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Abstract

A hybrid biopolymer blend using PLA/PHBV with tailored material properties has been fabricated by using solvent casting method. Biopolymer
blends of 25/75, 50/50, and 75/25 wt.% were investigated for property optimization. Afterwards, different percentages (1, 2, and 3 wt.%) of
nanoclay (NC) were incorporated into the optimized (75/25 wt.%) system to further enhance the properties. DSC, TGA, Tensile, and SEM tests were
conducted to investigate mechanical, thermal and morphological properties. It was observed that the crystallinity of the PLA phase increased with
increasing amount of NC. Also, the tensile strength of PLA and PHBV film was found to be 29.20 MPa and 16.79 MPa, respectively, whereas, 75/25
wt.% blend showed 25.73 MPa which is higher than PHBV phase. Then, the addition of 2 wt.% NC showed optimized and better mechanical and
thermal properties compared to individual polymer phase. Also, two glass transition temperatures were found from thermal analysis which is the
indication of the solution immiscibility. It was revealed from the SEM micrographs that the 2 wt.% NC was dispersed uniformly throughout the resin
blend.

Keywords: Blend; PHBV; Nanoclay; DSC; TGA; SEM

Abbreviation: Blend Mixture of two macromolecular substances; DSC Differential Scanning Calorimetry; Nanoclay Layered Mineral Silicate;
PHBV Poly-(3-hydroxy butyrate-co-3-valerate); PLA Poly-Lactic Acid; SEM Scanning Electron Microscopy; TGA Thermogravimetric Analysis; DTG

Derivative Thermogravimetry

Introduction

In present age, the existence of human being on earth is threat-
ened due to the proliferation of environmental pollution caused
by plastic waste disposal and carbon-di-oxide emission. To solve
this issue, researchers intend to use biodegradable and bio-based
polymers instead of petroleum-based polymers which is the ma-
jor source of plastic waste as well as carbon dioxide emission. In
addition, increasing costs of petrochemical-based polymers and
the demand of sustainable manufacturing have drawn attention of
researchers towards biodegradable polymers [1]. A very common
bio-based polymer is PLA. Ring opening polymerization of lactide,

characterized by condensation polymerization of lactic acid mono

@ @ This work is licensed under Creative Commons Attribution 4.0 License | GJES.MS.ID.000631.

mer which is extracted from a renewable resource via. fermenta-
tion is the major source of PLA production. In its brief existence,
lactide polymerization by ring opening has been widely used due
to its short span of time, good mechanical properties, low cost, bio-
compatibility, easy disposal, and comparable thermoplasticity of
petroleum-based polymers [2,3]. But, mechanical brittleness, low
melting properties, slow crystallization, and low heat resistance
have restricted its use to medical devices and the automobile indus-
try [4-6]. Several techniques are available in literature to make its
uses broader. Among those, researchers have recognized polymer

blending as a most effective technique [7].
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Another popular biodegradable polymer, poly (3-hydroxy bu-
tyrate-co-3-hydroxyvalerate) (PHBV), a member of the Polyhy-
droxyalkanoates (PHAs) family, is synthesized by microorganisms.
It is a copolymer of Poly hydroxy butyrate (PHB) and Poly hydroxy
valerate (PHV). In order to reduce the stiffness and crystallinity of
PHB, copolymerization of PHB and PHV has been introduced by re-
searchers [8]. PHBV is currently used in water filtration, food pack-
aging, and biomedical applications. However, the disadvantages of
PHBV are low crystallization rates, poor thermal stability, and lack
of durability which hinders its use in large quantities [9]. In this
regard, blending PLA and PHBYV is a realistic approach to tailor the
structure and properties without sacrificing biodegradability [10].
Several researchers have reported successful PLA/PHBV blend fab-
rication by using solvent casting method [11].

In most cases, polymers are thermodynamically immiscible due
to the unfavorable interaction. But, PLA and PHBV polymers are
partially miscible. Property combination of the polymer is essential
for the enhancement of overall properties of the blend. However,
both poor interfacial adhesion and macro - phase separation will
restrict this combination [1]. To resolve this issue, researchers have
introduced the concept of compatibilization by inorganic nanopar-
ticle. But, the attempts to improve the interfacial bonding between
the polymers by solid natural particles are very few [12-15].

