salicylate) revealed a band at 1622 cm™ !, which can be related
to C=0 asymmetric stretching vibrations of an undissociated
carboxylic acid group (COOH). The appearance of this band
can be attributed to cointercalation of neutral carboxylic
acid in the layered compounds interlayer spacing and/or
can indicate that the excess of the acid was not completely
removed during the washing procedure.

Visible and ultraviolet transmission spectra of PLLA and
PLLA nanocomposites can be seen in Figure 7.

The ultraviolet light includes the wavelength range
100-400 nm that is divided into three distinct regions of
wavelengths, UVA (400-315nm), UVB (315-280 nm), and
UVC (280-100 nm). The visible light covers the wavelength
ranging from 400 to 700 nm.

The transmission of visible and ultraviolet light is impor-
tant parameter in designing the right packaging to preserve
and protect products until they reach the consumer [18]. At
UVC region, PLLA exhibited light transmittance that ranged
from 18% (233 nm) to 76% (280 nm). At UVB region, it can be
observed that the PLLA transmittance increased significantly,
reaching a light transmission of 93% at 315 nm. The highest
amount of UV light transmitted by PLLA occurred in UVA
region, at 318 nm (95%). At visible region, PLLA showed the
highest transmittance at 400 nm (83%). The transparency of
plastic sheeting is defined as the transmission of visible light
on the range 540-560nm [18]. In this range, the average
PLLA transmittance was 78%.



6 International Journal of Polymer Science
TABLE 1: Temperatures for the thermal degradation of PLLA and PLLA nanocomposites.
Sample T, CC) T, (C°C) T,(C)
PLLA 246 277 301
PLLA/(1wt% of Zn/Al palmitate) 281 308 352
PLLA/(2 wt% of Zn/Al palmitate) 251 286 323
PLLA/(1wt% of LHS (salicylate)) 249 281 308
PLLA/(2 wt% of LHS (salicylate)) 233 269 301
PLLA/(1wt% of LHS (palmitate)) 249 280 318
PLLA/(2 wt% of LHS (palmitate)) 242 272 301

With exception of the samples with LHS (salicylate),
PLLA and other nanocomposites exhibited very similar
percent transmission versus wavelength curves, with bands
close to 320 nm. The samples containing LHS (salicylate)
displayed bands close to 230 nm and 280 nm. These bands
could be a characteristic of the samples containing LHS
(salicylate).

Both the nanocomposites containing LDHs (palmitate)
exhibited lower transmittance than PLLA, in the entire
wavelength range analyzed.

Compared to PLLA, the nanocomposite containing
2wt% of LHS (salicylate) transmitted a smaller amount of
UVA and UVB light. This nanocomposite revealed transmit-
tance that ranged from 37 to 54%, in the UVB region. In
the UVA region, this nanocomposite transmitted within the
range 32 to 73% and it exhibited a transparency over 73%. The
nanocomposite containing 1wt% of LHS (palmitate) trans-
mitted less light than PLLA, in the entire wavelength studied,
and exhibited a transparency over 65%. The nanocomposite
with 2 wt% of LHS (palmitate) displayed transmittance values
very similar to PLLA. According to some authors [18], UV-C
and UV-B wavelengths are the most damaging for food. The
most promising results were found for the nanocomposite
containing 2 wt% of LHS (salicylate) because, compared to
PLLA, it transmitted less light from 250 nm, while keeping
a similar transparence.

Figure 8 shows thermogravimetric curves for the oxida-
tive thermal decomposition processes of PLLA and PLLA
nanocomposites. Figure 9 exhibits the derivatives of these
curves (DTGA). Table1 displays a summary of thermo-
gravimetric data. This table displays the data of the onset
degradation temperature T;, (temperature at which 10% of
the mass is lost), the midpoint degradation temperature
Ty, (temperature at which 50% of the mass is lost), and
the total degradation temperature T,;. The residue left after
combustion of unfilled polymer in air is nearly zero as all the
organic contents (hydrocarbon) are converted into gaseous
products. In the case of the nanocomposites, the polymeric
matrix and the organic part in LDHs are completely burnt
and are lost as gaseous products [19].

