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ABSTRACT

During the last decades, a lot of research work focused on several biodegradable and biosourced polyesters
for the purpose of reducing the non-degradable polymer wastes. These polyesters are particularly considered
to be promising polymers for biomedical applications and short life-time products like packaging. As these
packagings are rapidly discarded, especially the food ones, their accumulation becomes a serious environ-
mental problem. In order to replace these materials with new ones that do not harm the environment, several
studies are being carried out about these materials. However, it presents some limitations as its thermal insta-
bility in the molten state and high cost of production, being the incorporation of clay to the polymer matrix,
forming bionanocomposites, a viable alternative since it improves the mechanical and thermal properties of
the material when compared to the pure polymer, and may or may not reduce the total cost of production.
Among commercially-available polyesters, polyhydroxyalkanoates (PHAs) are produced by various bacteria
and known to be fully biodegradable. The aim of this study was to develop and to characterize bionanocom-
posites produced from the polymer matrix of poly (3-hydroxybutyrate-co-3-hydroxyvalerate) - PHBV and
natural vermiculite and organoclay. The melt intercalation technique was used for obtaining systems in the
form of films. The FTIR results unveiled changes in the bionanocomposites structure with the addition of the
clay, verifying the incorporation and overlap of bands of both the natural clay and the quaternary ammonium
salt. Through the XRD technique, it was observed a greater disorganization in the systems compared to the
pure polymer, suggesting a structure of a microcomposite for the systems with natural clay and tending to a
greater exfoliation for the systems with organoclay vermiculite. From the micrographs by MO and MEV, the
films presented a small number of clusters for the natural systems and a more uniform structure for the or-
ganophilic systems, thus corroborating with the XRD. In this way, it was evidenced that the systems with
organoclay were the ones that presented better against the characteristics desired for its possible industrial
application. Thus, elaborated bionanocomposites may be an alternative to the substitution of synthetic poly-
mers in the industry, for example, in food packaging.
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1. INTRODUCTION

The high durability of polymers is due to their resistance to chemical and biological attacks which causes a
great impact on the environment on account of the fact that waste is produced without proper destination that
last for hundreds of years. Therefore, the study of biodegradable polymers has been widespread because they
have high rates of degradation and generate less environmental impact [1].

One of biodegradable polymers showing a growing industrial interest is the poly (3-hydroxybutyrate-
co-3-hydroxyvalerate) - PHBV, a PHB copolymer synthesized by bacteria from agricultural raw materials
having good biodegradability, biocompatibility and thermoplasticity [2]. However, it presents some limita-
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tions on its use on a large scale due to its thermal instability in the molten state and high cost of production
[3]. Alternatively, the clay incorporation to the polymeric matrix can occur, forming nanocomposites or bio-
nanocomposites, improving the mechanical and thermal properties of the material compared to pure polymer
[4].

For PHBV based nanocomposites, the use of organomodified nanoclays containing a surfactant ap-
pears to be asuitable way to improve the affinity between nanoclays and the polymer and the dispersion of
nanoclays in the matrix [5, 6]. Concerning the transport properties of PHBV-based nanocomposites, Sanchez-
Garcia and Lagaron [7] showed for PHBV/mica (5wt%) nanocomposites a decrease in water vapor and oxy-
gen permeability of 50% and 25%, respectively. Recently, for PHBV/Cloisite “30B nanocomposites, Corréa
et al. [8] observed a reduction in oxygen permeability reaching 12% explained by tortuosity effects. However,
in addition to tortuosity effects, other factors have to be taken in to account to better understand the transport
mechanisms of small molecules, like the dispersion state of nanoclay platelets, the increase of crystallinity
caused by nucleation effects of nanoclays, the change in molecular weight of the polymer matrix, the
nanoclay content, the properties of matrix/ nanoclays interfacial zones and the interactions between the dif-
fusing species and the components of the nanocomposite [9-11].

