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Abstract The aim of this study was to use nanocomposites of polypropylene (PP)
and montmorillonite (MMT), prepared by melt intercalation in a twin-screw
extruder, as a food packaging material. The nanocomposites were evaluated by
thermal, mechanical, and morphological analyses. Measurements of oxygen and
water vapor permeability were also conducted to the nanocomposites. Besides,
orange juice was used as modeling food and its physical-chemical and microbio-
logical properties were determined. Despite of no significant changes in tensile
properties were observed to the nanocomposites, the impact strength presented a
substantial enhancement and the rigidity as well. Besides, MMT have shown a high
capacity to improve oxygen barrier properties of PP. Electronic microscopy
revealed certain homogeneity, showing some MMT-exfoliated lamellae in the PP
matrix. Regarding the package efficacy, the orange juice quality was maintained
after 10 days of storage. Concluding, this study seems to clarify a little more the
claimed efficiency of nanocomposites as food packing materials.

Keywords Nanocomposites - Polypropylene - Montmorillonite - Permeability -
Food packaging

G. Zehetmeyer - R. M. D. Soares - R. S. Mauler - R. V. B. Oliveira (D<)
Institute of Chemistry, Universidade Federal do Rio Grande do Sul (UFRGS),
Porto Alegre, RS, Brazil

e-mail: ricardo.oliveira@iq.ufrgs.br

A. Brandelli

Institute of Food Science and Technology, Universidade Federal do Rio Grande do Sul (UFRGS),
Porto Alegre, RS, Brazil

@ Springer



2200 Polym. Bull. (2012) 68:2199-2217

Introduction

Over the last three decades, the use of polymers as food packaging materials has
increased enormously due to their advantages over other traditional materials [1].
Despite of this, food packaging yet represents a market of high potential for polymer
materials. The continued quest for innovation in food and beverage packaging is
mostly driven by consumer needs and demands influenced by changing global
trends. In recent years, consumers have shown preferences for fresh, tasty, and
minimally processed food products with a prolonged shelf life and new food
packaging systems have been developed in response to these trends [2].

Nanocomposite packages are predicted to make up a significant portion of the food
packaging market in the near future. Polymer nanotechnology is actually developed
mainly to improve barrier performance belonging to gases such as oxygen and carbon
dioxide. It is proved also to enhance the barrier performance to ultraviolet rays, as
well as to add strength, stiffness, dimensional stability, and high temperature
durability [3—-6]. In addition, packaging with improved barrier properties extends the
shelf life of foodstuffs, preventing humidity or substances such as oxygen, ethylene,
or strange flavors interacting with the food. Preventing contact between these
substances and food, decreases the risk of adverse reactions that could reduce the
organoleptic and/or sanitary quality of the product [2]. A major application of
commercial interest is to obtain films with better barrier properties, leading to
reduction of permeability and the possibility of new applications or even aiming at
the reduction of the economic and environmental cost of packaging.

Polypropylene/montmorillonite (PP/MMT) nanocomposites are one of the most
commonly used, prepared to get numerous improvements to their properties [7, 8]. The
incorporation of small amounts of inorganic material, such as MMT, has been used to
improve the properties of polymeric materials [9, 10]. This approach aims to achieve an
improvement in mechanical strength, thermal stability, and barrier properties [11, 12].
In this context, PP/MMT nanocomposites display an attractive combination of low cost
and great versatility in terms of properties, applications, and recycling [8, 13].

