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ABSTRACT ARTICLE HISTORY
Poly(lactic acid) (PLA)/polypropylene (PP) blends composites were Received 11 June 2017
prepared by incorporating 3 wt.% of copper modified montmorillonite Revised 1 August 2017
(MMT-Cu?*), obtained using cation exchange in a CuSO, solution, Accepted 2 August 2017
and 10 wt_.%.of polypropyl.ene-graft-maleic anhydr_ide (PP-g-MA) as KEYWORDS

a compatibilizer then varying the PLA content until 50 wt.%. These Polypropylene;
materials were subjected to several investigations such as X-rays poly(lactic acid);
diffraction, dynamic mechanical thermal analysis (DMTA), differential montmorillonite; composites;
scanning calorimetry (DSC), scanning electron microscopy (SEM) and viscoelastic properties
tensile and environmental tests. The DMTA analysis showed that the

glassy PLA high stiffness and the PP crystalline phase compensate

the decrease in the storage modulus occurring during the PP and

PLA glass transitions, respectively. The variations of tan é revealed

no changes on the PP and PLA phases glass transitions temperatures

which indicate the immiscibility of the two polymers, as supported

by DSC analysis. Blends composites SEM micrographs stated the

immiscibility of the system resulting in the poor adhesion of the

PLA droplets to the PP matrix. Also, the blends composites exhibited

intermediate tensile properties between those of PP and PLA. The

incorporation of MMT-Cu?* to the (50/50) PP/PLA blend accentuated

its aptitude to water absorption and ensured an efficient antimicrobial

activity over a satisfactorily long period of around six months.

1. Introduction

Poly(lactic acid) (PLA) is a linear biodegradable polyester that can be derived from renewa-
ble resources such as starch of crops like corn and sugar beet [1,2]. This polymer has a high
transparency and elastic modulus, can be thermoplastically processed like conventional
plastics, and is considered as a promising green material which should be widely used in
the development of disposable products due to its biodegradability [3,4]. However, PLA
presents several drawbacks resulting from its poor impact strength, small elongation at
break, low heat deflection temperature (HDT) and high tendency to hydrolysis, which
hinders its applicability in many commodity and technical fields [5].
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Among the modification techniques proposed to overcome the PLA limits, polymer
blending has been considered as the more convenient and economical method to achieve
materials with an advantageous combination of end-use properties [6,7]. Thus, blending
PLA with soft and tough polymers was found to enhance mechanical properties without
altering biodegradability [8]. In this context, blends of PLA with synthetic polymers such
as low density polyethylene (LDPE) [9], linear low density polyethylene (LLDPE) [10] and
polycarbonate (PC) [11] and biodegradable resins like thermoplastic starch (TPS) [12],
poly(butylene succinate (PBS) [13] and poly(butylene adipate-co-terephthalate) (PBAT)
[14] have been extensively studied.

Polypropylene (PP) is a useful commodity polymer with outstanding properties such as
low density, sterilizability, excellent mechanical performances and high chemical resistance
to many solvents, bases, and acids. Due to these characteristics, PP is used in a huge num-
ber of applications like home appliances, automotive parts and extruded profiles [15,16].
Additionally, PP presents an excellent good barrier to H,O, but its relatively high permeabil-
ity to O, limits its applications. In opposition, PLA has a significantly lower O, permeability
but exhibits a poor barrier to H,O, which is considered as a serious shortcoming towards
many applications [17]. Consequently, blending of PP and PLA appears as an attractive com-
bination to ensure complementarity between the two polymers and manufacture materials,
especially for packaging industry. Thus, the PP/PLA blend has been an attractive topic for
characterizing the system as a function of composition and promoting its performances via
compatibilization processes and nanofillers incorporation [18-21]. In this context, Yoo et al.
[18] investigated the effects of compatibilizers and hydrolysis on the mechanical properties,
interfacial tension, and morphology of (80/20) PP/PLA blends. They found that maleic
anhydride-grafted polypropylene (PP-g-MA) is an effective compatibilizer for improving the
tensile strength and that maleated styrene ethylene/butylene-styrene (SEBS-g-MA) acts as an
efficient impact-modifier. On the other hand, Pivsa-Art et al. [19] focused their work on PP/
PLA blends with PP:PLA ratios of 80:20 and 20:80 prepared by injection molding process.
They noticed an increase in the impact strength of the blends in presence of PP-g-MA as a
compatibilizer. PP/PLA blends composites have also been studied to assess the possibility
to combine the advantages of the polymers blends and the benefits of polymer composites.
In this context, Ebadi-Dehaghani et al. [17] concluded that the addition of two different
silicate layers, Cloisite 30B and Cloisite 15A, to the PP/PLA blends decreases the oxygen
permeability due to the more tortuous path for diffusion of oxygen molecules.

