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a b s t r a c t

Blends of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(butylene succi-nate) (PBS) at different weight ratios (80/20, 
50/50 and 20/80 w/w) and ternary PHBV/PBS/halloysite nanotubes (HNT) nanocomposites were prepared by melt compounding. Typical 
co-continuous and nodular morphologies were obtained with the neat blends. The effect of maleic anhydride-grafted PHBV (PHBV-g-
MA) compatibilizer and HNT on the nodular microstructure and thermal properties of PHBV/PBS/HNT nanocomposites was investi-
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1. Introduction

The development of biobased and biodegradable polymers as potential substitutes for plastics from fossil resources is an
emerging field of research and development. In recent years, different types of biodegradable polymers have attracted much
attention for developing various new polymeric materials with reduced environmental impacts [1,2]. Polyhydroxyalkanoates
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(PHAs) are derived from renewable resources and are fully biodegradable thermoplastics [3]. They are aliphatic biopolyesters
naturally produced via a microbial process on sugar-based medium, and act as a source of carbon and energy storage for
microorganisms [4,5].

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) is one of the most widely studied PHA polymers due to its poten-
tial use in packaging, automotive, biomedical, and agricultural applications because of its natural origin, biocompatibility,
and thermoplastic behavior [6]. However, PHBV shows some drawbacks such as its high crystallinity and brittleness [7].
Moreover, its degradation temperature close to its melting temperature [8] makes it difficult to process. Various solutions
have been proposed to solve the above problems, including physical blending, or block copolymerization [9]. Blending PHBV
with other polymers such as poly(lactic acid) (PLA) [4,10], poly(butylene adipate-co-terephthalate) (PBAT) [11,12], poly
(propylene carbonate) [13], poly(caprolactone) (PCL) [14] and poly(ethylene succinate) (PES) [15] represent interesting
routes to control the properties of PHBV. Another polymer that can be used to blend with PHBV is poly(butylene succinate)
(PBS) [16–18]. PBS is a thermoplastic polyester synthesized through the polycondensation reaction of 1,4-butanediol with
succinic acid. This polymer has high flexibility, excellent impact strength, thermal and chemical resistance [19]. It can be
processed easily and it is thus a good candidate for blending with PHBV. In this respect, Qiu et al. [16] blended PHBV with
PBS in solution using chloroform. They reported that PHBV and PBS are immiscible and the crystallization rate of PHBV was
decreased by adding PBS, although its crystallization mechanism did not change significantly. Ma et al. [17] studied the in-
situ compatibilization of PHBV/PBS and PHB/PBS blends in the presence of dicumyl peroxide (DCP). During processing, DCP
initiated a free-radical reaction between PHBV and PBS (and also PHB and PBS) forming PHBV-g-PBS copolymers which sub-
sequently acted as compatibilizer and partially cross-linked networks in the blends. The size of PBS particles in PHBV or PHB
decreased significantly accompanied by an improvement of the interfacial adhesion. Consequently, the mechanical proper-
ties of the PHBV/PBS and PHB/PBS blends were significantly improved.

Many strategies were developed to compatibilize polymer blends. An interesting one is the use of targeted and modified
inorganic micro and nano-fillers. The effects of fillers on the morphology and structural properties of the blends vary
depending on their geometry, chemical composition and modification which influence significantly their location in the
blend microstructure [20]. Zembouai et al. [21] studied the effect of organomodified montmorillonite (OMMT) Cloisite
30B (C30B) with and without compatibilizer, maleic anhydride-grafted-PHBV (PHBV-g-MA), on the morphology and prop-
erties of PHBV/PLA blends prepared by melt mixing. The results showed that C30B enhances the thermal stability and
improves the tensile properties of the blends such as Young’s modulus. Further, a synergistic effect of compatibilizer and
C30B was highlighted, leading to an improved miscibility of the two blend components. Bittmann et al. [22] investigated
the properties of PHBV/PBAT blends as well as the effect of C30B on the morphology and thermal behavior of the blends.
The results revealed a good dispersion of C30B in the polymer blend. They also showed that C30B enhances the thermal sta-
bility, delays the crystallization of PHBV and accelerates its melting and increases the crystallinity of PHBV. Mofokeng et al.
[23] studied the morphology, thermal stability and thermal degradation kinetics of melt-mixed PHBV/PCL blends filled with
titanium(IV) oxide (TiO2) nanoparticles. They showed a well dispersion of TiO2 in both polymers with the presence of some
aggregates. They found that the presence of TiO2 enhanced the thermal stability of PHBV and PCL.

Recently, various papers have been published about the interest to incorporate halloysite (HNT) in polymer
nanocomposites [24–26]. The structure and chemical composition of HNT is similar to that of kaolinite (molecular for-
mula Al2Si2O5(OH)4�nH2O) but the unit layers in HNT are separated by a monolayer of water molecules [27–29]. HNTs
have tubular microstructure with high aspect ratio and typical dimensions of 10–30 nm in inner diameter, 30–50 nm in
outer diameter and 100–2000 nm in length [30,31]. HNTs are mined from natural deposits in various countries like
China, New Zealand, France and Algeria [30]. Russo et al. [31] studied the thermal and structural properties of commer-
cial PHBV/PBAT blends by varying the concentration of neat and silanized HNTs within the blends. Their investigations
demonstrated that HNT increases the degree of crystallinity of PHBV whereas the crystallization of PBAT remained
unchanged.

In the present study, PHBV/PBS blends at various ratios (100/0, 80/20, 50/50, 20/80, 0/100) have been prepared by melt
compounding. PHBV-g-MA (prepared by melt mixing in an internal mixer using maleic anhydride and dicumyl peroxide as
initiator) was used as compatibilizer for the blends. Halloysite nanotubes were added to neat and compatibilized PHBV/PBS
blends. The influence of PHBV-g-MA, HNT and the combined effects of HNT and compatibilizer on the morphology, crystal-
lization, thermal stability and flammability of PHBV/PBS blends were investigated.

2. Experimental section

2.1. Materials

An injection molding grade of PHBV containing 7 wt% of hydroxyvalerate (HV) and nucleated by boron nitride [32], was
purchased from NaturePlast (France) under the trade name PHI 002. According to the manufacturer, PHBV has the following
physical properties: density = 1.25 g/cm3, melting temperature Tm = 170 �C and glass transition temperature Tg = 5 �C. Poly
(butylene succinate) (PBS) (Bionolle 1001MD) was supplied by Showa Denko K.K. (Japan). It has a density of 1.26 g/cm3, a
crystallization temperature Tc of 80 �C and melting temperature Tm of 115 �C (determined by differential scanning calorime-
ter, DSC).



