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Abstract: Polyhydroxybutyrate (PHB) is one of the few biopolymers that can be processed at industrial scale. 
Nevertheless, PHB applications in film form are limited, mainly due to the high biopolymer crystallinity and its narrow 
thermal processing window. In this work, it was studied the effect of glycerol tributyrate (GTB) incorporation as 
plasticizer, in addition to Irganox® 1010 (I) as phenolic antioxidant on the processability and final properties of PHB-
based films. PHB was melt processed in the presence of GTB (5-30 %w/w, PHB basis) and Irganox® (0.3 %w/w, PHB 
basis) and films were obtained by thermo-compression. PHB films without the plasticizer and the antioxidant were used 
as control sample. Thermal properties of films demonstrated that PHB thermal processing window was increased due to 
a synergistic effect of both additives. Improvement can be attributed to changes in the crystalline structure corroborated 
by X-ray Diffraction (XRD) and Differential Scanning Calorimetry (DSC). Oxygen Transmission Rate (OTR) of PHB films 
increased in the presence of GTB and Irganox due to the crystalline changes induced by both additives. 

Keywords: Poly(3-hydroxybutyrate) films, Phenolic antioxidant, Glycerol-based plasticizer, Thermal processing, 
Crystalline structure. 

1. INTRODUCTION 

Polymers can be oxidized during their processing or 
final use, which results in the loss of chemical, optical, 
and mechanical properties, among others. Because of 
the combination of high temperature, often high shear 
stress and the presence of oxygen, polymers usually 
suffer degradation reactions by radical chain 
mechanisms, which lead to a change of the molecular 
structure by chain scission or crosslinking [1]. Thermal 
oxidation results in the formation of free radicals, which 
react with oxygen-producing oxy- and peroxy-radicals. 
Besides, these radicals can participate in many 
reactions between them or remove hydrogen from 
polymer chains [2]. Generally, several approaches are 
used to prevent early degradation of polymers, 
particularly during thermal processing. Therefore, a 
variety of additives have been used for these purposes 
with different success, including processing aids 
(plasticizers and lubricants), thermal and UV 
stabilizers, mineral and vegetable fillers, nano-fillers, as 
well as curing and grafting agents [3]. In the research 
field of biopolymers, one of the fundamental objectives 
of adding additives is to improve final mechanical 
properties. 
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Particularly, PHB has a pronounced brittleness, very 
low deformability, high susceptibility to rapid thermal 
degradation, challenging its processing by conventional 
technologies for thermoplastics polymers. These 
characteristics, along with a high price compared to 
commodity plastics, are considered the major obstacles 
for a broad application of this biopolymer [3]. The 
mechanism of PHB degradation is based on an 
elimination reaction with the formation of oligomers and 
crotonic acid [4]. A detailed study of PHB thermolysis 
found that thermal degradation is a statistical process 
based on a random chain scission but some kinetically 
favored scission occurs near the ends of the 
macromolecules [5]. Predominant polymorphism in 
PHB crystal structure is the α-form, which takes place 
under typical conditions of melting, cold, and 
crystallization. However, β-form can also be obtained in 
uniaxially stretched films, resulting in a metastable 
phase that can be re-annealed to the α-form at 130 °C 
with an increase in crystallinity [6]. According to some 
authors, β crystals are responsible for the high traction 
resistance of PHB films, mainly because these crystals 
are formed from the molecular chains stretching in the 
restricted amorphous region between small crystal 
nuclei, which act as cross-linking points [7, 8]. These 
authors stressed that the formation of these small 
crystals is generated by random chain scission during 
polymer thermal degradation. These shorter chains 
have greater mobility and can be packaged during 
crystallization [3]. Some alternatives to avoid polymer 
degradation could be a reduction of processing 
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temperature and the addition of plasticizers in order to 
improve processing conditions [9]. Another option to 
overcome this drawback is the use of antioxidants 
during polymers processing to inhibit the beginning of 
the thermal oxidation and to retard the resulting 
degradative processes [10]. 