Among the various classes of films packaging, the antimicrobial packaging has received
a great interest due its potential contribution in the removal of harmful organisms and
food and devices protection from microbial contamination [22,23]. In this context, copper
and its complexes have been found to exhibit a broad-spectrum of biocidal activity and to
inhibit the growth of bacteria, fungi, viruses and algae [24-27]. Thus, copper nanoparticles,
copper-encapsulated into organic and inorganic compounds and minerals particles sup-
ported copper oxides have been dispersed into materials to give them biocidal properties
[25]. For polymers, an interesting strategy of incorporating copper and form antimicrobial
composites consists in elaborating copper nanoparticle-decorated organically modified
montmorillonite (MMT-Cu?*) which suggests the intercalation of copper nanoparticles into
the galleries of the nanoclay [26]. This protocol has been envisaged for the development of
LDPE/MMT-Cu?* [28] and epoxy/MMT-Cu?* [26] nanocomposites, in which this combined
system presents the advantage of being both a reinforcing filler and a bioactive material.
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In this study, MMT-Cu?* has been prepared via an ion exchange process. After its charac-
terization to prove the effective intercalation of copper into the MMT, and the confirmation
of its antibacterial activity, the modified nanoclay is used to formulate PP/PLA/MMT-Cu?*
blend composites with an antimicrobial activity. The thermo-morphological, viscoelastic
and environmental properties of PP/PLA/MMT-Cu?* blend composites have been studied
as a function of the matrix composition by varying the PP:PLA blends ratios and keeping
the MMT-Cu*" at 3 wt.%.

2, Experimental
2.1. Materials

Polypropylene homopolymer, FY4012E (melt flow index (MFI) at 230 °C and under 2.16 kg:
4 g/10 min, density: 0.9 g/cm?, melting temperature: 159 °C), was purchased from Sumitomo
Chemical Asia. PLA is PLI005 resin manufactured by Nature Plast (MFI at 190 °C and under
2.16 kg: 10-30 g/10 min, melting temperature: 155-160 °C). The nanofiller is a sodium
bentonite nanoclay (MMT) produced by Sigma Aldrich. Dicumyl peroxide (DCP) and
maleic anhydride (MA) were purchased from Sigma-Aldrich to prepare maleic anhydride
grafted polypropylene (PP-g-MA) used as a compatibilizer for the PP/PLA blend. Copper
sulfate (CuSO,) was purchased from Sigma-Aldrich.

2.2, Processing

2.2.1. Preparation of MMT-Cu?* modified clay

MMT was modified by ion exchange in a CuSO, solution (0.6 M), mixed at 60 °C for 5 h
with stirring. At the end of the reaction, the product was centrifuged at 4000 rpm and the
sediment was washed three times with distilled water. The product (MMT-Cu?*) was dried
at 80 °C and conserved.

2.2.2. Preparation of blends composites

PP-g-MA was prepared by melt mixing PP with 0.1% of DCP and 3% of MA at 190 °C
during 15 min. The evidence of the PP grafting with MA has been provided by Fourier
transform infrared spectroscopy (FTIR), which revealed the presence of the carbonyl groups
band in the infrared spectra of the modified PP. Before melt blending, PLA, PP-g-MA and
MMT-Cu?" were dried at 80 °C for 24 h. PP/PLA blends composites of different composi-
tions (100/0, 90/10, 80/20, 70/30, 60/40, 50/50, 0/100 wt.%) were prepared by incorporating
3 wt.% of MMT-Cu?* and 10 wt.% of PP-g-MA, both referred to the total sample weight.
Melt mixing was performed in a Brabender plasticorder, at a mixing speed of 40 rpm and
a temperature of 190 °C for 15 min. Table 1 shows the blends composites compositions.

2.3. Characterization

2.3.1. Infrared spectroscopy

FTIR spectra were obtained between 500 and 4000 cm™! on a Perkin Elmer1000. Ten scans
were averaged at a resolution of 2 cm™! for the solid tested samples of untreated and copper
treated bentonite prepared as KBr pellets (ca. 3% by mass in KBr).
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Table 1. Blends composites compositions.