Therefore, this study aimed at the development and characterization of bio-nanocomposites from the
polymer matrix PHBV clay and natural and organoclay vermiculite. Bionanocomposites in the form of films
were prepared by melt intercalation technique and was evaluated the effect of clay evaluated through Fourier
Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM)
and Optical Microscopy (OM). All of this with the main purpose of applying these materials as food packag-
ing.

2. MATERIALS AND METHODS

2.1 Materials

The PHBV employed was supplied by PHB Industrial S/A (Sao Paulo, Brazil) as powder. The expanded
vermiculite clay (VMT) used was provided by Minera¢do Pedra Lavrada - Paraiba. The organophilization of
VMT was carried out with the salt chloride of stearyl dimethyl ammonium, known commercially as Praep-
agen WB®.

2.2 Methods

2.2.1 Organophilization and processing of bionanocomposites (melt intercalation)

The organophilization process consists in the preparation of dispersions containing distilled water concentra-
tions, the clay, and ammonium salt, as proposed by Mesquita ef a/. methods [12].

The bio-nanocomposites were prepared in a HAAKE internal mixer, Rheomix 3000 model, with
chamber featuring a free volume of 310 cm?® and rotors of the "roller" type. A 70 % fill factor of the mixing
chamber was used in all cases and the mixer was operated at 170 °C at 50 rpm for 10 minutes. The concentra-
tions of clay without treatment and organoclay used were 1 %, 3 % and 6 %.

The concentrates were ground and then compression molded in a MH-08-MN hydraulic press from
MH Equipamentos Ltda. We used the temperature level of 190 °C and applied a force of 2 tons for 3 minutes.
The materials obtained in the form of films were allowed to cool to room temperature. The composition and
symbology used for bionanocomposites are shown in Table 1.

Table 1: Composition and symbology used for bionanocomposites PHBV and vermiculite

PHBV NATURAL VERMICULITE SYMBOLOGY
100 % 0% PHBYV pure
0% 100 % VMT
99 % 1% PHBV + VMT 1 %
97 % 3% PHBV + VMT 3 %
94 % 6 % PHBV + VMT 6 %
PHBV ORGANOCLAY VERMICULITE SYMBOLOGY
0% 100 % VMTO
99 % 1 % PHBV + VMTO 1 %
97 % 3% PHBV + VMTO 3 %
94 % 6 % PHBV + VMTO 6 %
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2.2.2 Characterization

The spectral analysis in Fourier Transform Infrared Spectroscopy (FTIR) was performed on a Shimadzu
IR Affinity-1 model, sweeping spectrometer 4000-450 cm.

The nanocomposites were analyzed by the X-ray diffraction (XRD) method in a Shimadzu model
XRD 6000 diffractometer operating in the angular range (20) of 1.5 ° to 30 ° using CuKa as incident radia-
tionand L= 1.54 A .

The surface morphology of the systems was examined by a Shimadzu scanning electron microscope,
SSX-550 model, and with a magnitude of 500 x and also by optical microscopy with an increase of 20 X
(200 um) using a Leica Microsystems optical microscope, M750 model.