Phenolic antioxidants scavenge alkoxy and peroxy 
radicals by donating hydrogen radicals that neutralize 
these kinds of species formed through the harsh 
processing conditions in presence of oxygen or by the 
cleavage of hydroperoxides. Therefore, these additives 
protect polymers during processing, as well as in the 
final application, as long-term thermal stabilizer [11, 
12]. Ghaffari and Ahmadian studied the performance of 
different phenolic antioxidants for the thermal oxidation 
stability of low-density polyethylene (LDPE) and 
reported that Irganox® 1010 is the most effective [13]. 
Irganox® 1010 is a primary antioxidant since its 
mechanism mainly resides in the ability of removing 
radicals from the polymer main chain, decomposing the 
hydroperoxides to non-radical products [14]. 

On the other hand, several studies have been 
published in the last years analyzing different 
plasticizers for PHB, being glycerol tributyrate (GTB) 
one of the most employed [15-18]. Plasticizers provide 
ductility that is suitable for injection molding and 
thermo-compression, favoring films applications [2]. 
However, there are few studies where evaluate the 
feasibility of incorporating antioxidants. Marinho et al. 
[19] processed PHB in the presence of Bruggolen® 
H10, a mix of Joncryl® and Irganox® 1010, and reported 
that mechanical properties have not appreciably 
changed [19]. Bruggolen® H10 is a sodium 
phosphonate processing stabilizer and synergist, which 
protects against polymer degradation during 
processing, but also prolongs lifetime of polymers. 

This work aimed to evaluate the combined effect of 
a phenolic antioxidant (Irganox® 1010) and different 
concentrations of glycerol tributyrate (GTB) on thermal, 
mechanical, and barrier oxygen properties of poly(3-
hydroxybutyrate) (PHB) films. Besides, changes on 
PHB microstructure and crystallinity induced by the 
presence of the antioxidant were also evaluated by 
several analytical techniques.  

2. EXPERIMENTAL 
2.1. Materials and Methods 

2.1.1. Materials and Processing 

Poly(3-hydroxybutyrate) powder (PHB) was 
purchased from Biomer (Germany). Additives used 

were glycerol tributyrate (GTB, 98.5 % purity, Sigma 
Aldrich, Switzerland) as plasticizer and pentaerythritol 
tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) 
(Irganox® 1010, 98 % purity, Sigma Aldrich, 
Switzerland) as phenolic antioxidant. PHB powder and 
additives were manually mixed in order to well-
impregnate the polymer. Studied formulations are 
described in Table 1. Mixtures were melt-processed in 
a Brabender Plastograph (Germany) at 180 °C and 60 
rpm, for 15 min. Films were obtained from processed 
samples by thermo-compression using a hydraulic 
press at 5 kg cm-2 and 195 °C, for 15 min. Thickness 
was measured using an electronic digital caliber MAX-
CAL (Fowler & NSK, Japan). At least 10 
measurements were taken for each specimen and 
values correspond to the average thickness were 
employed in the calculation of mechanical properties 
and oxygen transmission rate. 

Table 1:  Formulations Based on Poly(3-
Hydroxybutyrate) (PHB), Glycerol Tributyrate 
(GTB), and IRGANOX® 1010 (I) 

Sample GTB (% w/w, PHB basis) I (% w/w, PHB basis) 

PHB - - 

PHB-5GTB 5 - 

PHB-10GTB 10 - 

PHB-20GTB 20 - 

PHB-30GTB 30 - 

PHB-I - 0.3 

PHB-5GTB-I 5 0.3 

PHB-10GTB-I 10 0.3 

PHB-20GTB-I 20 0.3 

PHB-30GTB-I 30 0.3 

 
2.2. Films Characterization 

2.2.1. Thermal Properties 

Thermal analyses were performed by Differential 
Scanning Calorimetry (DSC) using a calorimeter 
Instrument Discovery Series (USA), under nitrogen 
atmosphere. Samples (~10 mg) were first heated from 
-90 to 195 °C at a heating rate of 10 °C/min. After 
being kept at 195 °C for 2 min, samples were cooled to 
-90 °C at 10°C/min and kept at this temperature for 2 
min. They were again heated at 10 °C/min to 195 °C. 
Onset and peak melting temperature (Tm onset and Tm 

peak) and melting enthalpy (ΔHm) were obtained from 
both first and second heating cycle. Degree of 
crystallinity (XC-DSC) was determined using Equation (1), 
according to the procedure described by Wellen et al. 
[20]. 