The main method to obtain nanocomposites is melt intercalation, and normally a
twin-screw extruder is used [14]. The degree of enhancement of PP/MMT nano-
composite properties is related with the presence of strong interactions between the
clay and the polymer chain, besides the diffusion of the polymeric chains into the
clay layers [15, 16]. The hydrophilic surface of MMT usually is modified by ion
exchange reactions with quaternary ammonium salts, containing long alkyl chains;
thus there is a formation of an organic layer onto the clay surface, thereby reducing
its polarity. This modification increases the compatibility between MMT and the
chairs of nonpolar polymers, such as PP. So, the level of nanofiller dispersion in the
PP matrix is thermodynamically favored. Indeed, in these systems, the clay/matrix
interactions must be high enough to obtain an optimized morphology consisting in a
major population of exfoliated clays with a strong interface toward the polymer
matrix [17]. Three basic types of morphology are possible: agglomerates,
intercalated, where the polymeric chains are inserted into the layers of the clay
forming an orderly multilayer structure, and exfoliated, where the silicate layers are
completely separated and dispersed in the polymer matrix [18].
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The manufacture of films for packaging production requires a high-quality raw
material, because the films have a high ratio between surface and volume and need to
present a high degree of purity. A very interesting product is the PP/MMT films, which
depending on the orientation of the PP chains, and MMT sheets can result in polymeric
films with excellent barrier properties, stiffness, and mechanical resistance. Although a
number of studies on nanocomposite PP/clay have been carried out, only few studies
involving nanocomposites with the direct application in food packaging can be found
in the literature. On this basis, the aim of this study is to study the incorporation of the
MMT at different concentrations in PP matrix and, to develop a food package film with
good exfoliation, which can lead to enhanced barrier, and mechanical properties. Also,
orange juice was used in this study to simulate a real food package system.

Experimental
Materials

PP homopolymer with a melt flow index (MFI) of 3.5 g 107" min~' (230 °C/
2.16 kg) and density 0.905 g cm™> (23 °C) was purchased from Braskem S.A,
Brazil. The nanoclay mineral used was the MMT Cloisite® 15A, group of smectites,
organically modified with a salt of alkyl quaternary ammonium, from Southern Clay
Products. The orange juice used was 100% pure, freshly squeezed, unpasteurized
from fruit of the variety Pear [Citrus sinensis (L.) Osbeck]. The oranges were
obtained from CEASA, in the city of Porto Alegre, Brazil.

Preparation of the nanocomposites

Nanocomposites (with clay contents up to 5% by weight) were prepared by melt mixing
using a co-rotation twin-screw extruder Coperion, model ZSK18 with a screw diameter
of 18 mm and L/D = 44. The temperature profile (feed to die) was 165-190 °C, with a
speed of 350 rpm and a constant feed rate of 5kgh™'. After processed, the
nanocomposites were granulated in a granulator Sagec SG-35. The PP/MMT films
were produced in planar sheet extruder Knodler OCS, model TYP-F2 50.2-U-ED 20,
and the material was placed directly into the hopper of the extruder with a temperature
profile (feed to die) of 200-240 °C, screw speed of 40 rpm and torque of 40-60 Nm.
The films were produced with a thickness of ~25 pm for use in permeability tests and
packing. In addition, the granular materials were also injected ion-molded (Battenfeld
Plus 350), with a profile of temperature 220-230 °C and mold temperature of 50 °C
according to ASTM D 4101-55b, as type I specimens (ASTM D 638).

Characterization of the nanocomposites
Differential scanning calorimetry (DSC)

Calorimetric measurements were done using a DSC Thermal Analyst 2100/TA
Instruments, in a dry nitrogen atmosphere (50 mL min~"). All samples (ca 10 mg)

@ Springer



2202 Polym. Bull. (2012) 68:2199-2217

were heated from ambient temperature to 220 °C and kept for 5 min to erase the
thermal history. The samples were then cooled down to —30 °C and heated again
until 220 °C. All runs were conducted with a heating rate of 10 °C min~'. The
crystallinity degree was determined using AHY, = 190 J g~! for PP.

Dynamic mechanical analysis (DMA)

Dynamic mechanical experiments were carried out in a DMA Q800, TA
Instruments, using single cantilever geometry. The injection-molded samples were
heated from —30 to 150 °C, with heating rate of 3 °C min~"', and the frequency was
set to 1 Hz for all samples.

Thermogravimetric analysis (TGA)

The thermal stability evaluation was carried out using a thermogravimetric analyzer
model QA 50 (TA Instruments). The samples were heated from 25 to 800 °C at the
rate 10 °C min~" under nitrogen atmosphere (50 mL min~").