3. RESULTS AND DISCUSSION

3.1 Changes in the chemical structure of the bio-nanocomposite by FTIR

Figure 1 shows the spectrum of the bionanocomposites produced from natural vermiculite. The bands ob-
served for pure PHBV were in 3439 cm™ representing OH stretching vibration. Other PHBV bands are at
2933 cm™ and 2981 cm’', representing the vibrational stretch of aliphatic C-H groups and the asymmetrical
stretching of CHj, respectively. The bands in the region of 1747 - 1699 cm™ refers to stretching vibration of
C=0 of the ester group present in the polymer. Symmetric and asymmetric deformation of the CH; and the
vibrational stretching C-O-C are represented the transmittance bands observed in 1452 cm™ and in the region
1296-1114 cm™. The other bands observed between 1000 - 500 cm™ are related to stretches of C-C group.
Thus, the spectrum of pure PHBV has some characteristic bands previously reported in the study by Liu et al.
[13] Weng et al. [14].
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Figure 1: Spectra of infrared (FTIR) of pure PHB and bionanocomposites produced with natural vermiculite.
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Note that with the increasing of the clay content in the bionanocomposites, the bands remain in the
same wavelength, which suggests that the chemical structure of bionanocomposites was not significantly
altered by the insertion of natural clay. The decrease of C-H methylenes groups is observed, resulting in a
disorder of the functional groups, characteristic of the polymer, similar results were found by Silva et a/ [15].
In its study on the organomodification effects of vermiculite clay and its potential for the production of poly
(lactic acid) bionanocomposites (PLA) and organoclay vermiculite, Fernandez et al. [16] reported bands
found in natural vermiculite, one in 3640 cm™ related to stretch-vibration O-H possibly of hydration water
and bound silane groups. Another characteristic band of clay is in the region of 1650 cm™ due to hydration
water OH flexion vibrations and strong bands were also found in the region of 1000 - 450 cm ™', attributed to
Si-O- Si and Si-O-Al. The characteristic bands of natural vermiculite are not easily observed in PHBV / ver-
miculite bionanocomposites developed due to possible overlap of the bands of the pure polymer. This overlap
was also demonstrated by Yang et al. [17].

Figure 2 illustrates the infrared spectra for bionanocomposites produced from organoclay vermiculite.
The relative bands on the pure PHBV are also observed in organophilic systems, however with a greater in-
tensity difference compared to systems with natural clay. Observed an increase in the 3439 cm™ band, possi-
bly attributed to stretching vibration of N-H, representing the presence of the quaternary ammonium salt in
the modified clay and thus on the bionanocomposites. As reported by Wang et al. [18] in the paper where
polystyrene and vermiculite nanocomposites were developed by in situ polymerization technique.

The Figure 2 also noticed a slight increase in other bands reported for PHBV, as the region 3000 - 900
cm” bands of ammonium quaternary salt are overlapping the bands of the polymer. Oliveira et al. [19] ob-
served the appearance of bands 2960 and 2857 cm™ attributable to C-H stretching when they modified the
clay vermiculite, which can explain the increase in the band 2920 cm™ in these systems. We also observed
new bands at 2922 and 2847 cm™ related to organophilization of vermiculite, supported by Gomes et al. [20].
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Figure 2: Spectra of infrared (FTIR) of pure PHB and bionanocomposites produced with organoclay vermiculite.
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3.2 Crystalline structure

Figure 3 presents the XRD analysis of natural clay, pure PHBV and of bionanocomposites produced with
natural vermiculite. For natural vermiculite clay, three characteristic peaks at 26 equal to 3.96 °; 6.28 ° and
7.18 °, with interlayer spacings of 23.92 A; 14.06 A and 12.30 A, were respectively observed. This result
corroborates the one found in the diffractograms of natural vermiculite conducted by Zhang et al. [21] and
Fernandez et al. [16].

It was noticed that the first clay vermiculite peak does not appear in the three established bionano-
composites and the other two characteristic clay peaks present larger basal spacing in the systems, passing
from distance d001 = 14.06 A of the vermiculite clay to 14.42 in the system with 1% clay and 14.19 A for the
systems with 3 to 6% of nanofiller. Thus, with increasing clay content in the bionanocomposites there occurs
an increase in peak intensity, which is possibly due to the presence of a minimum of intercalation of polymer
chains between the layers of vermiculite. One can notice the formation of a possible structure of a microcom-
posite in the bionanocomposites according to Crétois et al. [22]. However, it can also be observed that as the
vermiculite content increases in the systems, so does the intensity of the peaks related to clay, possibly indi-
cating that the number and size of the agglomerates slightly increased, as has also been reported in the litera-
ture by Yang et al. [17].
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Figure 3: X-ray diffraction of the bionanocomposites with natural vermiculite.