It can be noticed that, with exception of the nanocom-
posites containing 2wt% of LHS (salicylate) and 2wt%
of LHS (palmitate), all other nanocomposites were more
thermally stable than PLLA, at all the conditions studied.
The nanocomposite with 1wt% of Zn/Al palmitate exhib-
ited the highest thermal stability. Compared to PLLA, this
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FiGURE 8: TGA curves to PLLA (A) and PLLA nanocomposites
(B-G).

nanocomposite displayed T',, Ts,, and T}; about 36, 31, and
51°C higher than the ones obtained for pure PLLA. The
enhancement on the thermal stability can be attributed to
the filler homogeneously dispersed in the PLLA matrix.
During the thermal decomposition, these fillers generate
char or inorganic residues that can act as mass transport
barrier, reducing the transport of volatile gases out of the
nanocomposites. Besides, for large filler/PLLA interfaces,
the strong chemical and physical interactions between the
layered compounds and the PLLA restrict the thermal motion
of the polymer molecules, increasing thermal stability. It can
be seen that an increase on the filler concentration caused
a decrease on thermal stability. This fact can be related to
the dispersion of the filler that can be negatively affected as
the concentration increased, limiting, this way, the insulating
effect of the char and reducing the polymer/filler interfacial
interactions.

DTGA curves of all the samples (PLLA and nanocompos-
ites) showed only one thermal event, attributed to decompo-
sition of PLLA chains.

Figure 10 displays stress versus strain curves for PLLA
and PLLA nanocomposites. Table 2 exhibits a summary of
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TABLE 2: Summary of some parameters obtained from flexure test.

Modulus of elasticity Stress at yield point Stress at break point  Elongation at break
(MPa) (MPa) (MPa) (%)
PLLA 3815 — 20.6 0.54
PLLA/(1wt% Zn/Al palmitate) 3378 29.2 25.7 0.92
PLLA/(2 wt% Zn/Al palmitate) 2521 23.7 6.3 1.4
PLLA/(1wt% LHS (salicylate)) 3296 — 20.6 0.63
PLLA/(2 wt% LHS (salicylate)) 2585 — 6.3 0.24
PLLA/(1wt% LHS (palmitate)) 2619 14.9 2.95 0.59
PLLA/(2wt% LHS (palmitate)) 3259 — 12.5 0.38
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(F) 1 wt% Zn/Al palmitate
(G) 2wt% Zn/Al palmitate

FIGURE 9: DTGA curves to PLLA (A) and PLLA nanocomposites
(B-G).

the main parameters (modulus of elasticity, stress at yield
point, stress at break point, and elongation at break point)
obtained from flexural test. Compared to PLLA, all the
nanocomposites exhibited lower elasticity modulus values.

Results showed that as the filler concentration increased
from 1wt% to 2 wt% there was a reduction in the maximum
flexural stress values. The increase in filler concentration
may have resulted in a less efficient dispersion of the layered
compounds, which could lead to weaker physical and/or
chemical interactions between them and the PLLA matrix.
This may have caused the formation of small tactoids that act
as sites of stress concentration.

The curve of PLLA and most of the nanocomposites
exhibited only break point. These samples fractured when a
maximum flexural stress was reached. On the other hand,
the curve of the nanocomposite containing 2 wt% of Zn/Al
palmitate exhibited a different behavior because it displayed
yield point and break point. This sample exhibited an increase
in strain after the maximum flexural stress was reached. The
highest maximum flexural stress was found for the sample

Strain (%)

(A) PLLA

(B) 1 wt% LHS (salicylate)
(C) 2 wt% LHS (salicylate)
(D) 1 wt% LHS (palmitate)

(E) 2wt% LHS (palmitate)
(F) 1 wt% Zn/Al palmitate
(G) 2wt% Zn/Al palmitate

FIGURE 10: Stress versus strain curves derived from flexure tests to
PLLA (A) and PLLA nanocomposites (B-G).

containing 1 wt% of Zn/Al palmitate, whose value was almost
42% higher than the one found for PLLA.

The sample containing 2wt% of Zn/Al palmitate dis-
played the highest strain at break value and also exhibited
a maximum flexural stress value 15% higher than the one
found for PLLA. Compared to PLLA, this sample exhibited
an increase of almost 160% in the strain at break value,
showing a less fragile behavior. This result displayed that
it was possible to cause an alteration in the PLLA plastic
deformation through the addition of a low concentration
of a selected layered filler. In this case, it was possible to
promote a higher flexibility without reducing the flexural
stress, revealing an advantage of the Zn/Al palmitate under
the plasticizers that have been used so far for PLLA.

4. Conclusions

In the present study, the effect of three different fillers
(Zn/Al palmitate, LHS (salicylate), and LHS (palmitate)) on
the mechanical and thermal properties of poly(L-lactide)
nanocomposites was evaluated.



The nanocomposite containing 1wt% of Zn/Al palmitate
exhibited a decomposition temperature 51°C higher than the
one found for PLLA.

The results of flexure test evidenced that, compared
to PLLA, the nanocomposite containing 1wt% of Zn/Al
palmitate displayed a maximum flexural stress value 42%
higher. The results showed that the strain at break value was
remarkably increased in the case of the sample with 2 wt% of
Zn/Al palmitate.
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