PP/PLA PP (wt.%) PLA (wt.%) PP-g-MA (wt.%) MMT-Cu?* (wt.%)
100/0 97.0 - - 3
90/10 749 12.1 10 3
80/20 63.8 23.2 10 3
70/30 53.6 334 10 3
60/40 441 429 10 3
50/50 354 516 10 3
0/100 - 97.0 - 3

2.3.2. X-ray diffraction

X-ray diffraction patterns were recorded at ambient temperature by a Brucker diffractom-
eter, equipped with a CuKa generator operating at a wavelength of 1.5406 A. The tube
current and voltage are 40 mA and 40 kV, respectively. The clays and blends samples used
in X-ray diffraction (XRD) measurements were small disks compression molded and hot
compressed films, respectively. The measurements were carried out from 2° to 40°. The clay
interlayer spacing d was calculated for an order of diffraction n taken equal to the unity,
by using Bragg’s law:

2dsinf = nA
A and 0 are, respectively, the X-ray wavelength and the Bragg angle.

2.3.3. Antimicrobial activity

The evaluation of the antimicrobial activity of PLA containing MMT and MMT-Cu?* was
carried out by using Staphylococcus aureus (gram-positive, ATCC (American Type Culture
Collection) 25923). Antimicrobial activity tests were carried out by using the agar disk
diffusion method. Film samples were cut into square pieces and placed on Petri dishes
containing Mueller-Hinton agar (MHA), previously spread with 0.1 mL of the bacterial
culture with a concentration of 10° CFU.mL™, corresponding to the concentration that
could be found in contaminated food, and standardized in the McFarland scale 0.5 [29].
The Petri dishes were then incubated at 37 °C for 48 h.

2.3.4. Dynamic mechanical thermal analysis

Rectangular samples of (50 x 10 x 2) mm?® from PP, PLA and PP/PLA blends compos-
ites were used to investigate the temperature-dependent dynamic storage modulus and
loss tangent by using a dynamic mechanical thermal analyzer (TA Instruments, Discovery
HR-2) operating in shear mode. The temperature range was varied from —40 to 160 °C with
a heating rate of 3 °C/min. The samples were scanned at a fixed frequency of 1 Hz with a
dynamic strain of 0.01%.

2.3.5. Differential scanning calorimetry

The thermal behavior of the composites was studied on a differential scanning calorimeter
(Diamond Differential scanning calorimetry [DSC] from Perkin Elmer). The samples were
heated from —50 to 200 °C at a heating rate of 10 °C min ™, kept at 200 °C for 3 min, then
cooled to —50 °C at a cooling rate of 10 °C min™. At last, the samples were heated from —50
up to 200 °C at a heating rate of 10 °C min~'. The analysis was carried out under nitrogen
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atmosphere. The PP and PLA crystallinity degrees have been evaluated according to the
equation [17]:

AH
A=
s =()
m 100
where AH = AH_for cooling curves, i.e. the crystallization enthalpy of the sample, or
AH = AH_ - AH_for second heating curves, AH_ is the melting enthalpy of the sample
and AH® _ the melting enthalpy of the 100% crystalline polymer matrix (201.1 J/g for PP

[30] and 93.0 J/g for PLA [31]) and wt.% filler is the total weight percentage of nanoclay
and blend component [17].

X 100

2.3.6. Scanning electron microscopy

The morphology of the blends composites was studied with a scanning electron microscope
(SEM JSM-6301F). SEM micrographs were taken from cryogenically cracked surfaces of
the blends specimens after being submerged in liquid nitrogen and fractured immediately.
Then, the cross sections of the samples were coated with a conductive gold layer in an
automatic sputter coater.

2.3.7. Tensile properties

The tensile strength, Young’s modulus and the elongation at break were determined accord-
ing to ASTM method D412 under ambient conditions, using a tensile testing machine
ZwickRoell dynamometer, model Z100. The testing conditions used were: a cross head
speed of 1 mm/min and a load cell of 1 N.