Algerian halloysite (HNT) was collected from the Djebel Debbagh in the region of Guelma located in the north-east of
Algeria. It was supplied by SOALKA Company (Algerian Company of Kaolins). Prior to use, the stone-like raw HNT was finely
ground into powder using a laboratory ball mill (FAURE Equipement SA) for 1 h and sifted through a 40 lm sieve to obtain
primary microparticles having an average diameter of 25 lm with a nanoparticle fraction. The micrographs of HNT obtained
with a scanning transmission electron microscopy detector (STEM) and scanning electron microscopy (SEM) are shown in
Fig. 1. Micrographs show that halloysite is present in nanometric size range with the presence of aggregates. The specific
surface area of HNT was measured using the Brunauer–Emmett–Teller (BET) method and equals 51.4 m2/g. The elemental
composition of Algerian halloysite obtained with a MagiXPhilips X-ray Fluorescence Spectrometer (XRF Spectrometer) is
indicated in Table 1. Algerian halloysite contains a substantial amount of MnO2 (1.88 wt%) which gives it its gray color.
2.2. Preparation of PHBV-g-MA compatibilizer

PHBV-g-MA was prepared by mixing 291 g of PHBV, 9 g of maleic anhydride (MA) (Sigma Aldrich) and 4.5 g of dicumyl
peroxide (DCP) as initiator (Sigma Aldrich) in a HAAKE Rheomix internal mixer, according to the procedure reported by Salim
et al. [33]. The rotor speed was set at 20 rpm for 3 min and increased progressively to 30 rpm for 5 min when MA and DCP
were added. PHBV-g-MAwas collected, ground and dried under vacuum for 6 h at 100 �C to remove any non-reacted MA. The
grafting amount of MA was determined by titration using phenolphthalein as indicator according to the procedure described
by Issaadi et al. [34] and Chen et al. [35]. The grafted sample (2.5 ± 0.01 g) was dissolved in 40 mL of chloroform, and 1.5 mL
of 1 M hydrochloric acid was added. The solution was heated at 60 �C and stirred vigorously for 24 h. The grafted polymer
was selectively recovered by precipitation into 400 mL of ethanol, followed by filtration, and dried at 100 �C for 16 h.
Fig. 1. STEM (a) and SEM (b) micrographs of Algerian HNT.

Table 1
Elemental composition of HNT obtained by X-ray fluorescence
analysis.

Content (wt%)

SiO2 40.1
Al2O3 37.4
TiO2 0.03
P2O5 0.04
SO3 1.72
MnO2 1.88
CaO 0.41
NiO 0.08
MgO 0.01
Fe2O3 0.3
CoO 0.06
Cl 0.05
Na2O 0.14
As2O3 0.13
BaO 0.07
ZnO 0.06
CuO 0.02
K2O 0.33
LOI (Loss Of Ignition at 800 �C) 17.4



Samples of 0.4 ± 0.01 g were completely dissolved in 40 mL of chloroform containing phenolphthalein indicator. The titration
was carried out with 0.06 N of potassium hydroxide (KOH) in methanol. The percentage of MA grafting was calculated
according to Eq. (1), and it was found that 1.17% of MA was grafted on PHBV.
Table 2
Codifica

Sam

PHBV
PBS
PHBV
PHBV
PHBV
PHBV
PHBV
PHBV
%MA ¼ CKOH � VKOH

2WPHBV-g-MA
98:06� 100 ð1Þ
where CKOH and VKOH are the concentration and the volume of KOH solution, respectively, andWPHBV-g-MA is the weight of the
maleated sample.

2.3. Preparation of PHBV/PBS blends and PHBV/PBS/HNT nanocomposites

To minimize the moisture effect and hydrolytic degradation, pellets of PHBV, PBS and PHBV-g-MAwere dried in a vacuum
oven at 60 �C for 16 h and HNT was dried at 100 �C prior to compounding. PHBV/PBS blends at various ratios (100/0, 80/20,
50/50, 20/80, 0/100 w/w) were prepared using a twin-screw microcompounder (DSM Xplore, Netherlands; 15 cm3 barrel
volume) at 175 �C for 5 min and 40 rpm. PHBV/PBS/HNT nanocomposites with and without compatibilization were prepared
by adding 5 wt% of HNT during compounding. Compatibilized PHBV/PBS blends and PHBV/PBS/HNT nanocomposites were
prepared by adding 5 wt% of PHBV-g-MA during compounding. After granulating, all samples were injection-molded in a
small injection molding device Zamak Mercator (Poland) and dumbbell-shaped specimens (ISO 527-2 1BA) were prepared.
Blends were heated at 170 �C for 5 min in the heating chamber. The mold temperature was held constant at 60 �C and the
injection pressure was set at 2 bar. The codifications and compositions of the samples are given in Table 2.

2.4. Structural and chemical characterization

2.4.1. Scanning electron microscopy (SEM) and scanning transmission electron microscopy (STEM) observations
The morphology of cryo-fractured surfaces of the different extrudates of PHBV/PBS blends was examined using a Quanta

200 FEG (FEI Company) in environmental mode. Chloroform was used to selectively dissolve the PBS phase at room temper-
ature for one hour. To avoid any degradation during observation, the samples surfaces were coated with carbon. SEM micro-
graphs were analyzed with AphelionTM 4.3.1 (ADCIS) software. The background images were first subtracted from the
micrographs to remove background illumination differences by mean of opening/closing procedures. The resulting image
was then binarized and PBS domains (around 2000 objects) were identified, labeled and filtered by surface area value with
respect to the scale of observation. For each sample, nodule size distribution was obtained from a multi-scale analysis (from
0.004 to 0.06 lm2 (scale factor 5000) and from 0.06 to 1.8 lm2 (scale factor 10,000).

Scanning transmission electron microscopy (STEM) analyses were performed using a STEM detector at acceleration volt-
age of 5 kV to observe HNT dispersion in ultrathin sections (thickness about 70 nm) of PHBV/PBS 80/20 + HNT without and
with compatibilization, which were prepared using an ultra-microtome (Leica Ultracut) equipped with a diamond knife. The
ultrathin sections were cut at �80 �C and deposited on Cu grids.

2.4.2. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of PHBV/PBS blends and PHBV/PBS/HNT nanocomposites were recorded on injected specimens with a

BRUKER Vertex 70 spectrometer in attenuated total reflectance (ATR) mode. FTIR spectra were recorded in the range of
4000–400 cm�1 with a resolution of 4 cm�1 and 50 scans. All the spectra were normalized according to the band at
1450 cm�1, assigned to ACH3 asymmetric group deformation.