Efficiency of Irganox® 1010 on Processing and Properties of Plasticized Journal of Composites and Biodegradable Polymers,  2021 Vol. 9     9 

         (1) 

where ∆Hm PHB is the melting enthalpy of the sample, 
∆H0

m PHB = 146 J/g is the melting enthalpy of a 100 % 
crystalline PHB [21] and w is the weight fraction of PHB 
in the sample. 

Thermal degradation was evaluated by 
Thermogravimetric Analysis (TGA) using a 
thermogravimetric balance TA Instrument Discovery 
Series (USA). Samples (~10 mg) were heated from 25 
°C to 350 °C at 10 °C/min, under nitrogen atmosphere 
(20 mL/min). Curves of mass percentage as a function 
of temperature were recorded, and the onset and 
maximum decomposition temperature was obtained 
from the first derivative as it was reported by Seoane  
et al. [18]. 

2.2.2. Diffraction X-Ray (XRD) 

Diffractograms were obtained in an X-ray 
diffractometer Philips PW1710 (Philips, Holland), 
provided with a tube, a copper anode, and a detector 
operating at 45 kV and 30 mA within 2θ from 5 to 60°. 
Degree of crystallinity (XC-XRD) was calculated following 
Equation (2), according to the procedure reported by 
Cyras et al, [22]. 

        (2) 

where XC-XRD (%) corresponds to the ratio between 
crystalline peaks area (Acrystalline peaks) and the total 
diffractogram area (Atotal), expressed as percentage. 

Similarly, the degree of crystallinity (XC-XRD β) 
attributed to β-form crystals was calculated considering 
the peak at 2θ = 20°, following Equation (3). 

        (3) 

where XC-XRD β (%) corresponds to the ratio between 
the area of the crystalline peak at 2θ = 20° (Aβ crystalline 

peak) and the total diffractogram area (Atotal), expressed 
as percentage.  

In order to calculate the area of all crystalline peaks 
(Acrystalline peak) and the area of the crystalline peak at 2θ 
= 20° (Aβ crystalline peak), a peaks deconvolution using 
Lorentzian functions was carried out.  

2.2.3. Tensile Tests 

Tensile tests were carried out in an Instron Tensile 
Testing Equipment model 3369 (UK), using a cross-

head speed of 5 mm/min and a load cell of 1 kN. At 
least ten probes of 13 x 100 mm of each film 
formulation were assayed and stress-strain curves 
were obtained from load displacement data. Maximum 
tensile strength (σm), Young’s modulus (E), and 
elongation at break (ɛB) were calculated, according to 
ASTM D882-91 standard method. 

2.2.4. Oxygen Transmission Rate (OTR) 

Oxygen mass transfer rates (OTR) and oxygen 
permeability were determined at 25 °C using a Mocon 
OX-Tran2/20 (Mocon Inc., USA) based on the ASTM 
3985 standards method. Test cell was composed of 
two chambers separated by the sample (5 cm2). On 
one side of the film, 100 % oxygen gas was flowing 
and, on the other side, there was a flow of nitrogen gas 
(100 % N2). 

3. RESULTS AND DISCUSSION 
3.1. Thermal Properties 

The combined effect of GTB and I was first 
evaluated based on thermal properties derived from 
DSC and TGA analysis. Melting temperature and 
degree of crystallinity of thermo-compressed films 
corresponding to the first heating of DSC analysis are 
shown in Table 2. It is important to highlight that 
thermal behavior of samples subjected to the first 
heating would be associated to thermal properties of 
films after being melt-mixed and thermo-compressed. 
No evident tendency was observed on PHB films by 
GTB addition on onset and melting temperatures, as 
well as on melting enthalpy. Otherwise, the addition of 
antioxidant allowed an increment on these thermal 
parameters. The combined effect of both additives led 
to a notable decrease in melting properties of PHB 
based films. Degree of crystallinity, calculated from 
enthalpy values, are shown in Figure 1. GTB addition 
at 5 % w/w allowed a significant increase in the degree 
of crystallinity of plasticized PHB films, probably due to 
a nucleating effect, as it was reported by Seoane et al. 
[18] and Quispe et al. [23]. Accordingly, Janojivá et al. 
suggested that a partial polymer degradation could 
contribute to an increase in the degree of crystallinity 
[4]. As it can be observed, this increment was not so 
noticeable in samples containing 10, 20, and 30 % w/w 
GTB. In the case of the antioxidant incorporation an 
increase in the degree of crystallinity was evidenced. 
On the other hand, the combined effect of both 
additives led to a slight decrease in this parameter. The 
absence of a clear trend in the influence of separate 
and combined additives on thermal properties and 
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degree of crystallinity could be attributed to samples 
heterogeneity. Therefore, to evaluate the influence of 
the plasticizer in conjunction with the antioxidant, it is 
necessary to erase the sample thermal history and 
analyze the results derived from the second heating. 