2.3.8. Water absorption

Water absorption (WA) was determined using square specimens (20 x 20) mm? cut from
hot-pressed films. The sample was oven-dried at 40 °C for 24 h, cooled in a desiccator
then immediately weighed to obtain the initial weight (W,). After, the sample is placed in
distilled water for 5, 10, 15 and 20 days. After soaking for the specified interval, the sample
is removed from water, gently wiped then weighed to get the sample weight after exposure
to water absorption (W,). The sample is placed back in water after each measurement. The
percent water absorption was calculated from the following equation [32]:

(Wt_WO)

WA(%) = ———= x 100
0

2.3.9. Biodegradation by soil burial test

Rectangular samples with (30 x 20) mm? dimensions were dried until their weights became
constant. These samples were then buried in the test soil at a depth of 15-20 cm from the sur-
face for 7 months and irrigated periodically by activated sludge, collected from a municipal
wastewater treatment plant, to promote biodegradation. The soil was maintained humid by
sprinkling water at regular time intervals. The buried samples were periodically recovered,
washed carefully with distilled water, dried then weighted. Biodegradability results were
expressed in terms of weight residual percentage (R ) variations.
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3. Results and discussion
3.1. Characterization of modified and unmodified clays

3.1.1. FTIR analysis of MMT and MMT-Cu?*
The unmodified bentonite FTIR spectrum, given in Figure 1, shows in the hydroxyl zone two
bands at 3633 and 3431 cm™ corresponding to the stretching vibrations of the Al-OH/Si-OH
groups and adsorbed water, respectively. It also reveals a band at 1641 cm™ assigned to the
bending in plane vibration of the -OH groups from water. The broad band detected around
1036 cm™! is related to the stretching vibration of the Si-O groups from the tetrahedral
components of bentonite, whereas, the Si—-O-Al stretching and Si-O-Si bending vibrations
are observed at about 519 and 456 cm™! [33,34]. The small bands observed around 2927,
2851 and 1427 cm™! may be due to the presence of organic compounds into the mineral.
After the treatment with CuSO, solution, the MMT-Cu?* spectra shows a shift of water
hydroxyl groups bands of both the stretching vibrations from 3431 to 3487 cm ™! and bending
vibrations from 1641 to 1636 cm™. Similar results have been reported by several authors
[26,28,35-37] who suggested that the shift of water hydroxyl group bands indicate differently
coordinated water forms due to the type of the interlayer cation. The Al-OH and Si-OH
vibrations bands are also displaced to 3625 cm ™ and their intensity is decreased relatively to
the neat MMT, which corroborate with the result reported by Das et al. [26] who proposed
that the minimization of the AlI-OH band is the proof of the insertion and stabilization of
the Cu particles into the interlayer space of the nanoclay. An additional interesting new
band is observed at about 3572 cm™ and is related to hydroxyls from the Cu-OH group,
confirming the presence of copper into the mineral [33,38].

3.1.2. XRD analysis of MMT and MMT-Cu?*
To endorse the FTIR findings, the XRD patterns of the neat and modified nanoclays are
represented in Figure 2. The neat MMT diffractogram displays essentially four peaks at

Transmitance

1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Figure 1. FTIR spectra of: (a) MMT and (b) MMT-Cu?*.
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6.19

Intensity (a.u.)

1 1 1 1 1 1 1
5 10 15 20 25 30 35 40

20 (deg.)

Figure 2. XRD patterns of: (a) MMT and (b) MMT-Cu?*.

20 of 6.45, 19.87, 28.69 and 35.09°. The peak at 6.45°, corresponding to the basal reflec-
tion (00 1), is equivalent to an interlayer d-spacing (d,,,) of 1.37 nm. After the nanoclay
treatment with the CuSO, solution, the diffraction peak of the 001 plane is displaced
to 20 of 6.19° and the interlayer d-spacing is increased to 1.43 nm. The increase in the
interlayer distance could be attributed to the Na* ion exchange by Cu?*, as it has already
been reported by Bruna et al. [28] who noticed an increase of the interlayer gallery from
1.12 to 1.22 nm when inserting copper into MMT. Oueslati et al. [39] studied also the
intercalation of Cu?** ions into Wyoming montmorillonite and concluded no additional
peaks confirming their presence into the nanoclay, but the authors concluded an increase
in the basal space from 1.229 to1.236 nm that they attributed to the copper ions insertion
into MMT.