2.4.3. Nuclear magnetic resonance spectroscopy
1H and 13C high-resolution one-dimensional NMR spectra were recorded at room temperature in deuterated chloroform

(CDCl3) using a Bruker Avance-300 NMR spectrometer. 1H NMR spectra were obtained at 400.17 MHz and an acquisition
time of 3.9715 s and 13C NMR spectra were obtained at 100.62 MHz and an acquisition time of 1.3631 s. Chemical shifts were
referenced to the residual proton peak of CDCl3 at 7.20 ppm and to the carbon peak of CDCl3 at 77 ppm.
tion and composition of the different PHBV/PBS and PHBV/PBS/HNT nanocomposites blends prepared.

ples PHBV (wt%) PBS (wt%) HNT (wt%) PHBV-g-MA (wt%)

100 0 – –
0 100 – –

/PBS 80/20 80 20 – –
/PBS 50/50 50 50 – –
/PBS 20/80 20 80 – –
/PBS 80/20 + PHBV-g-MA 76 19 – 5
/PBS 80/20 + HNT 76 19 5 –
/PBS 80/20 + HNT + PHBV-g-MA 72 18 5 5



2.4.4. Size exclusion chromatography (SEC)
The molecular weights of PHBV were determined by size exclusion chromatography (SEC). Samples (typically 10 mg)

were dissolved at a concentration of 10 mg/mL in chloroform and let under stirring for 2 min at 70 �C. Before injection,
all samples were filtered through a 0.2 lm filter to remove any insoluble fractions or particles. SEC experiments were car-
rying out using a refractive index detector with 3 columns Agilent PLgel 5 lm (7.5 � 300 mm). The pore size of each column
was 10,000 Å, 1000 Å and 500 Å, respectively. The SEC was calibrated using a mix of polystyrene standards. Chloroform was
used as the eluent at a flow rate of 0.8 mL/min. The weight and number average molecular weights,Mw andMn respectively,
as well as the polydispersity index Ip were determined for neat PHBV and PHBV/HNT nanocomposites.

2.5. Thermal characterization

2.5.1. Differential scanning calorimetry (DSC)
A Perkin-Elmer Diamond DSC differential scanning calorimeter (Pyris-1 DSC) equipped with an Intracooler II was used to

investigate the melting and non-isothermal crystallization of the different PHBV/PBS blends and PHBV/PBS/HNT nanocom-
posites. The temperature and heat flowwere calibrated with indium. Samples of 13 mg were encapsulated in aluminum pans
and heated from �50 �C to 200 �C at a heating and cooling rate of 10 �C/min using nitrogen as purge gas. The thermal history
of the samples was erased by a preliminary heating (�50 �C to 200 �C range). The measurements were made from the first
cooling scan and the second heating scan. At least two measurements were performed for each sample to ensure repeata-
bility. The degree of crystallinity (Xc) of PHBV and PBS in their blends was determined from the second melting enthalpy
values according to Eq. (2):
Xc ¼ DHm

f p � DH0
m

� 100 ð2Þ
where DHm (J/g) is the secondmelting enthalpy of the polymer matrix, fp is the polymer weight fraction of PHBV or PBS in the
sample and DH0

m is the melting enthalpy of pure crystalline PHBV (DH0
m = 146 J/g) [36] or PBS (DH0

m = 200 J/g) [37].

2.5.2. Thermogravimetric Analysis (TGA)
Thermal stability of various samples was performed using a TGA apparatus (SETSYS, Setaram, France). The sample weight

was approximately 15 mg. Experiments were performed in the temperature range 30–650 �C at a heating rate of 10 �C/min
under nitrogen atmosphere. The initial decomposition temperatures were determined at 5% and 10% of weight loss. The
maximum degradation rate temperature was measured at the DTG peak maximum, and the residue left at 600 �C was deter-
mined for all the samples.

2.5.3. Pyrolysis Combustion Flow Calorimeter (PCFC)
Flammability of the different blends and nanocomposites was investigated using a pyrolysis combustion flow calorimeter

(PCFC) (Fire Testing Technology). This technique was firstly developed by Lyon and Walters [38] in order to study the ther-
mal degradation of samples at the microscopic scale. Sample weights are around 2 ± 0.5 mg. Samples are first pyrolyzed at
1 �C/s and the volatile thermal degradation products are swept from a pyrolysis chamber by an inert gas and combined with
excess oxygen in a tubular furnace at flame temperatures to force complete combustion. Heat Release Rate (HRR) is mea-
sured as function of temperature. This enables to determine the peak value of HRR as well as the Total Heat Release THR
(area below the HRR curve). The effective heat capacity corresponds to the Heat Release/Mass Loss ratio. An average value
of three repeated tests was taken for each composition.

3. Results and discussion

3.1. Structural analysis by SEM

3.1.1. Morphology of PHBV/PBS blends
SEM analysis was used to investigate the morphology of neat polymers and the different PHBV/PBS blends. Fig. 2a and b

shows SEM images of the cryo-fractured surfaces for neat PHBV and neat PBS, respectively. Neat PHBV shows an irregular
surface due to its crystalline structure [10], whereas PBS exhibits a smoother one. Phase morphology of the blends was iden-
tified after selective dissolution of PBS using chloroform at room temperature for 1 h. For the PHBV/PBS blend at 80/20% w/w,
the holes correspond to the extracted PBS and reveal a nodular structure (Fig. 2c). A co-continuous structure was observed at
50 wt% of PBS in PHBV (Fig. 2d). Similar microstructures were observed by Ma et al. [39] for PHB/PBS blends. Based on these
results, the effect of HNTs and the PHBV-g-MA compatibilizer was investigated on PHBV/PBS 80/20 blend so as to analyze
their potential compatibilizing effect on the nodular structure.

3.1.2. Effect of PHBV-g-MA and HNTs on the nodular structure of PHBV/PBS blend
SEM micrographs after selective etching of PBS for the PHBV/PBS 80/20 blend with 5 wt% of PHBV-g-MA, 5 wt% of HNT

and combining PHBV-g-MA and HNT are shown in Fig. 3. Adding 5 wt% of PHBV-g-MA (Fig. 3b) refined greatly the nodular



Fig. 2. SEMmicrographs of cryo-fractured surfaces of neat PHBV (a), neat PBS (b) and PHBV/PBS blends after selective etching of PBS with chloroform, 80/20
w/w (c), 50/50 w/w (d). Holes correspond to the PBS nodules.
morphology of PHBV/PBS 80/20 blend (Fig. 3a). The PBS droplet sizes are noticeably reduced, and this reduction may be
attributed to the formation of an interphase resulting from the migration of PHBV-g-MA chains to the PHBV/PBS interfacial
zone which reduces the interfacial tension between PHBV and PBS. A significant emulsifying effect is thus obtained with the
presence of PHBV-g-MA in the PHBV/PBS 80/20 blend.