 

 

Figure 1: Degree of crystallinity of PHB films calculated from 
the DSC first heating. Symbols: () PHB, () PHB-I, () 
PHB-GTB, and () PHB-GTB-I. Degree of crystallinity 
calculated from DSC second heating. Symbols: () PHB, 
() PHB-I, () PHB-GTB, and () PHB-GTB-I. 

Melting temperature and degree of crystallinity of 
thermo-compressed films corresponding to the second 
heating, after erasing the sample thermal history, are 
presented in Table 3. Two endothermic peaks were 
detected in almost all analyzed films: the first melting 
peak (Tm peak1) can be attributed to the melting of more 
imperfect crystals and the second melting peak (Tm 

peak2) to the most ordered and perfect crystals. In 

accordance with Ziaee and Supaphol [24] and Liu et al. 
[25], the melting peak at lower temperature 
corresponds to primary crystals formed during cooling, 
and the second peak at higher temperature is due to 
crystals melted and recrystallized in subsequent 
heating. PHB films containing only GTB presented 
lower melting temperatures attributed to a higher chain 
mobility by plasticizer addition [4]. This tendency is 
common in polymers and can be attributed to 
differences in the crystals morphology (width of the 
sheets and size of the spherulites) [26]. The addition of 
0.3 % w/w Irganox® decreased the melting temperature 
of PHB-GTB films. Degree of crystallinity calculated 
from DSC are included in Table 2 and 3 and Figure 1. 
As a general trend, it can be observed that plasticizer 
addition led to an increase in the degree of crystallinity. 
On the other hand, antioxidant presence decreased the 
degree of crystallinity of plasticized films, mainly those 
containing 20 and 30 % w/w GTB. This tendency could 
be probably due to Irganox® preventing the formation of 
short polymer fragments generated by degradation that 
can be more easily packed into a crystalline structure 
[4]. As a consequence, the nucleating effect of GTB 
would be avoided, favoring the increase of the 
amorphous phase. Thus, the presence of Irganox® 
1010 improved GTB plasticizing effect on PHB and 
might avoid the formation of short molecular chains. 
Table 3 also shows the glass transition temperature 
(Tg) of all studied samples. As it was expected, 
plasticizer addition reduced Tg values and the 
antioxidant presence markedly increased this 
reduction. For example, in the case of PHB-30GTB this 
temperature was reduced from -24.6°C to -39.3°C by 
adding 0.3 % w/w Irganox® 1010. Thermal properties of 
plasticized PHB films are in good agreement with an 

Table 2: Thermal Properties of PHB Films with GTB and Irganox® 1010 Obtained by DSC, from the First Heating 

Sample Tm onset (°C) Tm peak (°C) ΔHm (J/g) XC-DSC (%) 

PHB 160.7 168.3 51.3 35.1 

PHB-5GTB 175.2 182.9 69.9 50.5 

PHB-10GTB 159.7 170.4 60.1 45.7 

PHB-20GTB 164.6 169.4 56.0 47.9 

PHB-30GTB 150.4 164.5 60.9 59.6 

PHB-I 165.9 181.2 64.4 44.2 

PHB-5GTB-I 161.8 171.0 48.0 34.7 

PHB-10GTB-I 160.1 174.7 65.0 49.6 

PHB-20GTB-I 149.5 162.4 56.1 48.2 

PHB-30GTB-I 144.0 157.4 56.1 55.1 

Tm onset: onset melting temperature, Tm peak: peak melting temperature, ΔHm: melting enthalpy, and XC-DSC: degree of crystallinity 



Efficiency of Irganox® 1010 on Processing and Properties of Plasticized Journal of Composites and Biodegradable Polymers,  2021 Vol. 9     11 

increase in the amorphous phase as reported for other 
authors for plasticized PHAs [27, 28]. 