X-Ray diffraction (XRD)

XRD measurements were performed using a Siemens D-500 diffractometer. Neat
MMT powder and PP/MMT nanocomposites films were scanned in the reflection
mode using an incident X-ray of Cu Ka (1 = 1.54 A), ata step width of 0.05°s™"
from 20 = 1°-35°. The dispersion of the layers in the nanocomposites, as well as
the basal spacing of the clays, were estimated from the (001) diffraction.

Tensile test

Type I specimens were used according to ASTM D-638 (3.2-mm thick). The
specimens were acclimatized for 24 h at 23 °C &£ 2 with humidity 50% = 5 before
the tensile tests Emic universal test machine, DL 10.000, at a speed of
50 mm min~! and base length of 50 mm, also according to standard ASTM D-638.

Izod impact strength

The izod impact tests were carried out at 23 °C using pendulum Ceast, Resilimpact
6545. The specimens suffered an impact of 2.75 J through a hammer with speed of
3.46 m s~'. The tests were performed according ASTM D-256.

Transmission electron microscopy (TEM)

The specimens’ morphologies were examined by TEM (JEOL JEM-1200 Ex II),
which operated at an accelerating voltage of 80 kV. Ultra-thin specimens (70 nm)
were cut from the middle section of injection-molded specimens in a direction
perpendicular to the flow of the melt during the injection process. Cutting operations
were done under cryogenic conditions with a Leica Ultracut UCT microtome
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equipped with a glass knife at —80 °C. The cuts were placed onto 300 mesh Cu
grids.

Oxygen permeability

The determination of oxygen permeability through PP/MMT films was obtained
using an OX-TRAN 2/21 (Mocon, MH) at 23 °C and 0% relative humidity, in
duplicate, according to ASTM F-1927. The detector used was a coulometric oxygen
sensor. The test was terminated automatically after stabilization in the permeation
and using synthetic air (20% O,) as permeant gas.

Water vapor permeability

The determination of permeability to water vapor PP/MMT films was obtained
using a PERMATRAN-W 3/33 (Mocon, MG) at 37.8 °C and 90% relative
humidity, in duplicate, according to ASTM F-1249. The detector used was an
infrared sensor, and the test was terminated automatically after stabilization in
permeation.

Scanning electron microscopy (SEM)

SEM was carried out using a Scanning Electron microscope JEOL model JSM-5800
equipped with an EDX microanalysis system, operating at a voltage of 10 kV.

Orange juice production, storage, and physical-chemical analysis

Oranges, after selection and washing, were subjected to the process of juice
extraction in a machine Walita. The juice was immediately transferred into a sterile
glass container under sanitized conditions. Bags of pure PP and PP/MMT films with
75 cm? were prepared to store juice samples. Samples (60 mL) of fresh orange juice
was poured into each package and sealed. Packages containing orange juice were
stored in the absence of light and under controlled temperature. The samples were
evaluated at least in duplicate for physical-chemical characteristics at time 0, and
after 1, 2, 3, 4, and 10 days of storage. Physical-chemical analysis were carried out
by investigating the following parameters: density at 20 °C, soluble solids in °Brix,
total sugars, citric acid, insoluble solids, pH, ascorbic acid (AA) and sugars,
according to the methodology of Association of Official Analytical Chemists
(AOAC) [19].

Microbiological analysis

The microbiological analyses were performed according to the methodology
proposed by American Public Health Association (APHA) [20]. Total counts of
mesophilic bacteria were determined by the method of standard plate count, using
plate count agar (PCA). Incubation of the samples was performed at 35 °C for 48 h.
Total yeast and molds were enumerated using the surface plate method on the potato
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dextrose agar (PDA), plus 10% tartaric acid. Incubation for total yeast and mold
counts was performed at 25 °C for 5 days. Each test was performed in duplicate and
results were expressed as colony-forming units (CFU) per milliliter. Total and fecal
coliforms were determined by most probable number technique in the Brilliant
Green broth at 2.0 g 1072 mL ™" and EC broth, respectively [20]. After the readings
of the tubes of lactose broth presumptive test for coliforms, the incubation was
performed for 48 h at 36 °C for the determination of total coliforms, and 24 h at
44.5 °C for the determination of fecal coliforms.

Results and discussion
Characterization of PP-MMT nanocomposites

A summary of the main thermal transitions of PP and PP/MMT nanocomposites can
be visualized in Table 1. It was observed that such temperatures did not change
significantly when compared to pure PP.