With the presence of HNT, the ternary PHBV/PBS 80/20 nanocomposite still exhibit a nodular structure with fewer large
PBS nodules and higher amount of small PBS nodules (Fig. 3c). The structure and final properties of nanocomposites blends
are known to be widely determined by the location of nanoparticles in the blends [20]. Location of HNTs in the PHBV/PBS
blend with and without PHBV-g-MA compatibilizer was thus investigated by SEM analysis (Fig. 4) at high magnification.
A preferential location of HNT in the PBS phase instead of PHBV one was expected and indeed observed (Fig. 4a). The same
observations were made in presence of PHBV-g-MA (Fig. 4b). According to literature, the surface tension of PBS is about
53.1 mN/m [40] and that of PHBV is about 42 mN/m [41]. Considering that the mixing time was sufficient for the thermo-
dynamics and physical chemical interactions to be primarily responsible for the structuration of the nanocomposite blends
[20], this difference in surface tension of 11 mN/mmay cause the preferential migration of a part of the HNTs in PBS nodules
during mixing, due to the better wettability of high surface tension HNT nanoparticles with the PBS phase that has the high-
est surface tension. The presence of HNTs within the PBS nodules should increase the viscosity of the PBS droplets during
processing and hence limits their further coalescence, resulting in a slightly more refined structure for ternary PHBV/PBS
80/20 nanocomposite.

The morphology of the PHBV/PBS blend with adding together 5 wt% of HNT and 5 wt% of PHBV-g-MA looks like the one of
the ternary PHBV/PBS/HNT nanocomposites, showing a nodular structure with similar PBS nodule sizes (Fig. 3d). The emul-
sifying effect of PHBV-g-MA was thus significantly reduced in the presence of HNTs, which can be attributed to a restricted
molecular mobility and diffusion of PHBV-g-MA chains at the PHBV/PBS interface due to their potential interactions with
HNTs.
3.1.3. Image analysis of PBS nodules distribution from SEM micrographs
In order to quantify the compatibilizing effect of PHBV-g-MA, HNT and combining PHBV-g-MA and HNT on the morphol-

ogy of PHBV/PBS 80/20 blends, image analysis was performed on SEM micrographs of selectively etched surfaces for each



Fig. 3. SEM micrographs of PHBV/PBS 80/20 (a), PHBV/PBS 80/20 with 5 wt% of PHBV-g-MA (b), 5 wt% of HNT (c) and combining PHBV-g-MA and HNT (d),
after selective etching of PBS with choroform. Holes correspond to the PBS nodules.

Fig. 4. SEM micrographs of PHBV/PBS 80/20 with 5 wt% of HNT (a) and combining 5 wt% of PHBV-g-MA and 5 wt% of HNT (after selective etching of PBS
with chloroform).
sample. The resulting area distributions number weighted of the PBS nodules are shown in Fig. 5. The median nodule area for
the neat PHBV/PBS 80/20 blend was 0.240 lm2 with many large nodules having areas up to 1.724 lm2. For the PHBV/PBS
80/20 blend compatibilized with PHBV-g-MA, the area distribution was considerably modified with a median nodule area
of 0.041 lm2 and minimum nodule areas that reached 0.004 lm2. As can be seen, the distribution is very narrow and cen-
tered on the median value with very low upper quartile and decile values of 0.088 lm2 and 0.157 lm2, respectively. This
result is thus in accordance with the SEM observations and attests for the marked emulsifying effect of PHBV-g-MA and
the homogenization of the PBS nodules size within the blend. The addition of HNTs to the PHBV/PBS 80/20 blend also



Fig. 5. Example of PBS nodules detection by image analysis on SEMmicrographs of PHBV/PBS 80/20 blend (left), and box plots of area distributions number
weighted of PBS nodules for PHBV/PBS 80/20 blend and PHBV/PBS/HNT nanocomposites with and without PHBV-g-MA compatibilization (right).
induced a significant reduction of the median nodule area which is 0.102 lm2. Furthermore, a substantial reduction of the
large nodules was observed with upper quartile and decile values of 0.195 lm2 and 0.337 lm2, respectively. This supports
the SEM observations and the assumption of a restricted coalescence of PBS nodules in the presence of HNTs. When
combining PHBV-g-MA and HNT, a similar area distribution of the PBS nodules is observed as compared to the filled and
non-compatibilized blend with median and upper quartile and decile values of 0.127 lm2, 0.248 lm2 and 0.443 lm2, respec-
tively. This result confirms the limited emulsifying of the PHBV-g-MA in the presence of HNTs due to their potential inter-
actions that should impede the diffusion of a part of PHBV-g-MA chains at the PHBV/PBS interface.

3.1.4. HNT dispersion within the nodular PHBV/PBS blend
SEM and STEM observations were achieved to study the dispersion of HNTs in PHBV/PBS 80/20 + HNT with and without

PHBV-g-MA compatibilization (Fig. 6). For both ternary PHBV/PBS/HNT blends, individually dispersed HNTs were observed
(Fig. 6c and d), in addition with few large aggregates or rather primary micrometric particles of 2–10 lm in diameter
(Fig. 6a and b). This result shows that the grinding and processing conditions used allowed obtaining a good dispersion of
HNTs within the PHBV/PBS blends down to the nanometric scale. It seems like more HNT aggregates of about 500 nm
(Fig. 6b) were produced in the presence of PHBV-g-MA, which supports the occurrence of interactions between the surface
hydroxyl groups of HNT and acidic groups of PHBV-g-MA to form PHBV-g-MA/HNT aggregates. As postulated above, these
interactions should hinder the migration of PHBV-g-MA chains at the PHBV/PBS interface, hence limiting the emulsifying
effect of PHBV-g-MA.

3.2. Physical chemical interactions and chemical structure

3.2.1. Fourier-transform infrared spectroscopy (FTIR) analysis
The FTIR analysis was performed to identify the physical and chemical interactions between the neat polymers during

melt blending. The ATR-FTIR spectra of neat PHBV, neat PBS and their different blends are shown in Fig. 7. For neat PHBV,
absorption bands at 2932 cm�1 and 1451 cm�1 were attributed to ACH stretching. The presence of absorption band at
2975 cm�1 is attributed to CAH stretching vibration of crystalline phase of PHBV [42]. A strong and sharp absorption band
at 1719 cm�1 is observed which is assigned to the C@O stretching mode of the crystalline parts in PHBV [43]. Band at
1451 cm�1 is caused by CH3 asymmetric deformation [44,45]. In addition, the peaks at 1275, 1261, and 1226 cm�1 are
assigned to the CAOAC stretching modes of the crystalline parts. The peak detected near 1180 cm�1 is attributed to the
amorphous state of CAOAC stretching band. For neat PBS, the absorption band related to ACH stretching, CAH stretching
vibration and C@O stretching vibration are observed at 2963 cm�1, 2921 cm�1 and 1710 cm�1, respectively. The absorption
band at 1046 cm�1 is due to AOACACA stretching vibration in PBS. The peak at 1155 cm�1 is assigned to the stretching of
the ACAOACA group in the ester linkages of PBS.