3.1.3. Inhibitory activity of MMT-Cu?*

Figure 3 shows the results of the antimicrobial test performed against S. aureus by the
agar disk diffusion method, for PLA films prepared without MMT and with 5 wt.% of
the unmodified and modified nanoclay. The clear zone formed around the PLA film
containing MMT-Cu?* in the media was recorded as an indication of the inhibition
of the microbial species. However, no inhibition zone is observed for the PLA film
prepared with 5 wt.% of unmodified MMT and the neat PLA film which reveals also
an evidence of a microbial degradation beginning. These results demonstrate the anti-
microbial action of MMT-Cu?* against S. aureus. A similar result has been reported by
other authors, who concluded that the antibacterial action of MMT-Cu?" is basically
based on copper ion mediated cell disruption which is also significantly promoted by
the montmorillonite clay matrix. Indeed, the nanoclay particles do not only serve as
stable carriers for the ions but they also increase the contact frequency with the bacterial
membrane [40].
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PLA/S W%
MMT-Cu**

Figure 3. Antimicrobial activity of: (a) PLA film, (b) PLA film with 5 wt.% MMT and (c) PLA film with 5
wt.% MMT-Cu?*.

3.2. Variations of the PP/PLA/MMT-Cu?** composites properties vs. composition

3.2.1. Viscoelastic properties

The viscoelastic behaviors of PP, PLA and PP/PLA blends composites were studied by
Dynamic mechanical thermal analysis (DMTA). Plots depicting the variations of the storage
modulus G’ and the damping factor (tan §) as a function of temperature for PLA, PP and PP/
PLA blends composites are given in Figure 4(a) and (b), respectively. For the PP composite,
the storage modulus decreases monotonously over the temperature range due the stiffness
decrease of the PP which present a relatively low glass transition temperature (T') located
around 4 °C. The semi-crystalline state of PP provides a relatively high storage modulus
in the temperature range comprised between the glass transition and the melting. On the
other hand, the storage modulus of PLA into the PLA composite remains constant over the
glassy state, then it decreases sharply around 65 °C as the transition to the rubbery state
occurs. After the glass transition, PLA shows an evident increase in the storage modulus
because of the increase in the polymer stiffness after the occurring of cold crystallization,

(a) (b)
10° 251 h = PP/PLA 100/0
B L " = = PPIPLA90/10
i -« « PPIPLA70/30
20l ' — « = PPIPLA 60/40
' ~ - - -PPIPLA 50/50
= H === PPIPLA 0/100
[ '
< 10 ' 150 '
'
2]
3 H H ©w H
] ' ! c !
g \ ' S 10t ¢
[ ! '
g’ i ] I’ '
g 1o’ L|——PPrLA 1000 ] ! | h
£ ~ = PPIPLA90/10 ! : 1 o5} )
- PPIPLA70/30 [ ' . ,
' ! 1y D
— « =PPIPLA 60/40 \ ' e |
1 ' [ 2RSS L) i
=~ -« -PPIPLA 50/50 N . 00
- == = PP/PLA 0/100 ) (.
T T T L L e L I I L L L L L L L I L
40 20 0 20 40 60 8 100 120 140 160 40 20 0 20 40 60 8 100 120 140 160
Temperature (°Q Temperature ( °C)

Figure 4. Variations of: (a) storage modulus and (b) tan & vs. temperature for PP, PLA and PP/PLA blends
composites.
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resulting from the tendency of the PLA amorphous regions to reorganize into crystallites
during heating [9,41,42].

At lower temperatures, the storage moduli of the PP/PLA blends composites do not
vary when increasing the temperature and show values that are close to that of the PP
composite. As the PP glass transition occurs, the storage moduli decrease is compensated
by the relatively high stiffness of the glassy PLA. Moreover, before the PLA glass transition,
the blends composites present lower storage moduli than the neat PLA composite due
to the low PP stiffness and its plasticizing effect [43]. At the PLA amorphous phase glass
transition, the storage moduli of the blends reveal a noticeable drop due to the decrease
in the PLA stiffness. But, due to the PP crystalline state, the PP/PLA blends composites
present higher storage moduli than the neat PLA composite. Indeed, it is observed that
in the temperature range comprised between 63 and 100 °C, the blends composites show
storage moduli that depend on the PP concentration; the higher the PP content into the
composites, the higher the storage modulus. After the PLA cold crystallization, the stor-
age moduli of the composites decrease obviously due to the approaching of the polymers
melting and the significant stiffness decrease for the overall materials.

Figure 4(b) shows the variations of tan ¢ as a function of temperature for the PP, PLA
and PP/PLA blends composites. The maxima in these plots correspond to the structural
relaxations in the composites. The main structural relaxation relates to the glass transition
of the polymers and its temperature corresponds to their T values. The tan § variations
of the homopolymers composites show that only one structural relaxation can be distin-
guished for each polymer and that the T, values of PP and PLA appear at about 4 and 66 °C,
respectively. In the case of the PP/PLA blends composites, two glass transition peaks are
observed for each blend; the higher value corresponds to the PLA component, and the lower
one to the PP component. Moreover, the T, values of both the PLA and PP phases into the
blends show no significant shift when the blend composition was varied, which denotes
the immiscibibility of the two polymers.