Thermal degradation was evaluated by TGA and 
obtained onset and maximum degradation 
temperatures were included in Table 4. PHB films 
plasticized with GTB showed a slight decrease in both 
temperatures. These results are in accordance with 
Seoane et al. [18] and Quispe et al. [23] who reported 
that the incorporation of this additive produce a 
decrease on the degradation temperature. On the other 
hand, Irganox® 1010 allowed a significant increase on 
degradation temperature because this additive acts as 
stabilizer of the polymer matrix [29], reacting and 
neutralizing the formation of free radicals responsible 
for the degradation of polymeric chains when 
increasing the temperature.  

Table 4: Onset and Maximum Degradation Temperature 
of PHB Films with GTB and Irganox® 1010 
Obtained by TGA 

Sample Td onset (°C) Td max (°C) 

PHB 270.5 280.6 

PHB-5GTB 242.4 264.8 

PHB-10GTB 232.4 255.9 

PHB-20GTB 244.6 273.3 

PHB-30GTB 234.0 272.5 

PHB-I 271.5 290.0 

PHB-5GTB-I 276.8 289.2 

PHB-10GTB-I 273.7 287.5 

PHB-20GTB-I 275.1 286.9 

PHB-30GTB-I 276.5 288.1 

Td onset: onset degradation temperature, Td max.: maximum degradation 
temperature. 

Thermal processing of polymers is a key point in the 
feasibility of large-scale processing. PHB thermal 
stability during melting processing and its narrow 
thermal processing window hinder to broad its 
applications, particularly in film form, and the feasibility 
to be an ecological alternative to replace commercial 
non-biodegradable polymers [30]. Therefore, the use of 
additives, such as antioxidants and plasticizers, could 
widen the PHB processing window facilitating the 
application of this biopolymer. The processing window 
of thermoplastic polymers is given by a certain range of 
temperature, pressure, and time. The range of 
processing parameters is limited both by the 
processing equipment (e.g., maximum mold 
temperature or clamping force) and the material 
properties. Independent of the process and the 
equipment used, the processing window is limited by 
the degradation and viscosity of the polymer melt [31]. 
Onset melting temperature (Tm onset) and onset 
degradation temperature (Td onset) allow calculating the 
thermal processing window of PHB and the effect of 
GTB and I addition. Obtained results for PHB 
plasticized films are shown in Figure 2. Regarding neat 
PHB, the addition of antioxidant did not significantly 
modify the thermal processing window. On the other 
hand, when only the plasticizer was incorporated, this 
temperature range decreased drastically, negatively 
affecting the biopolymer thermal processing. However, 
the addition of both additives allowed increasing the 
PHB processing window, achieving an increment of 
21.5 % for PHB-30GTB-I respect to neat PHB. This 
favorable increment can be mainly attributed to two 
factors: a decrease in PHB melting temperature caused 
by the GTB plasticizing effect and the increase in PHB 
degradation temperature.  

Table 3: Thermal Properties of PHB Films with GTB and Irganox® 1010 Obtained by DSC, from the Second Heating 

Sample Tg (°C) Tm peak1 (°C) Tm peak2 (°C) ΔHm (J/g) XC-DSC (%) 

PHB -2.3 --- 176.2 75.1 51.4 

PHB-5GTB -4.4 166.1 172.3 92.5 66.7 

PHB-10GTB -14.4 165.9 166.1 68.1 51.8 

PHB-20GTB -23.6 158.7 166.8 72.5 41.0 

PHB-30GTB -24.6 158.4 167.0 74.3 72.7 

PHB-I -3.9 --- 169.8 72.0 44.1 

PHB-5GTB-I -4.9 163.4 171.6 65.4 47.3 

PHB-10GTB-I -19.2  165.6 65.1 49.7 

PHB-20GTB-I -27.7 153.4 165.6 59.5 51.1 

PHB-30GTB-I -39.3 152.6 162.0 43.2 42.5 

Tg: glass transition temperature, Tm peak1: first peak melting temperature, Tm peak 2: second peak melting temperature, ΔHm: melting enthalpy, and XC-DSC: degree of 
crystallinity. 
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Figure 2: Processing windows of PHB films calculated from 
the difference between onset degradation temperature (Td 

onset) and onset melting temperature (Tm onset). Symbols: (█) 
PHB, (█) PHB-I, (█) PHB-GTB, and (█) PHB-GTB-I. 