The FTIR spectra of PHBV/PBS blends recorded in the region 1800–1600 cm�1 are shown in Fig. 7. The carbonyl absorption
bands show modification in shape and intensity depending on the blend composition. It is interesting to note that the char-
acteristic band for crystalline parts in PHBV, positioned at 1719 cm�1, gradually increases with the increase of PBS content
(Fig. 7b). The peak of carbonyl group in the blends is also slightly shifted to lower wavenumbers, when the content ratio of
PBS increases. The other bands remain unchanged.

The FTIR spectra of PHBV/PBS 80/20 and its HNT based nanocomposites with and without compatibilizer as well as those
of neat PHBV-g-MA and HNT are presented in Fig. 7c. The spectrum of HNT exhibits two intense bands at 3621 and
3694 cm�1, which are assigned to the OAH group vibration. The interlayer water is indicated by the stretching vibration



Fig. 6. SEM micrographs of cryo-fractured surfaces of PHBV/PBS/HNT 80/20 nanocomposites (a) without and (b) with PHBV-g-MA; and STEM micrographs
of ultrathin sections of PHBV/PBS/HNT 80/20 nanocomposites (c) without and (d) with PHBV-g-MA.
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bands at 1655 cm�1. The grafting reaction of MA was monitored by FT-IR analysis. A new absorption band centered at
1780 cm�1 appeared in the spectra of PHBV-g-MA (Fig. 7d). This band is attributed to the symmetric C@O stretching bonds
of MA [34,46], thus confirming that grafting reaction occurred.

These bands are also present in the PHBV/PBS 80/20 with HNT (with and without compatibilization). It is interesting to
note that there is no new absorption bands or peak shifts appearing with respect to the individual spectra of the blend
components. This suggests that there are no specific chemical or physical interactions created in the ternary nanocomposite
systems, or at least not detectable by FTIR. The spectrum of blends containing PHBV-g-MA was also dominated by the char-
acteristic signals of PHBV and PBS.

It should be mentioned that a significant increase of the carbonyl band intensity (at 1718.5 cm�1) is observed when add-
ing HNT with and without PHBV-g-MA. This is explained by the degradation of PHBV, and possibly PBS, in the presence of
HNT. SEC measurements conducted on neat PHBV and PHBV/HNT nanocomposite revealed a decrease of roughly 20% for
both Mw and Mn, from 316,430 g/mol to 262,515 g/mol and 123,990 g/mol to 95,735 g/mol, respectively. The ester linkage
of biopolyesters is indeed known to be sensitive to the presence of Al Lewis and Brønsted acid sites in the inorganic layers of
silicates which catalyze its hydrolysis [47,48].
3.2.2. 13C and 1H NMR spectra
The chemical structure of PHBV, PBS and PHBV/PBS 80/20 blends was also investigated by 1H and 13C NMR (Fig. 8a–d). In

the 1H NMR of PHBV (Fig. 8a) chemical shift values ranging from 0.83 ppm represent the protons of methyl terminal group of
hydroxyvalerate group (V4). Chemical shift values at 1.18–1.21 ppm, 1.63 ppm, 2.38–2.43, 2.1–2.57 ppm 5.18–5.20 refer to
methyl group of hydroxybutyrate group (B3), internal ACH2 group of hydroxyvalerate group (V3), ACH2 groups (V1, B1) and
ACH groups, respectively. Characteristic peaks of PBS appear in the spectra of PBS as shown in Fig. 8a. Chemical shift at
1.63 ppm, 2.56 ppm and 4.05 ppm represent the H2, H3 and H1, respectively. 13C NMR spectra of PHBV and PBS are shown
in Fig. 8b. The characteristic peak of PHBV located at 169.14 ppm is attributed to carbonyl groups (AC@O) in the
3-hydroxybutyrate (B0) and 3-hydroxyvalerate (V0) units. The peak at 67.61 ppm is assigned to (ACHA) group (B2). Peaks
at 40.78 ppm, 29.69 ppm, 19.78 ppm and 9.36 ppm are attributed to (ACH2) noted B2, (ACH2) group, noted V3, methyl group
(B3) and V4, respectively. 13C NMR of PBS has the following signals: 172.31 ppm, 64.18 ppm, 29.02 ppm and 25.21 ppm
attributed to C3, C4, C1 and C2, respectively.

Fig. 8c and d shows the 1H and 13C, respectively, of PHBV/PBS 80/20, neat PHBV and PBS. 13C NMR peaks appearing at
169.15 ppm, 67.61 ppm, 40.78 ppm, 29.70 ppm, 19.76 ppm and 9.36 ppm are assigned to the PHBV component, while the
peaks at 172.30 ppm, 29.02 ppm and 25.21 ppm are assigned to the PBS component. In the 1H NMR (Fig. 8d), all chemical
shift values represent components of each polymer. It is clearly seen that the chemical shift of the PHBV/PBS 80/20 is still
unchanged compared with neat polymers.

Fig. 8e and f displays 1H and 13C NMR spectra of PHBV/PBS 80/20 blend, and its HNT based nanocomposites with and
without compatibilizer. It can be observed that 1H and 13C NMR spectra exhibit the same chemical shift as neat
PHBV/PBS 80/20 for all formulations.

Based on FTIR and NMR analysis, it was thus not possible to observe significant shift or appearance of new peaks, which
would be a proof of specific interactions occurring between the components in the ternary nanocomposites. This might be
explained by the low amounts of HNTs and PHBV-g-MA within the system that does not allow detecting such variations.
3.3. Thermal properties

3.3.1. DSC analysis
Fig. 9 shows the DSC thermograms of neat PHBV, neat PBS and the different blends derived from the cooling scan and the

second heating scan. The results are summarized in Table 3. It is observed that neat PHBV exhibits a crystallization peak (Tc)
at around 116 �C, an endothermic melting point (Tm) at 169 �C and a degree of crystallinity (Xc) of 56.8%. Neat PBS shows a Tc
at around 80 �C and Xc of 30.5%. It is observed that PBS exhibits two endothermic peaks denoted Tm1 and Tm2 at 102 �C and
113.5 �C, respectively. The multiple melting behavior of PBS as observed by DSC was already reported [16,49,50] and is
believed to be due to a melting and recrystallization mechanism. Because PHBV and PBS are semi-crystalline polymers, only
small fluctuations corresponding to their glass transitions (Tg) were detected on thermograms (Fig. 9). Two distinct glass
transitions were observed for PBS (at around �35 �C) and PHBV (at around 0 �C), attesting for the immiscibility of the
two polymers in the blends [16,17]. However, for the 80/20 PHBV/PBS nodular blend, the glass transition of PBS was not
detectable. This was attributed to the crystallinity of PBS, its low amount within the blend and possible interactions between
PHBV and PBS chains when PBS is the minor phase.