Figure 4 illustrates the diffactrograms for modified vermiculite, pure PHBV and their bionanocompo-
sites produced with organoclay vermiculite. From the XRD pattern of the organoclay vermiculite, four differ-
ent peaks can be seen compared to the natural vermiculite, they were at 20 = 1.94 ©; 2.34 °; 4.74 ° and 7.06 °,
corresponding to 45.48 A basal spacing; 37.71 A; 18.62 A and 12.51 A, respectively. These distances were
further apart for organoclay vermiculite compared to what it is like in its natural way. Thus, the increase in
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basal spacing suggests that the alkylammonium cations have been well intercalated between layers of silicate,
corroborating the results obtained by Fernandez ef al. [16], when evaluating the organomodification of the
vermiculite for the production of PLA / vermiculite nanocomposites, also found two similar peaks for the
natural clay, being 7.34 ° (12.0 A) and 3.50 ° (25.2 A), both Corresponding to baseline interplanar distance
dgo1, and Gomes et al. [20] observed similar peaks for the natural vermiculite clay prior to their organ-
ophilization and observed that the intercalation of the quaternary ammonium salt in the vermiculite clay is
due to the greater distance of the silicate galleries.

It may be noted that in the systems with 1 and 3% organoclay, no clay peak can be observed, and only
the intensity of the peaks relating to pure PHBV go through change and there is also a slight increase in their
basal spacing. For the system with 6% organoclay vermiculite, the presence of a diffraction peak related to
organoclay vermiculite with an increase in the basal spacing was observed, which characterizes a larger in-
tercalation of polymer chains in the clay lamellae. Thus, the higher the clay content added to the systems, the
more one can observe a change in structure which possibly goes from exfoliated to intercalated, similar to the
study by Cretois et al. [22] and Carli et al. [23].
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Figure 4: X-ray diffraction of the bionanocomposites with organoclay vermiculite

3.3 Morphology of bionanocomposites

Figure 5 illustrates the optical micrographs (MO) and scanning electron microscopy (SEM) for pure PHBV
and for the bionanocomposites. Through the micrographs, it was observed that the PHBV polymer presented
uniform morphology and no grooves. A number of denser points have also been observed, possibly charac-
terizing incomplete melting or the presence of impurities. For systems with natural clay, was observed the
formation of small white pellets in more detail, possibly from the clay not completely dispersed in the poly-
mer, and even more notoriously with the highest percentage of nanoclay. Thiré et al. [24] also observed the



REIS, D. C. C.; OLIVEIRA, T. A.; CARVALHO, L. H.; ALVES, T.S.; BARBOSA, R. revista Matéria, v.22, n.4, 2017.

formation of white spots in the PHBV / attapulgite systems. Note that the bionanocomposites with or-
ganoclay were found to be more homogeneous and dispersed than the others, because the presence of clay is
hardly seen. This may be due to a greater interaction between the organoclay vermiculite and the polymer
matrix of PHBV, which was confirmed by XRD technique which showed a possible tendency to the exfolia-
tion of the structures of organophilic systems due to non-appearance of the characteristic peaks of vermiculite
in these bionanocomposites. Systems without stains and white spots were noticed by Oliveira et al. [19] as
they developed bionanocomposites of Ecobras® and vermiculite, which obtained very homogeneous SEM
micrographs for bionanocomposites, confirmed by the good dispersion of clay.
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Figure 5: Optical micrographs (20X) and SEM (500X) for PHBV pure and for bionanocomposites: a) PHBV pure; b)
PHBV + VMT 1 %; ¢) PHBV + VMT 3 %; d) PHBV + VMT 6 %; e¢) PHBV + VMTO 1 %; f) PHBV + VMTO 3 %; g)
PHBV + VMTO 6 %.

4. CONCLUSIONS

The prepared bionanocomposites showed a disruption in the system compared to the pure polymer, observed
by XRD and FTIR techniques, suggesting a structure of a microcomposite for systems with natural clay and a
possible exfoliation for systems with organoclay vermiculite. From the results of SEM and MO, it was ob-
served that the films for natural systems showed a small amount of clay agglomerates but the systems with
organoclay vermiculite had become more homogenous, which leads to a greater interaction between modified
clay and the polymer. It was shown that systems with organoclay were found to be the most suitable ones
considering the desired characteristics for possible industrial application, such as the replacement of synthetic
polymers for food packaging.
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