3.2.2. Thermal properties

The thermal behaviors of the PP, PLA and the PP/PLA blends composites is studied by
examining the DSC thermograms resulting from the first heating, cooling and second
heating scans reported in Figure 5(a)-(c), respectively.

The heating curves of PP composite show that PP presents two melting peaks which
temperatures taken at the onset are close to 137 and 154 °C and no crystallization peak is
detected because of the PP semi-crystalline state owing to its relatively fast crystallization
rate [20]. The PP endotherms are attributed, respectively, to the melting of the - and
a-crystals [21].

According to the first heating thermogram of the PLA composite (Figure 5(a)), a small
peak superimposed to the glass transition is observed and attributed to the occurrence
of physical ageing [41]. The evaluation of the PLA amorphous phase T, from the second
heating thermogram (Figure 5(c)) gives a value of 59 °C. The heating runs (Figure 5(a) and
(c)) reveal also a broad peak corresponding to the cold crystallization which temperature
(T) is taken at the onset around 96 °C, and a double peak related to the melting process and
which temperatures are evaluated at about 149 and 155 °C. Several authors have observed
the PLA double peak melting behavior and attributed it to the presence of two crystalline
phases, namely the pseudo-orthorhombic disordered and orthorhombic ordered structures
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Figure 5. DSC thermograms of the: (a) first heating, (b) cooling and (c) second heating scans of PP, PLA
and PP/PLA blends composites.
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[44,45]. Additionally, it is noticed that the area of the second peak corresponding to the
ordered crystallites is more important which means the larger contribution of this fraction
in the melting process of PLA. The evaluation of crystallinity from the second heating scans
gives a value of 4% for the PLA composite and 50% for the PP one.

Analogously, the first and second heating scans of the blends composites are similar and
reveal small variations of the thermal characteristics (crystallization and melting tempera-
tures) relatively to the homopolymers composites, due to the immiscibility of PP and PLA.
The first heating runs show also evidence of PLA physical ageing, allowing the estimation
of the T from the second heating scans, which point out that blending with PP does not
affect the PLA glass transition. The cold-crystallization peak appears in the same tem-
perature range as for the PLA composite and its area seems to be dependent on the PLA
contribution into the blends forming the matrix. The blends melting behavior is evidenced
by a double peak resulting from the overlapping of the PP and PLA phases endotherms.
The first melting peak, which is identical to that observed for the PP composite, may be
attributed to the fusion of the B-crystals of the PP phase. However, the second melting peak
seems to include the two PLA endotherms and the peak corresponding to the melting of
the PP phase a-crystals.

The cooling thermograms (Figure 5(b)) of the PP and PLA composites show quite differ-
ent aptitude to crystallization. Indeed, PP exhibits a pronounced crystallization peak which
temperature at the onset is estimated around 120 °C and the area equivalent to a crystal-
linity of 48%. In opposite, PLA reveals a little tendency to crystallization that Fukushima
et al. [46] explained by its low crystallization rate which prevent the development of a
significant crystallinity during the relatively fast cooling process. As a result, PLA attains a
crystallinity of only 3%. The cooling thermograms of the PP/PLA blends composites display
only the PP melt-crystallization peaks which appear to be displaced to lower temperatures
and reveal a higher PP phase crystallinity. The thermal characteristics of PP and PLA into
the homopolymers and the blends composites, as determined from the DSC analysis, are
summarized in Table 2.