The degree of crystallinity decreased (X.), as a function of 2 wt% MMT content.
The sample with 5 wt% MMT content presented a higher X, this behavior can be
explained by changes in the crystalline phase that may influence the reinforcement
ability of the clay on the nanocomposite [7]. It was also observed a constant
crystallinity (about 60%), within the experimental error for all the specimens.

Figure 1a and b shows the dependence of the storage modulus (E'), loss modulus
(E") and tand as function of temperature, respectively. According a previous
investigation [7], PP nanocomposites shows a small increase in their storage
modulus, when compared to neat PP, indicating that the incorporation of clay in PP
matrix promotes a good reinforcing effect in tensile properties.

However, an opposite effect was observed in this study, probably due to the poor
interaction between the clay and the PP matrix, since the clay has not been modified.
It is possible to observe that the addition of clay into the PP matrix did not
contribute to significant changes in E' and E”.

Furthermore, the presence of fillers caused a small decrease in storage modulus,
indicating that the filler did not act as a reinforcing material, in this case, these
decreases in the modulus as function of MMT content can be explained by an
increase in polymer chains mobility.

As expected, the nanocomposites loss modulus (E”) showed an increase in their
values when compared to neat PP, and two major transitions were detected. The first
one, at 13 °C, can be associated to the glass transition temperature (7,) of the PP,

Table 1 Thermal properties

of the neat PP and PP/MMT Samples I (°C) T. (°C) Xe (%)
nanocomposites Neat PP 169 129 62

PP + 1% MMT 168 128 59

PP + 2% MMT 168 124 59

PP + 5% MMT 168 121 62
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Fig. 1 a Storage (E') and loss (E”) modulus as function of temperature for PP and nanocomposites at
different concentrations up to 5 wt%, and b tand as a function of temperature for neat PP and PP/MMT
nanocomposites

and the transition at 86 °C can be related to the relaxations in the intracrystalline
amorphous chains of the PP [21]. The tand curves for nanocomposites showed
higher values than neat PP below T,, indicating weak clay—polymer interactions. As
can be observed, the dispersion of fillers into the PP matrix induced changes in
mechanical and dynamic mechanical behaviors, probably due to modifications in
chain mobility.

Table 2 shows the results of TGA, and these revealed that the MMT filler had
some effect on the thermal stability of the nanocomposites. All nanocomposites
showed higher initial thermal stability (7;99,) compared to Neat PP, as well as T’5pq,
(max rate), presenting a faster decomposition step. A previous investigation of Fu
and Qutubuddin [4] suggested that the barrier properties of the nanoscale fillers
were responsible for the enhancement of thermal stability of nanocomposites.

The degradation of PP in these conditions involves reactions which lead to main
chain break and cleavage. These reactions result in smaller chains with radicals at
their ends. The intermolecular radical transfer may originate internal radicals and
then f§ scission occurs, leading to formation of volatile products and residues with
unsaturated terminations [22].

According to Table 2, the clay addition into PP matrix improved its thermal
stability. PP nanocomposites increased the initial decomposition temperature (7o)
compared to neat PP since MMT could have migrate to the surface forming a
protecting barrier and blocking the release of gas during their decomposition, as a
consequence, there is an increase in the PP degradation temperature [7]. Figure 2

Table 2 Results of TGA of PP

and PP/MMT nanocomposites Samples T1o% (°C) Ts0% (°C) Residue (%)
Neat PP 389 454 1.1
PP + 1% MMT 454 469 1.1
PP + 2% MMT 440 459 1.5
PP + 5% MMT 443 463 3.2
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Fig. 2 TGA curves of the neat PP and PP/MMT nanocomposites