There are many types of natural silicates, or fillers found such
as mica, closite, montmorillonite, hectorite, and saponite [16-18].
By adding a small amount of NC into the composite, the mechanical,
thermal, flame resistance, and moisture barrier properties can be
improved. NC is a very popular filler for a composite material as it is
environmentally friendly, inexpensive, and economical due to their
natural sources [19]. By adding NC into the composite, the strain
to failure decreases and the modulus of the composite increases.
The degree of morphology and dispersion of the NC are vital, as
the reinforcement of the fiber-matrix depends on it. To achieve the
highest benefit NC should be exfoliated into the matrix. However,
most of the time there is a combination of intercalated and exfo-
liated morphologies of NC into the polymer. Currently, processing
techniques being used to disperse NC into polymer matrix include
exfoliation-adsorption, in-situ polymerization, solution intercala-
tion, and template synthesis. Due to the improper dispersion some
nanoclay agglomerates into the composites. In order to remove
larger clay which agglomerates in nanoclay suspension, a stabi-
lization process was used in this study. In this research a hybrid
biopolymer blend using PLA and PHBV was prepared. Different
percentages (1, 2, and 3 wt%) of nanoclay was added to the system
using the solution intercalation technique to enhance mechanical
and thermal properties of the polymer blend.

Materials and Processing

Materials

In this research, a commercial grade (PLA 2002D) polylactic
acid (PLA) was purchased from Natureworks, LLC (USA). The PLA
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has density of 1.24 g/cm?, 4% D-isomer content, and 33% crystal-
linity rate. Also, another biodegradable polymer poly (3-hydroxy-
butyrate-co-valerate) (PHBV), extracted from microorganism was
supplied by Goodfellow Corporation, Coraopolis, PA, USA. It con-
tains 12 mol% valerite and has 150 2C melting temperature, densi-
ty of 1.25g/cm?, and 59% crystallinity rate. The commercial grade
chloroform supplied by Sigma-Aldrich, USA was used. The nanoclay
(Cloisite Na*), was obtained from Southern Clay Production, Inc.,
Texas, USA.

Processing of polymer blends

Net polymer blend: First, 180 ml of chloroform was poured
into a plastic beaker. Then, different percentages (25/75, 50/50,
75/25) of PLA/PHBV blends were prepared. The ratio of PHBV and
chloroform was maintained as 1:18 for all solutions. The weight
of PLA was then taken according to the amount of PHBV as all the
solvent is not suitable for dissolving PHBV polymer. The solution
was stirred magnetically for 24 hours. Afterwards, the solution was
vacuum mixed for 15 minutes using 100 kPa pressure at a speed
rate of 1500 r/min to remove the entrapped air bubbles. Finally,
the solution was spread on a glass plate to cure for 24 hours and to
remove the chloroform.

PLA/PHBV/NC blend: 180 ml chloroform was poured into
the plastic beaker. The NC was then poured into the solvent and
ultrasonicated for 30 minutes at an amplitude of 45% with 10/10
on/off pulse rate. Then, 10 gm PHBV and 30 gm PLA was added
into the solution and other steps were like neat polymer blend
preparation.

Experimental Procedure

Differential scanning calorimetry (DSC)

Crystallization characteristic, melting temperature, melting
enthalpy as well as degree of crystallinity were analyzed by TA in-
struments Q1000. Measurements were carried out in nitrogen at-
mosphere. Ten to twelve mg samples were heated from 30 °C to
200 °C with a heating rate of 10 °C/min. Then, the samples were
held at 200 °C for 5 minutes to remove the prior thermal history. In
addition, the samples were cooled to room temperature at the same
rate and then again heated to temperature of 200 °C. The degree of
crystallinity was calculated using Eq. (1):

X =2 1000,

AH? fp
Where, AHm (Jg!) indicates the melting enthalpy of polymer
matrix, fp represents the polymer weight fraction in the sample,
and AH:; (146 Jg*) stands for the melting enthalpy of pure crys-
talline PHBV matrix.