Since PHBV and PBS are immiscible, crystallization and melting peaks of each component should also appear distinctly in
the blends’ thermograms. For blend compositions for which the amount of PHBV is greater than or equal to 50 wt% (Fig. 9a),
the PHBV crystallization peak is noticeable and shifted to lower temperatures when the amount of PBS increases, i.e. 107.7 �C
for the PHBV/PBS 50/50 blend. Similar observation has also been reported on PHB/PBS blends [51]. The decrease in Tc of PHBV
may be the result of physical restrictions to the nucleation and growth of PHBV crystallites by the PBS domains. Further, it
can be noticed for the PHBV/PBS 80/20 blend, a weak crystallization peak of PBS at low temperature (around 48 �C), and the
absence of characteristic crystallization peak of PHBV for PHBV/PBS 20/80 blend. These results suggest that when PBS or
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PHBV are the minor phases within the blends, crystallization of the chains is restricted and/or occurs in the same temper-
ature range for these particular blends. In the case of PHBV/PBS 80/20 blend, Tg of PBS was not easily detectable and Tc of
both PBS and PHBV were decreased, attesting for possible interactions between PHBV and PBS chains that could restrict their
molecular mobility. Besides, a restricted crystallization of PHBV in the presence of PBS was already reported in literature
[18]. For PHBV/PBS 20/80 blend, migration of PHBV nuclei to the major and still molten PBS phase may also have occurred,
hence limiting the nucleation in the PHBV nodules and decreasing its Tc [52].

Two separate melting peaks can be found in Fig. 9b for all PHBV/PBS blends that correspond to the melting temperatures
(Tm) of PBS and PHBV, indicating that the melting behavior of each component was not influenced significantly by the crys-
tallization mechanism during cooling. The variations in the melting temperature of PHBV when adding PBS in the blend are
indeed not very important. However, it should be mentioned that the first melting peak of PBS was not observed when PBS
was added at 20 wt% and 80 wt% in the blend, suggesting that crystals of lower thermal stability were produced in this blend.

The degree of crystallinity of both PHBV and PBS were calculated from the second melting step and normalized with
respect to the composition of each component in the blend. The values of Xc for PHBV and PBS in the blends are summarized
in Table 3. The degree of crystallinity of PHBV for the 80/20 and 50/50 blends is lower than that of neat PHBV, and it is sig-
nificantly decreased for 20/80 blend, which supports a restricted crystallization of PHBV when it is in minor amount in PBS.
The degree of crystallinity of PBS slightly decreased in the presence of PHBV. The PBS crystallization was therefore slightly
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Fig. 9. DSC thermograms of neat PHBV, neat PBS and various PHBV/PBS: (a) cooling and (b) heating.
affected by the presence of PHBV, even at large PHBV amount. These results are in accordance with the work of Qiu et al. [16].
The authors indeed found that neither the crystallization rate nor the crystallization mechanisms of PBS were changed in the
presence of PHBV.

As shown in Fig. 10, the incorporation of PHBV-g-MA at 5 wt% in the 80/20 blend does not involve any appreciable
changes in melting and crystallization temperatures and enthalpies of PHBV (Table 4). In the presence of 5 wt% HNT, a



Table 3
Thermal Properties of neat PHBV, neat PBS, and PHBV/PBS Blends obtained from the cooling scan and the second heating scan.

Samples PHBV PBS

Tc (�C) DHc (J/g) Tm (�C) DHm (J/g) Tg (�C) Xc (%) Tc (�C) DHc (J/g) Tm1 (�C) Tm2 (�C) DHm (J/g) Tg (�C) Xc (%)

PHBV 115.7 ± 0.2 83.6 ± 0.8 169.5 ± 0.2 83.0 ± 1.1 2.1 ± 0.7 56.8 ± 0.0 – – – – – – –
PHBV/PBS 80/20 113.2 ± 0.6 64.2 ± 0.3 170.5 ± 0.4 61.3 ± 2.6 1.3 ± 2.3 51.5 ± 0.0 48.4 ± 0.3 3.5 ± 0.21 – 111.4 ± 0.2 10.7 ± 0.2 – 26.8 ± 0.0
PHBV/PBS 50/50 107.7 ± 0.6 37.2 ± 0.4 168.4 ± 0.2 36.7 ± 0.1 �1.4 ± 0.4 50.1 ± 0.0 81.9 ± 0.6 28.2 ± 1.02 101.5 ± 0.43 111.9 ± 0.2 26.6 ± 1.0 �36.6 ± 0.6 26.6 ± 0.0
PHBV/PBS 20/80 – – 170.5 ± 2 12.7 ± 0.5 �1.8 ± 0.7 43.5 ± 0.0 81.8 ± 1.2 49.8 ± 1.9 101.7 ± 0.14 112.4 ± 1 38.7 ± 1.9 �33.4 ± 1.1 24.2 ± 0.0
PBS – – – – – 79.3 ± 1.5 62.6 ± 0.1 101.8 ± 0.5 113.5 ± 0.3 61.1 ± 0.06 �33.6 ± 1.0 30.5 ± 0.01
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Fig. 10. DSC thermograms of PHBV/PBS 80/20 binary blend and PHBV/PBS/HNT nanocomposites with and without PHBV-g-MA compatibilization: (a)
cooling scan and (b) heating scan.
decreased enthalpy of crystallization (DHc) and melting (DHm) of PHBV were observed, accompanied by lower crystallization
temperature and degree of crystallinity. This suggests that HNTs restrict the crystallization of PHBV in PHBV/PBS blends.
Conversely, incorporating HNT in the 80/20 blend increases significantly the crystallization temperature and the degree
of crystallinity Xc of PBS, i.e. 83 �C and 31.2% as compared to 48 �C and 26.8% for 80/20 blend, respectively. Based on these
observations, it is postulated that HNTs act as nucleating agents for PBS, favored by their preferential localization in PBS
nodules.

When combining PHBV-g-MA with HNT in the blend, an interesting behavior is observed. PHBV presents similar behavior
as in the unfilled and non-compatibilized 80/20 blend, meaning that the presence of PHBV-g-MA prevents the negative effect
of HNTs on the crystallization of PHBV. Conversely, PHBV-g-MA with HNTs tends to inhibit the crystallization of PBS. These
two phenomena suggest that PHBV-g-MA limits the direct PHBV/HNT and PBS/HNT interactions, and hence support the
assumption that PHBV-g-MA/HNT aggregates are formed.

3.3.2. Thermogravimetric analysis (TGA)
TGA and scans of neat PHBV, PBS and PHBV/PBS blends at different ratios are presented in Fig. 11a and b, respectively. The

onset decomposition temperature (temperature at 5 and 10 wt% loss), temperature at 50 wt% loss and peak decomposition
temperatures (Tmax), of the respective blend compositions are given in Table 5. The DTG curves for PHBV/PBS blends in
Fig. 11b show the temperatures of decomposition of PHBV and PBS in the blends.