shows the TGA curves of pure PP and PP/MMT nanocomposites. The thermo-
gravimetric curves demonstrated that the incorporation of clay into PP matrix
improved its thermal stability. All the PP nanocomposites increased the initial
decomposition temperature (7o9,) compared to pristine PP, because the MMT form
a protecting barrier when migrates to the surface, that avoid the release of gas from
the decomposition, increasing the thermal stability of the material. The weight loss
at 50% (Ts50q, Table 2) occurs for almost all samples at the same temperature
(450 °C) except for PP extruded. All nanocomposites and pristine PP have almost
the same final decomposition temperature (7sqq). However, the nanocomposites
presented an accentuated loss (310-410 °C) due to the degradation of the
ammonium salt and the presence of agglomerated layers in the final morphology
[23]. At temperatures above 500 °C, it can be observed only the inorganic fraction
as residual mass. In Fig. 2, these systems showed a small change in the final
inorganic residue (clay percentage in the real system), and have not provided
changes in thermal stability of nanocomposites.

Figure 3 shows the XRD spectra of the pure MMT clay and nanocomposites of
PP/MMT. The level of intercalation in clay powders and nanocomposites was
determined by the measurement of the clay interlayer spacing (d00I) from the 20
position of the clay (001) diffraction peak using Bragg’s law.

The MMT showed a characteristic peak at 2.6°, 20 value corresponding to d001
plane of clay. The PP/MMT samples showed this peak shifted to higher angles when
compared to the neat MMT, suggesting that interlayer spacing tends to decrease into
the PP matrix. Also, the peak at 6.9° suggests that a small percentage of the
Na + MMT was not modified by the quaternary ammonium salt [24]. On the other
hand, it is interesting to observe that PP containing 5 wt% MMT showed a sharp
increase in peak intensity, and for those concentrations of 2 and 1 wt%, the clay
peaks almost disappeared. This tendency suggests that the nanocomposites have not
expanded or intercalated lattices. Low thermal stability of the clay intercalant
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Fig. 3 XRD patterns of the MMT and PP/MMT nanocomposites

(organic ammonium salt) leading to clay collapse during compounding may be
responsible for this interlayer spacing reduction [25].

Figure 4 shows the tensile properties for neat PP and PP/MMT nanocomposites.

There were no significant changes in Young’s modulus values for neat PP and
PP/MMT nanocomposites showing that MMT did not interfere in the PP stiffness as
expected. Considering the neat PP, the nanocomposites showed only a fluctuation in
the tensile strength. Besides, the deformation at break showed a slight increase,
mainly to PP + 5 wt% MMT. This larger deformation suggests an improvement of
toughness due to the dispersion of clay layers into the matrix. This behavior might
be attributed to the tenacity of silicate layers which contributes to the modification

Tensile Properties

B Y oung Modulus (MPa)
B Deformation at Break (%)
Tensile Strenght (MI"a)

Fig. 4 Tensile properties of the neat PP and PP/MMT nanocomposites
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Table 3 Impact properties

of neat PP and PP/MMT Samples Impaflt strength Impacfzenergy
L Jm™) (k] m™7)
nanocomposltes
Neat PP 6.7 + 0.4° 2.1 +£0.1°
PP + 1% MMT 92 4 1.4° 29+ 04°
Means followed by the same PP + 2% MMT 9.6 +1.3° 3.0 + 04°
letter within a column did not PP + 5% MMT 102 + 0.5 32 + 0.1

differ significantly (P < 0.05)

of PP phase structure or to the presence of partially immobilized polymer segments
[7].

In this sense, a surprising increase in impact strength was observed (Table 3).
The increase in impact strength was mainly related to the presence of clusters of
clay in the PP matrix. These clusters may lead to the occurrence of additional
mechanisms of energy absorption during fracture of the material, resulting in a
higher impact resistance.

According to previous study of Castel et al. [22], the impact strength of polymers
is mainly related to the dissipation mechanisms of energy flow by shear yielding and
multiple crazing.

Figure 5 shows the micrographs of the PP/MMT nanocomposite with 2 and
5 wt% of MMT. These micrographs show some intercalated lamellae with particles
distributed in the polymer matrix, with large and well-spaced clusters, demonstrat-
ing the process of exfoliation and the formation of nanocomposites. In addition,
Fig. 5b shows morphology with a predominance of large MMT particles (pointed by
the arrow) dispersed in the polymer matrix.