Thermogravimetric analysis (TGA)

Thermal response of all the samples were recorded by TA Q500
analyzer. To analyze the thermal decomposition behavior, maxi-
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mum degradation temperature, and residual weight percentages
of PLA/PHBV as well as PLA/PHBV/NC, ten to twelve mg samples
were used. The samples were placed into a platinum pan under ni-
trogen atmosphere to heat up to 600 °C from room temperature at
a heating rate of 10 2C/min.

Tensile test

Tensile properties of all PLA/PHBV blends (25/75, 50/50 and
75/25 wt%) without NC and 75/25 wt% PLA/PHBV with different
amounts of NC (1, 2, and 3 wt%) were carried out using a Zwick-Ro-
ell Z 2.5 testing unit according to the ASTM D882-02 standard. 1.2
mm/min crosshead speed and 40 mm gauge length were main-
tained. 100x10x3 (mm x mm x mm) samples were tabbed between

two aluminum grips.

Morphological characterization

Morphology of prepared specimens was studied by Olympus
DP72 optical microscope with magnification from 7X to 115X.

Scanning Electron Microscopy (SEM) was also performed using
a Hitachi S-3400N scanning electron microscope to observe proper

dispersion of nanoclay inside the polymer blends. A 20 KV accel-
erating voltage was applied to achieve the desired magnification.

Result and Discussion

Differential scanning calorimetry (DSC)

Figure 1(a) represents the DSC graph of different combinations
of the PLA/PHBV blend with and without nanoclay. Figure 1(b,c)
shows the heating and cooling scan separately. By the first heat-
ing scan from the molding, a thermal process was removed. After
that, the second heating scan was performed by using same thermal
process. From the heating scan, two melting temperatures (T _, and
T _,), melting enthalpy, and from the cooling scan crystallization
temperature (T) was determined. Melting temperatures, crystal-
lization temperature, melting enthalpy, degree of crystallinity was
recorded in Table 1. From Figure 1 (a,b), it is obvious that PLA has
not exhibited any melting peak whereas, PHBV exhibited two melt-
ing peaks. The double peaks of PHBV may be due to the remelting
and reorganization of imperfect crystal structure at higher tem-
perature to crystalize with higher structural perfection [20]. PLA/
PHBV blend with different weight ratios showed mixed behavior.
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Figure 1: DSC curve of (a) PLA/PHBV blend with and without nano-clay, (b) Heating scan, and (c) Cooling scan of PLA/PHBYV blend.
J

Table 1: Differential Scanning Calorimetry data of different PLA/PHBV blend with/ without nanoclay.

100% PLA 21.42+0.78 - -
100% PHBV 24.34+1.18 114.05+0.335 159.74+0.89 16.7
25% PLA- 75%PHBV 36.45+1.58 111.87+0.122 160.11+0.231 333
50% PLA-50% PHBV 31.28+0.614 109.71+0.95 159.22+0.375 429
75% PLA-25% PHBV 26.94+0.975 109.05+0.578 154.49+0.978 73.8
75% PLA-25% PHBV+1%Nanoclay 26.98+£0.012 109.23+0.0432 155.34+0.056 73.9
75% PLA-25% PHBV+2%Nanoclay 27.10£0.187 110.51+0.995 157.24+0.159 74.3
75% PLA-25% PHBV+3%Nanoclay 23.89£0.079 110.02+£0.0672 151.91+0.875 65.5
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Several research groups reported that PLA, PHBYV, and their co-
polymer show multiple melting peaks under isothermal crystalli-
zation during step scan DSC. Multiple melting peaks may be due to
the remelting, recrystallization, isodimorphism or polymorphism
(presence of multiple crystal form), different lamellar characteris-
tics, and different molecular weight species [10]. The DSC curves
of PLA/PHBV blend with and without nanoclay showed a large
melting peak followed by a shoulder-like peak for residual crystals
of PHBV. For a polymer blend, it is well established that the poly-
mer with the higher melting temperature forms crystal before the
polymer with lower melting temperature. But, the polymers with
similar melting temperatures undergo co-crystallization to form
another phase which acts as a heterogenous nucleation agent to
produce prefect crystal structures during the melting process. In
this research, both polymers have melting points around 160 °C.