Neat polymers show single step decomposition in the nitrogen atmosphere. PHBV starts degrading at around 271 �C, PBS
is more thermally stable and its degradation starts at around 358 �C. The immiscible polymer blends show two degradation
steps, the first one associated to their PHBV fraction and the second one related to their PBS fraction.

In order to find out whether interactions between the components of the blends occur, the theoretical TGA curves of the
blends were constructed from the experimental TGA curves of the pure components assuming no interactions. Theoretical
TGA curves were calculated according to Eq. (3):
Mblend ¼ WPHBVMPHBV þWPBSMPBS ð3Þ

where MPHBV is the mass loss of neat PHBV, MPBS is the mass loss of neat PBS, WPHBV and WPBS are the respective polymer
weight fractions in the blends.

Fig. 11c shows experimental and theoretical TGA curves of PHBV/PBS binary blends. It can be observed that for all blends,
thermal decomposition of PHBV is shifted to higher temperature. However, it is observed an important negative deviation
between the experimental and theoretical curves of PBS, meaning that the thermal stability of PBS in the blends is reduced.
It is thus evidenced that blending PHBV and PBS confers a higher thermal stability for PHBV, but a lower thermal stability for
PBS. Similar results were found by Mofokeng et al. [23] for PHBV/PCL blends.

Influence of the addition of PHBV-g-MA as compatibilizer, HNT and combination of HNT and PHBV-g-MA on the thermal
degradation of PHBV/PBS 80/20 blends can be seen in Fig. 12a and b. There are no significant changes in thermal properties of
PHBV/PBS blend with adding 5 wt% of PHBV-g-MA but the addition of HNT to the polymer blends leads to a decreasing ther-
mal stability of the nanocomposites compared to the neat blend. Similarly, PHBV/PBS blend in presence of PHBV-g-MA and
HNT also exhibits the same decomposition process as PHBV/PBS/HNT nanocomposites. The influence of clay on the thermal
degradation of PHBV/PBS 80/20 blend is clearly shown when comparing experimental and theoretical TGA curves (Fig. 12c).
Theoretical TGA curves were calculated according to Eq. (4):
Mblend ¼ WPHBVMPHBV þWPBSMPBS þWHNTMHNT ð4Þ



Table 4
Thermal properties of neat PHBV, neat PBS and PHBV/PBS 80/20 binary blends and PHBV/PBS/HNT nanocomposites with and without PHBV-g-MA compatibilization.

Samples PHBV PBS

Tc (�C) DHc (J/g) Tm (�C) DHm (J/g) Tg (�C) Xc (%) Tc (�C) DHc (J/g) Tm1 (�C) Tm2 (�C) DHm (J/g) Tg (�C) Xc (%)

PHBV/PBS 80/20 113.2 ± 0.6 64.2 ± 0.3 170.5 ± 0.4 61.3 ± 2.6 1.3 ± 2.3 52.5 ± 0.0 48.4 ± 0.3 3.5 ± 0.21 – 111.4 ± 0.2 10.7 ± 0.2 – 26.8 ± 0.0
PHBV/PBS 80/20 + PHBV-g-MA 113.3 ± 1.8 65.5 ± 0.2 168.8 ± 0.3 59.7 ± 0.6 �1.8 ± 1.2 50.8 ± 0.0 45.2 ± 4.8 3.7 ± 1 – 111.0 ± 0.4 11.0 ± 0.4 – 29.0 ± 0.0
PHBV/PBS 80/20 + HNT 111.7 ± 0.1 55.4 ± 0.1 168.4 ± 1.1 50.7 ± 0.5 �0.3 ± 1.3 45.7 ± 0.0 83.2 ± 0.7 5.5 ± 2.1 – 110.8 ± 0.3 11.9 ± 0.8 – 31.2 ± 0.0
PHBV/PBS 80/20 + HNT + PHBV-g-MA 113.7 ± 0.1 63.1 ± 1.3 170.1 ± 0.1 59.0 ± 1.8 2.9 ± 0.8 52.5 ± 0.0 59.2 ± 3.7 3.0 ± 0.1 – 111.2 ± 0.2 8.4 ± 0.3 – 23.4 ± 0.0
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Fig. 11. (a) and (b) TGA and DTG curves of neat PHBV, neat PBS and PHBV/PBS blends.

Table 5
Decomposition temperatures of PHBV, PBS and PHBV/PBS blends obtained from TGA and DTG.

Samples T5% (�C) T10% (�C) T50% (�C) Tmax (PHBV) (�C) Tmax (PBS) (�C)

PHBV 271 274 286 287 –
PHBV/PBS 80/20 272 276 291 289 382
PHBV/PBS 50/50 279 283 323 290.5 384
PHBV/PBS 20/80 289 294 375 294.5 385.5
PBS 358 365 387 – 390
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Fig. 11. (c) TGA of PHBV/PBS binary blends: continuous lines show the behavior observed experimentally and the dashed lines stands for the theoretical
curves according to Eq. (3).
A noticeable difference between the theoretical and experimental curves is observed. It can be ascribed to the unfavorable
effect of HNT on the degradation of PHBV/PBS blend which can be caused by hydrolysis processes affecting polyester matri-
ces through the silanol groups present at the external surface of HNT particles. This result is in accordance with the increas-
ing carbonyl amount in the presence of HNT, as determined by FTIR. Chrissafi and Bikiaris [53] and Bikiaris [54] showed that
clay has two antagonist effects on the thermal stability of polymer/clay nanocomposites: (i) a barrier effect that could
improve the thermal stability and (ii) a catalyzed degradation effect, caused by silanols through Al Lewis and Brønsted acid
sites and, if any by organo-modifiers, that can decrease the thermal stability.

3.4. Flammability properties (PCFC)

Table 6a presents the results of PCFC experiments. Fig. 13a shows the heat release rate (HRR) curves of neat polymer and
PHBV/PBS binary blends. Two distinct peaks corresponding to PHBV and PBS degradation can be identified, showing that the
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Fig. 12. (c) TGA of PHBV/PBS 80/20 + HNT ternary blend: continuous lines show the effect observed experimentally and the dashed line stands for the
theoretical curve according to Eq. (4).

Table 6a
PCFC data for pure polymers and PHBV/PBS blends.

Samples pHRRPHBV (W/g) pHRRPBS (W/g) THRPHBV (kJ/g) THRPBS (kJ/g) THRblend (kJ/g)

PHBV 1027.0 ± 77.2 – 20.6 ± 0.8 –
PHBV/PBS 80/20 702.5 ± 37.0 72.1 ± 2.1 16.4 ± 0.1 3.6 ± 0.1 19.8 ± 0.4
PHBV/PBS 50/50 390.0 ± 18.4 176.6 ± 7.0 10.4 ± 0.7 10.1 ± 0.8 20.3 ± 1.2
PHBV/PBS 20/80 298.7 ± 11.0 303.8 ± 11.0 4.7 ± 0.2 15.2 ± 1.3 19.5 ± 0.9
PBS – 426.1 ± 20.0 – 14.2 ± 0.5

Table 6b
PCFC parameters of PHBV/PBS 80/20 nanocomposites without and with compatibilization.