The concentration of MMT affected the ability of delamination and the filler was
more evenly distributed into the PP matrix. Thus, the system containing 5 wt%
MMT is more homogeneous than those lower contents; in relation to this, as for the
greater the amount of nanoclay (higher volume of filler area), the better the
distribution in the matrix. Figure 5c and d shows the formation of tactoids and some
dispersed particles, pointed by arrows. According to some authors [26, 27], the
tactoids consist of dark regions which represent stacked clay particles. The lighter
regions represent the matrix of PP interspersed, or, the PP what lies between the
lamellae of the clay (interlaced) during processing. According to the classification
of Ray and Okamoto [9], this image can suggest that the nanocomposites presented
a partially intercalated structure.

Corroborating to Benetti et al. [28], exfoliated clay layers are visible, along with
tactoids. Inside the same tactoid, some layers are characterized by a stacking, very
similar to that of pure MMT; some of them were more dispersed indicating that the
intercalation of the polymer has occurred.

Analysis of permeability to oxygen and water vapor of nanocomposites PP/MMT
as well for neat PP are presented in Table 4. The drop in oxygen permeability of
these materials compared of the neat PP indicated that clay nanoparticles hinder the
oxygen permeation through the PP matrix. According to Kester and Fennema [29],
the process of permeation of vapors through the intermolecular spaces can be
explained in three steps: (a) sorption and solubility of the permeant in the material
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Fig. 5 TEM micrographs of PP/MMT nanocomposites: a, ¢ 2 wt% and b, d 5 wt% of MMT

surface, (b) diffusion of permeating through the material by the action of gradient
concentration, and (c) desorption and evaporation of the permeant on the other side
of the material.

Other authors [30] suggest that the main mechanism for the flow of gases and
vapor through the film, in the absence of cavities or cracks, is the molecular
diffusion, which includes the open space between the segments of the polymer
chains due to the oscillations of the segments, followed by displacement of the
permeant into the empty space.

In food packaging, the packages must prevent or delay one or all stages involved to
increase the shelf life of food and to increase the safety of the food to consumers. In this
sense, nanofillers can act as a physical barrier that delays the passage of oxygen across
the polymeric matrix. The resulting delay in the speed of diffusion allows the
maintenance of food organoleptic properties thereby increasing its shelf life [2, 29, 31].

These results corroborates with the literature [2, 32-34] and shows that the
decrease in oxygen permeability was caused by nanoparticles creating a physical
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Table 4 Permeability of neat

PP and PP/MMT Samples Permeability to O, Water vapor permeability

(mm cm® m™2 dia™h) (um g m~2 dia™")

nanocomposites
Neat PP 89.9 £ 5.1* 320 £ 28°
PP + 1% MMT 882 + 7.0° 301 £ 207
Means followed by the same PP + 2% MMT 853 + 3.0 339 + 8§
letter within a column did not PP + 5% MMT 81.8 + 3.8° 320 + 142

differ significantly (P < 0.05)

obstacle that prevented oxygen absorption and slowing down its diffusion through
the film, thereby increasing the distance that oxygen had to cover to cross through
the film. In terms of water vapor permeability, the values remained nearly constant,
probably due to its higher polarity.

SEM micrographs (Figs. 6, 7) show the film surface morphology, before and
after contact with the orange juice. The squares represent the area of EDS analyses.
SEM micrograph of a PP control film (without contact with orange juice) is shown
in Fig. 6a. As expected, the surface of pure PP films is more homogeneous when
compared with those of the PP/MMT nanocomposites (Fig. 6b, c), where a coarse
appearance was observed in those films containing 1 and 5 wt% MMT.

Figure 7a shows the surface of the films of neat PP after contact with orange
juice during 10 days. The surface of the PP films in contact with orange juice
showed no changes compared with the original film (Fig. 7a). The SEM

Fig. 6 SEM micrographs of the film packing samples: a neat PP, b PP 1 wt% MMT, and ¢ PP 5 wt%
MMT
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Fig. 7 SEM micrographs of the film packing samples after 10 days of contact with orange juice: a neat
PP, b PP 1 wt% MMT, ¢ and d PP 5 wt% MMT

Table 5 Relative elements concentration from EDS analyses of neat PP and PP/nanocomposites, before
and after orange juice storage

Samples Storage Elements (atomic%)
time (days)
Na Al Si Mg Fe Au
Neat PP 0 13.17 ND 0.01 ND ND ND 86.82
Neat PP 10 16.39 ND ND ND ND ND 83.09
PP + 5% MMT 0 18.33 ND 0.19 0.62 ND 0.30 80.56
PP + 5% MMT 10 2143 ND 0.16 0.76 ND ND 77.65

micrographs of PP/MMT nanocomposites showed similar characteristics to that
observed in films that had no contact with orange juice (Fig. 6b, c).