Thermogravimetric analysis (TGA)

Table 1 shows the degree of crystallinity of PLA, PHBV, PLA/
PHBV blend with and without nanoclay. Degree of crystallinity
(DOC) of all polymers and blend was calculated by Eq. (1). The AHo
value for PLA is 93.7 (J/g) which indicates that PLA cannot recrys-
tallize (Figure 1(c)) at this heating rate due to slow crystallization
and nucleation rates. DOC of PHBV was calculated in this study by
considering PLA as a fully amorphous material. From Table 1, it can
be inferred that DOC in PLA/PHBV increased with the increasing
percentages of PLA. It may be due to the action of PLA as a nucleat-
ing agent [21]. This enhancement of DOC has a positive effect which
would be reflected in mechanical property improvement. Further-
more, the addition of nanoclay with PLA/PHBV polymer blends
influenced the DOC noticeably. The enhancement of DOC with the
addition of nanoclay may be due to the good dispersion of nanoclay
on polymer matrices which will be presented in SEM micrograph.
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Figure 2: (a) TGA and (b) DTG graph of PLA/PHBYV blend with and without nanoclay.
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Table 2: TGA and DTG data of different weight ratios PLA/PHBV blend.

100% PLA 284.51+0.069 325.45+0.97 315.39+6.67 2.154+0.0975

100% PHBV 222.94+0.0871 236.05+1.17 239.88+3.2265 2.049+0.1223
25%PLA-75%PHBV 233.45+0.1167 244.51+4.92 245.053+0.9576 2.20£0.113
50%PLA-50%PHBV 234.58+0.156 272.54%0.57 245.82+0.79674 2.40£0.695
75%PLA-25%PHBV 240.16x0.77 309.35+0.5467 249.36+1.40 2.554+0.785

75% PLA-25%PHBV+2% nanoclay 235.45+0.089 301.675+1.23 255.15+2.501 9.872+0.094

Figure 2 (a,b) represents the TGA and DTG curves of PLA/PHBV
blend with three different compositions, including the optimized
blend (75/25 wt.%) with 2 wt.% nanoclay based on DSC results.
Thermogravimetric analysis was carried out under nitrogen atmo-
sphere. From Figure 2 (a) it can be inferred that PLA and PHBV both
showed single stage thermal degradation. But PLA started to de-
grade at 284.5 2C, whereas PHBV degraded at 222.94 °C (Table 2).
This slower degradation indicates higher thermal stability of PLA
compared to PHBV. For any composition of PLA/PHBV blend, multi-
stage thermal degradation was observed which can be attributed to
the degradation of PHBV and PLA respectively. Multistage thermal
degradation of all the blends were between PLA and PHBV which
signifies the thermal stability of the blends was lower than PLA, but,
higher than PHBV. DTG curves indicate the temperature at which
maximum weight loss occurs [22]. From Figure 2(b), two sharp
thermal degradation peaks were observed (Figure 2(b)) which can
be attributed to the thermal degradation of PLA and PHBV compo-
nents of the blend compared to the individual neat polymer. Max-
imum thermal degradation temperature of PLA component in the
blend decreases with the increasing amount of PHBV, whereas, in
the PHBV component, maximum thermal degradation temperature
does not change, or the change was insignificant (Table 2). Further-
more, residue content of the blend increased with the increased
weight percentage of PLA which represents more char formation at
the end of the thermal degradation process. Therefore, 75/25 wt.%
blend exhibits better fire-resistant behavior than the individual
polymer. It was observed that the optimized polymer blend showed
maximum residue content with the addition of 2 wt.% nanoclay.

Table 3: Tensile test data of PLA/PHBV blend with and without nanoclay.

It may be due to the formation of thermal barriers formed by the
nanoclay that restricts heat transfer to the matrices [9].