3.2.3. Morphological characterization of PP/PLA/MMT-Cu?*

The morphology evolution for the PP/PLA/MMT-Cu?* blends composites prepared with
3 wt.% of the modified clay is assessed by considering the SEM micrographs represented
in Figure 6. The PP’s micrograph 6(a) shows a relatively rough surface due to the tough
failure of the semi-crystalline morphology. The (70/30) PP/PLA blend’s micrograph 6(b)
exhibits an irregular dispersion of PLA into the PP matrix and a poor adhesion between
the two phases due to their immiscibility. The PLA fraction is segregated into droplets
showing diameters comprised between 6.25 and 25 um. The lack of adhesion between the
matrix and the dispersed phase justifies the observed holes resulting from the PLA droplets
pulling out from the PP continuous phase during the sample fracturing. The same phase
structure is still noticed for the (60/40) PP/PLA blend composite which micrograph 6(c)
reveals also an irregular morphology exhibiting PLA droplets with variable diameters. The
phase structure adopted by the (70/30) and (60/40) PP/PLA blends composites is due to the
PP matrix high viscosity which allows a sufficient shearing intensity favoring the folding of
the PLA domains into droplets. The (50/50) PP/PLA blend’s composite micrograph 6(d)
exhibits a co-continuous morphology where the PP and PLA components form intercon-
nected coarse domains.
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Figure 6. SEM micrographs of PP/PLA/MMT-Cu?* blends composites: (a) 100/0/3, (b) 70/30/3, (c) 60/40/3
and (d) 50/50/3.

The PP composite XRD pattern, represented in Figure 7, exhibits sharp diffraction peaks
at 26 of 13.67°, 16.4°, 18.05°, 20.86° and 21.4° corresponding, respectively, to the (110),
(040),(130),(111) and (04 1) lattice planes typical of the monoclinic crystalline form of
PP [46]. On the other hand, the PLA composite XRD diagram depicts a broad peak with a
maximum at 26 of 14.4° matching to the 110 plane [47]. It indicates that PLA presents a low
crystallinity, as concluded from DSC analysis. The X-ray diagrams of PP/PLA/MMT-Cu?*
blends composites, with different PLA contents, are almost identical to that of the PP com-
posite, which indicates that the crystalline structure of these materials is practically governed
by the PP a-form crystallites. Identical results have been reported by Lee and Jeong [20].
Also, the presence of MMT-Cu?* into the composites is evidenced by the corresponding
diffraction peak which is slightly displaced after blending with PP, PLA and PP/PLA blends.

3.2.4. Tensile properties

The tensile properties of the homopolymers and the blends composites are represented in
Figure 8(a)-(d). Due to its higher stiffness at ambient temperature, the PLA composite pre-
sents a higher tensile strength and Young’s modulus than those of the PP one. In opposite,
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Figure 7. XRD diagrams of: (a) PLA, (b) PP and (c) (80/20), (d) (70/30), (e) (60/40) and (f) (50/50) PP/PLA
blends composites prepared with 3 wt.% of MMT-Cu?*.

the PP composite exhibits a higher deformation at break. For the PP/PLA/MMT-Cu**
composites, the tensile strength decreases with increasing the PLA content. This could be
ascribed to the lack of adhesion resulting from the blend phase separation, as observed
from SEM micrographs. This kind of behaviors where the tensile strength of a blend is lower
than the strength values of its pure components is typical of immiscible systems. Also, the
increase in Young’s modulus and the decrease in the elongation at break indicate a transition
from a ductile to a brittle behavior as the PLA contribution into the blend increases. This
transition is explained by the fact that PLA has a lower elongation at break compared to
PP and by the incompatibility of the two polymers, which implies that during the loading,
PP/PLA matrix breaks up for lower deformations and before the PP domains stretch fully,
due to the lack of stress transfer at the interface between the two components.

3.3. Environmental properties of PP/PLA/MMT-Cu?* blends composites

3.3.1. Water absorption

Water absorption by PLA and (50/50) PP/PLA blend and their composites are represented
in Figure 9. On the contrary of the PP hydrophobic feature which does not allow water
absorption, the relatively PLA significant hydrophilic nature is due to the great tendency
of its terminal polar groups to attract water molecules. (50/50) PP/PLA blend exhibits an
intermediate water resistance behavior, and after 15 days of immersion, it is noticed that
water absorption of PP/PLA blend is equivalent to that of PP. This result is probably due to
the contribution of the PP hydrophobic nature and to the co-continuous morphology of the
(50/50) PP/PLA blend, which probably reduces the water diffusion path through the blend.
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Additionally, PLA and (50/50) PP/PLA blend composites reveal a much important WA
when compared to the neat samples. Indeed, MMT particles show a high hydrophilic apti-
tude due to the presence of hydratable cations in the interlayer galleries [48]. It is worth
mentioning that for much longer immersion time, the PLA composite WA percentage is
more important in presence of MMT-Cu?* than for the composite containing the neat MMT.
Such interesting result could be explained by the fact that the intercalation of copper ions
causes noticeable changes in the hydrophilic nature of the clay mineral, as it has been pointed
out by FTIR analysis, which could result from the increase in the clay interlayer distance
after Na* ions exchanging by Cu?* ones. Accordingly, the larger the interlayer distance of
the nanoclay, the higher the composite water absorption aptitude.