The PP with 5 wt% MMT (Fig. 7d) shows a micrograph with a larger
magnification, in which a small amount of exfoliated lamellae can be seen.

With the addition of larger amounts of MMT it is possible to observe larger
clusters of clay, which indicates a smaller interaction with PP. The X-ray spectrum
emitted by a sample during SEM micrographs can be used to carry out a semi-
quantitative chemical microanalysis. The X-ray spectra (not shown) of the PP
control and PP nanocomposite, determined by the technique of EDS, resulted in the
data of Table 5.
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The addition of MMT in the PP matrix occasioned, as expected, the EDS signals
related to the presence of silicon and aluminum, which are the main components of
the MMT nanoparticles. The EDS analysis of PP shows only carbon and gold (from
sputtering) instead.

After the storage period, the samples of PP and PP/MMT nanocomposites did not
present changes in Al and Si contents, but only in Fe. This observation may suggest
that most part of MMT nanoparticles were not eroded to the orange juice, but the
iron counter-ions could have migrated instead.

Storage of orange juice quality in the nanocomposite packaging

The samples of orange juice showed an average density at 20 °C of 1.031 g mL™".
There were no significant changes in the measured density values during 10 days.
The value for soluble solids of the orange juice was 7.3 °Brix, and no significant
variation as a function of storage time or type of packaging was observed. The
established value for orange juice is 10.5 “Brix [35]. The °Brix value indicates the
degree of fruit maturity at the instant of the juice preparation, in this way, the lowest
value found may be associated to the use of not appropriated fruit during juice
extraction [36]. The results of physical-chemical analyses in the freshly extracted
orange juice, and those samples stored in packaging of neat PP and nanocomposite
films for 1, 2, 3, 4, and 10 days are summarized in Table 6. In general, the titrable
acidity and pH values were not changed regardless the type of package tested in the
experiment. The pH decreased in the second day of storage when compared to fresh
juice, before rising again in the final days of storage. Kaanane [37] found that
titrable acidity does not change during storage of orange juice, because of a buffer
system in the juice.

The total organic acids in the orange juice are formed by adding the citric and
malic acids, found in a ratio of ~95:5. These two acids, mostly as salts, form a
buffer with acid characteristics for the high amount of free acids that bind to the
salts. This buffer system also explains the slightest variation in pH values [38].
These results can be related with those obtained by Kaanane [37], who also found
no significant difference in pH of the juice during 14 weeks of storage. The authors
attributed this slight variation in pH to the free acids present as a buffer.

The values for AA were found in accordance with the standards (minimum
25 mg 1072 g~ ') [35], for all orange juice samples analyzed (Table 6). These
values remained constant regardless the time of product storage or film package,
suggesting that these films were appropriated. AA is usually degraded by the
oxidative process, which is stimulated in the presence of light, oxygen, heat,
peroxides, and enzymes [39]. In contrast to our findings, the overall AA reduction in
juices has been associated to the non-barrier properties of packaging against oxygen
[38] and the extent of storage time [40].

As can be visualized in Table 6, there was no significant difference in the levels
of reducing, non-reducing, and total sugars in the samples at different days of
storage. The average values of reducing sugars ranged from 2.50 to 2.77 in the
samples of PP/MMT. Some of the observed levels of reducing sugars are higher
than non-reducing sugars; this fact is explained because fructose (reducing sugar) is
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the predominant sugar in the orange, while sucrose is present in small quantities
[41]. The maximum value for total sugars of natural orange established by the
regulation is 13.0 g 1072 g~' [35].