Tensile testing

Tensile tests on PLA, PHBYV, as well as PLA/PHBV blend were
conducted according to ASTM D882-02. All data has been reported
by considering averages of at least five to six tests. From the tensile
test results, it is apparent that mechanical properties of PLA based
on elastic modulus, tensile strength, and elongation at break were
better than PHBV whereas PLA/PHBV blends exhibited mechani-
cal properties higher than PHBV but lower or close to PLA (Table
3). Mechanical properties of PLA/PHBV blend decreased with the
increasing amount of PHBV. This decreasing trend can be attribut-
ed to the weak polymer interface of PLA and PHBV as well as bub-
ble formation which eventually acts as a stress concentrator that
leads to failure [20,23]. The optimal blend composition to achieve
similar elastic modulus, tensile strength, and elongation at break
of PLA was found to be 75/25 wt.%. For this combination of the
blend, tensile strength was 12% lower than PLA but, 53% higher
than PHBV. Alternatively, elongation at break, and elastic modulus
enhanced around 101% and 70%, respectively compared to PHBV.
It was observed that due to the nanoclay addition, mechanical prop-
erties of PLA/PHBV blend enhanced significantly. 2 wt.% nanoclay
improved tensile strength, elastic modulus, as well as elongation at
break by 92%, 90% and 168%, respectively compared to the PHBV.
This may be due to the good dispersion of nanoclay into the matri-
ces which will be reflected in SEM micrograph.

100/0/0 449.2+10.5 29.20+2.0 17.6+£0.3
0/100/0 2743+ 13.1 16.79+1.2 5.38+0.2
25/75/0 312.2+5.1 17.86+1.7 5.25+0.3
50/50/0 450.4+£10.8 23.35+1.1 6.71+0.2
75/25/0 463.7£7.3 25.73+0.5 10.80+0.1
75/25/1 520.8+8.7 27.67+1.3 12.52+0.4
75/25/2 688.3+4.5 32.32+2.5 14.40+0.3
75/25/3 360.8+11.6 16.5+0.8 8.30£0.2
Morphological study While nanoclay and polymer matrix interaction is pertinent in im-

Figure 4 (a,b) represent the SEM micrographs of 75/25 wt.%
PLA/PHBV blend without and with 2 wt.% nanoclay, respectively.

proving material properties, chemical interactions were not an area
of interest in this study; and therefore, only physical interactions
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were considered here. From Figure 4(b) it can be inferred that the
small white particles (denoted by the red circle) are nanoclay which
is well dispersed throughout the polymer blend. No visible agglom-
eration is observed after the addition of 2 wt.% nanoclay. Also, ther-
modynamically polymer blends are immiscible, so, it is expected to
observe the multiphase morphology in SEM micrograph. From Fig-
ure 4(b), PLA and PHBV phase can be identified clearly. The darker

rough surface indicates PLA phase whereas smooth gray surface
indicates PHBV phase. Nanoclay can be dispersed or embedded
into either phase based on molar mass, as well as crystallinity. In
this study, it has been observed that PLA shows amorphous nature
(Figurel (a,c)). Therefore, nanoclay may be diffused more into PLA

matrix which is visible (presence of white particle).
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Conclusion

The results showed that the tensile strength of PLA thin film
and PHBV film was found to be 29.20 MPa and 16.79 MPa, respec-
tively. Hence, PLA has better mechanical properties than PHBV. On
the other hand, thermal properties of PHBV thin film was found to
be better than that of PLA. To optimize both mechanical and ther-
mal properties of PLA and PHBV hybrid biopolymer blend, various
combinations including 25/75, 50/50 and 75/25 wt.% a hybrid
biopolymer blend were prepared. Among them, PLA/PHBV (75/25
wt.%) with 2 wt.% nanoclay resulted in the best outcome. The ten-
sile strength, elongation at break, and elastic modulus of this opti-

mized polymer blend were 25.73 MPa, 10.8, and 463.7 MPa which
are 53%, 101%, as well as 70%, respectively, higher than PHBV.
From thermal analysis, two melting temperatures were observed
in all the PLA/PHBV blend which represents solution immiscibility
and melting of two polymer phases respectively. It had also been
observed that the addition of nanoclay enhanced tensile properties
as well as thermal stability up to 2 wt.%. SEM micrographs showed
rough surface and good dispersion of nanoclay throughout the

polymer phases.
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