3.3.2. Biodegradability assessment
Figure 10 represents the variations of the residual weight percentages of PP, PLA, (50/50)
PP/PLA blend and their composites vs. burial time. PP films reveal no weight loss due
to its main chains bio-resistance resulting from the involvement of only carbon atoms
and the absence of hydrolysable functional groups. Oppositely, the neat PLA films show a
sharp weight loss after approximately four months which is the PLA critical time to start
heterogeneous hydrolysis. The hydrolysis reaction is the main reaction which leads to the
beginning of the PLA degradation through a fragmentation process. Indeed, the degradation
of PLA is carried out in two stages. During the initial phase, the high molecular weight
PLA chains are hydrolyzed to form lower molecular weight chains. In the second step, the
microorganisms in the environment continue the degradation process by converting these
lower molecular weight components to carbon dioxide, water, and humus [49].

On the other hand, PP/PLA blend does not show degradation during the study period.
This can be explained by the non-degradability of the PP phase and by the relatively low
water absorption rate of the material. This could prevent hydrolysis reactions necessary for
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Figure 10. Time-dependence of weight residual percentage for PP, PLA, (50/50) PP/PLA blend and their
composites.
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the sample fragmentation and the diffusion of the microorganisms, such as bacteria and
fungi, from the degrading medium to the interior of the matrix using water as a vehicle.

The biodegradability of the neat PLA and PP/PLA blend is enhanced after the nanoclay
incorporation. In this context, several authors [48,50,51] supported the conclusion of the
nanoclay’s catalytic effect on the biodegradation of PLA and its blends and justified that
clay interfaces constitute a suitable diffusion path for the microorganisms and the desired
medium for their growth due to the mineral hydrophilic nature. Consequently, samples with
higher water absorption are usually more prone to microorganism attack [52]. However, it is
observed that although the higher water absorption rate of the PLA/MMT-Cu** composite,
its tendency to biodegradation is notably lower to that of the composite PLA/MMT. This
can be due to antimicrobial activity of Cu®*-exchanged MMT which inhibits the attack of
the composite by bacteria. Additionally, even the catalytic effect exerted by the MMT on
the PLA phase biodegradation, the (50/50) PP/PLA blend composite still present no ten-
dency for biodegradation over 6 months, even the high water absorption ability. Thus, the
incorporation of PLA and MMT-Cu*? to PP, should offer the opportunity for obtaining,
from a biodegradable polymer, a more resistant and antimicrobial material that could find
an issue in the packaging domain.

4. Conclusion

In this study, the thermo-mechanical, viscoelastic, morphological and environmental prop-
erties of the PP/PLA blends composites have been investigated as a function of the blend
composition after the addition of 3% of a modified nanoclay MMT-Cu?* obtained from an
ion exchange process of Na* ions by Cu?* ones.

The characterization of the modified MMT by FTIR analyses revealed variations in the
hydroxyl zone which is the proof of differently coordinated water forms due to the type of
the interlayer cation. This result has been supported by the XRD analyses which showed
a shift of the 001 diffraction peak of the nanoclay and an increase in the basal space. An
additional evidence of the presence of copper ions into the mineral is provided by the
inhibitory activity against the bacterial growth revealed by the PLA composites.

The viscoelastic characterization revealed that after the PP glass transition, the high PLA
stiffness increases the storage modulus of the blends composites. Likewise, after the PLA
glass transition, the PP crystalline phase promotes the composites storage modulus which
increases as the PLA contribution into the blends decreases. The variations of tan ¢ showed
that the glass transition temperatures of PP and PLA did not vary with the composition of
the blends and after the addition of MMT-Cu?".

Additionally, the thermal characteristics of the PP and PLA phases into the blends com-
posites exhibited small variations relatively to the homopolymers ones. Also, the tensile
properties showed that the incorporation of PLA induces significant variations on the PP
mechanical properties by increasing the Young’s modulus and decreasing the elongation
at break.

Due to the larger interlayer space of the MMT-Cu?* clay, the (50/50) PP/PLA blend
composite exhibited a high water absorption aptitude relatively to the neat blend. Although
the proved catalytic role of the clay minerals on the biodegradation process of biopolymers,
the (50/50/3) PP/PLA/MMT-Cu* composite exhibited an adequate bio-resistance even
though the severe degrading medium to which it was exposed.
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