According to the results in Table 6, none of the samples analyzed showed a total
sugar content above the stipulated amount. It can be also noted that no significant
changes were observed among the samples packed in different materials. The mean
levels of total sugars varied from 4.78 to 5.61.

The results of microbiological analysis indicated the absence of total and fecal
coliforms for all analyzed samples. These results are according to Brazilian law,
which establishes a maximum of 10 MPN mL ™' to fecal coliforms in 25 mL
sample of fruit juice [42]. The absence of coliforms may be associated with the fact
that juice production and storage was developed under good manufacture practices.

Figure 8a shows the results of the microbial counts of orange juice stored during
10 days under refrigeration (4 °C). For two types of packaging (2 and 5 wt%
MMT), there was a reduction in the total counts of bacteria during the first 24 h of
storage.

From this point on, the microbial counts had been stabilized and increased for some
samples. The results of this analysis are consistent with those reported by some authors
[43, 44], which agrees that microbial counts may decrease during the first hours of
refrigeration storage. Furthermore orange juice stored at 4 °C in nanocomposite LDPE
films containing Ag and ZnO nanoparticles showed microbial stability up to 28 days,
but yeast, molds, and bacteria exhibit different levels of susceptibility antimicrobial to
nanoparticles [44]. Moreover, the microbial population has increased as the time storage
increased to 56 days in different test packages, indicating the limited effect of long
storage time on natural orange juice preservation. Figure 8b indicates the small variation
in counts of yeasts and molds regardless of type of packaging. The values were between
3.0and 3.7 log UEC mL™' forupto 10 days, indicating that nanocomposite films could
be useful materials for juice packaging. The greater agglomeration of nanoparticles
observed in the films with increased MMT concentration (Fig. 5a, b) did not influence
the microbiological quality of the orange juice. Yeast and molds are better adapted to

(@) (b) 6000
~ 3000 - B N eqt PP 4 I Neat PP
s ‘ - =
ESSIPP 19 [EEE PP + 1 % MMT|
Tﬁl it & 5000 -PP+2‘}:MMT
S 2000 @ [ PP 2% MMT 2
- k 7
5 7 PP 5% MMT S 4000}
= 1500 | 2 _
= - |
E S 3000 -
S 1000 | E
f‘g £ 2000
25 500 ‘3
= 2 1000 |
0H -
0
Storage Time (days) Storage Time (days)

Fig. 8 a Overall and b yeasts and molds counts for orange juice stored in PP packaging films with
different concentrations of MMT. Initial counts of fresh juice were 10° CFUmL™' and
7.2 x 10> CFU mL™" for overall and yeast/mold counts, respectively. All samples were stored for
10 days at 4 °C
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orange juice under refrigeration than bacteria, which is in agreement with the literature
[43, 45]. Moreover, yeasts are recognized as the most significant group of microor-
ganisms associated with spoilage of fruit juices [46].

The rough surface observed in PP/MMT nanocomposite films (Fig. 7a—c), could
support the adhesion of microbial cells, since the presence of irregularities of polymeric
surfaces promotes bacterial adhesion and biofilm deposition whereas the ultra-smooth
surface does not favor adhesion [47]. However, no adhered microorganisms were
observed by SEM analysis of the films after 10-day storage. In accordance, the greater
agglomeration of nanoparticles observed in the films with increased MMT concen-
tration did not influence the microbiological quality of the orange juice.

Conclusions

PP/MMT nanocomposites were prepared by melt processing in a twin-screw
extruder up to 5 wt%, to develop food package films with enhanced barrier and
mechanical properties. Despite the fact that no significant changes in nanocompos-
ites tensile properties with the MMT addition were observed, the impact strength
presented a substantial enhancement and the rigidity as well. SEM and TEM
micrographs revealed certain homogeneity in the MMT dispersion, showing some
exfoliated lamellae in the PP matrix. Regarding the package efficacy, the orange
juice quality was maintained after 10 days of storage, as evaluated by selected
parameters. The presence of coliforms was not detected; the mold count decreased
after 24 h of storage. Besides, MMT has shown some capacity to improve oxygen
barrier properties. Concluding, this study seems to clarify a little more the claimed
efficiency of nanocomposites as food packing materials.
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