Samples pHRRPHBV (W/g) pHRRPBS (W/g) THRPHBV (kJ/g) THRPBS (kJ/g) THRblend (kJ/g)

PHBV 1027 ± 77 – – – 20.6 ± 0.8
PHBV/PBS 80/20 702.5 ± 37 72.1 ± 2.1 16.4 ± 0.1 3.6 ± 0.1 19.8 ± 0.5
PHBV/PBS 80/20 + PHBV-g-MA 792.0 ± 44 51.6 ± 0.6 14.7 ± 0.5 3.5 ± 0.5 18.4 ± 0.2
PHBV/PBS 80/20 + HNT 584.2 ± 40 86.0 ± 1.5 14.4 ± 0.2 5.0 ± 0.3 19.7 ± 0.3
PHBV/PBS 80/20 + HNT + PHBV-g-MA 738.6 ± 19 77.5 ± 11 16.2 ± 0.6 3.7 ± 0.4 19.6 ± 0.6
PBS 426.1 ± 20 26.15 ± 2 – – 14.2 ± 0.5
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Fig. 13. (a) Heat release rate (HRR) versus temperature for PHBV, PBS and PHBV/PBS blends; (b) experimental and theoretical values (additive rule of
mixture) of pHRR of PHBV in blends.
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Fig. 13. (c) HRR curves of PHBV/PBS 80/20 binary blend and PHBV/PBS/HNT nanocomposites with and without PHBV-g-MA compatibilization.
fire behaviors of both polymers are very different. The peak heat release rate (pHRR) of PHBV is far higher than that of PBS.
The high pHRR of PHBV as compared to others biopolyesters has already been reported in literature [21]. This highlights a
greater flammability of PHBV because the chemical environment around ester linkages involves their easier cleavage, and
hence plays a role in its thermal stability and released products during thermal degradation. Blending PHBV with PBS allows
the pHRR to be reduced more strongly than the rule of mixture for the compositions in which the fraction of PHBV is at least
50% (Fig. 13b). The relative deviation to this rule is the highest for the 50/50 blends, showing the interest of the
co-continuous morphology toward fire behavior.

The temperatures corresponding to the degradation peaks of each polymer (PHBV at 306 �C, PBS at 414 �C) remain
unchanged for the PHBV in the blend (except for the PHBV/PBS 80/20 composition), while it is slightly decreases for PBS with
increasing amount of PHBV.

The study of the total heat release values for the blends (THR) shows that THR does not vary significantly between the
different blends and neat PHBV (around 20 kJ/g). THR for PBS alone is particularly low (around 14 kJ/g) in comparison with
PHBV/PBS blends and neat PHBV. Generally, the decrease of the THR associated to each polymer in function of its percentage
in the blend follows an additive rule of mixture. Consequently, the influence of blends composition and microstructure
appears only visible on pHRR and not on THR values.

Fig. 13c and Table 6b present the influence of PHBV-g-MA and HNT on the fire retardancy of the 80/20 PHBV/PBS blends.
The presence of HNT in the blend leads to a considerable reduction of pHRR, whereas the temperature peak is unchanged.



HNT may have modified the decomposition products of the blend since THRPHBV decreases while THRPBS increases. FTIR-PCFC
coupling should brought information about the combustion mechanisms and decomposition products of the PHBV/PBS/HNT
nanocomposites. The incorporation of PHBV-g-MA involves a significant increase of pHRR, suggesting that the energy release
rate of PHBV-g-MA is higher than that of PHBV due to the presence of the maleic anhydride group. Finally, the combination
of both HNT and PHBV-g-MA seems to level the influence of each of these components since the PCFC parameters are very
close to those of the neat blend.

4. Conclusions

PHBV/PBS immiscible blends were prepared by melt compounding at different weight ratios (80/20, 50/50 and 20/80
w/w). The PHBV/PBS 80/20 blend showed a nodular morphology whereas a co-continuous morphology was observed at
50 wt% of PBS in PHBV. DSC experiments revealed that the addition of PBS limits the crystallization of PHBV and TGA inves-
tigations indicated that PBS is much more thermally stable than PHBV. Adding PBS in PHBV induced an enhancement of the
overall thermal stability of the resulting blends. Theoretical TGA curves indeed showed that PHBV degrades at higher tem-
perature for all blends. PCFC data clearly show that neat PHBV releases much more energy than neat PBS during combustion.
However, the peak of heat released rate of PHBV was decreased by the addition of PBS.

The PHBV/PBS 80/20 blend was selected to investigate the effect of maleic anhydride-grafted PHBV (PHBV-g-MA) com-
patibilizer and HNTs, on the microstructure and thermal properties of ternary PHBV/PBS/HNT nanocomposites. SEM micro-
graphs and image analysis confirmed that the nodular morphology of PHBV/PBS was refined by adding PHBV-g-MA. The size
distribution of PBS nodules was indeed greatly decreased due to the migration of PHBV-g-MA chains to the interfacial area
that reduce the interfacial tension between PHBV and PBS. The dispersion of HNTs in the blend also reduced to a lesser extent
the size of PBS nodules. However, combining HNTs with PHBV-g-MA limited the emulsifying effect of PHBV-g-MA. Although
being not fully elucidated, it is postulated that PHBV-g-MA and HNT interact to form aggregates that could limit the
PHBV-g-MA chains diffusion at the PHBV/PBS interface. The DSC and TGA thermograms indicated that the emulsifying effect
of PHBV-g-MA had no significant influence on the thermal properties and crystallization of PHBV/PBS blend. In contrast, the
incorporation of HNT (or combining HNT with PHBV-g-MA) in the 80/20 blend promoted its thermal degradation. The cal-
culation of theoretical TGA curves indeed showed that HNTs lower the thermal decomposition temperature of the ternary
nanocomposite. However, the presence of HNT in the PHBV/PBS blend led to an improvement of their fire reaction, charac-
terized by a significant decrease of the heat release rate of PHBV.

Concluding, this set of results demonstrates the interest of preparing PHBV/PBS blends and the possibility to control their
structure and thermal properties by compatibilization with PHBV-g-MA or the addition of HNT nanoparticles. Improved dis-
persion of PBS nodules can be obtained by both strategies. Moreover, HNT nanoparticles involve more significant changes in
the thermal properties. Combining PHBV-g-MA/HNT seems to level these effects, and efforts should be made to better char-
acterize and control the localization of each component within the ternary PHBV/PBS/HNT nanocomposites. To this respect, a
control of the processing steps and/or the compatibilization of HNTs could be considered.
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