3.2. X-Ray Diffraction (XRD) 

Diffractograms of PHB films are shown in Figure 3A 
(PHB-GTB) and Figure 3B (PHB-GTB-I). X-Ray studies 
of PHB highly oriented films and fibers indicated the 
existence of two types of molecular conformations: the 
2/1 helix conformation (α-form) [32] and the planar zig-
zag conformation (β-form) [33]. Besides, PHB generally 
crystallizes in an orthorhombic unit cell [34]. All studied 
PHB films presented two strong scattering intensity 
peaks at around 2θ = 13° and 17° assigned to (020) 
and (110) of the orthorhombic unit cell, respectively 
[35, 36]. Besides, weaker reflections located at around 
2θ = 21.5° and 22.5° corresponding to (101) and (111) 
reflections of α-form PHB crystals were also detected 
[37]. Others peaks detected at around 2θ = 26° and 27° 
were reported in literature as (130) and (040) 
reflections, respectively [38]. At around 2θ = 20° it can 
be observed a diffraction peak attributed to the β-form 
crystals [39]. It can be seen that when GTB 
concentration increased, the intensity of the peak 
corresponding to the fraction of phase β decreased, 
especially in the case of PHB films containing only the 
plasticizer (Figure 3A). 

On the other hand, the addition of Irganox® 1010 
induced an increase in the intensity of the peak 
corresponding to the β phase, particularly at the higher 
studied GTB concentrations (20 and 30 % w/w) (Figure 
3B). 

As mentioned before, β-phase is formed in the 
polymer amorphous phase [40]. In this sense, Wang et 
al. [39] reported that β-form crystals are indicative of a 
high level of molecular stretching only in the 
amorphous region. For PHB-20GTB and PHB-30GTB 

films, the lower intensity of the peak associated to β-
phase in comparison with films containing the 
antioxidant could indicate a better organization of the 
crystalline phase [38]. In this way, the incorporation of 
Irganox® can explain the crystallinity reduction 
generated by the nucleating effect of the plasticizer. 
This nucleating effect is likely to be aided by the 
presence of short polymer chain segments produced 
during thermal processing in the absence of the 
antioxidant.  

 

Figure 3: Wide Angle X-ray diffractograms of PHB films. 
References: A): a) PHB, b) PHB-5GTB, c) PHB-10GTB, d) 
PHB-20GTB, and e) PHB-30GTB and B): a) PHB-I, b) PHB-
5GTB-I, c) PHB-10GTB-I, d) PHB-20GTB-I, and e) PHB-
30GTB-I. 

The degree of crystallinity, calculated from XRD, of 
PHB films and those containing GTB and I are shown 
in Figure 4. In general, the presence of both additives 
did not change significantly the degree of crystallinity of 
PHB films. However, the degree of crystallinity 
attributed to the β-form showed appreciable differences 
in PHB films plasticized with 20 and 30 % w/w GTB. 
The increase in the β-phase crystals in PHB-20GTB-I 
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and PHB-30GTB-I could be due to the compression 
molding, as it has been reported [37]. β-form is 
introduced by the orientation of free chains in 
amorphous regions between α-form lamellar crystals, 
as it was reported for P(3HB) films and fibers [38, 39]. 
Since β-phase is directly related to the amorphous 
phase, other authors have reported that antioxidant has 
a stabilizing effect and prevents the formation of 
nucleation sites in polymers [38]. In particular, the 
antioxidant reduces the formation of short chains that 
crystallize together with a nucleating plasticizer, thus 
increasing the amorphous phase. This is particularly 
reflected in the degree of crystallinity obtained by DSC 
(second heating), when comparing PHB-30GTB with 
PHB-30GTB-I. 

Unlike the diffractogram of films containing only 
GTB, a slight increase in the peak at 2θ = 20° is 
observed in PHB plasticized in the presence of the 
antioxidant (Figure 3B). The β-form increases when the 
amorphous phase increases. In addition, when 
performing the calculations to estimate the β-form of 
the total crystalline phase, this fraction increased in 
films containing Irganox® 1010 (Figure 4).  

 

Figure 4: Degree of crystallinity of PHB films (logarithmic 
scale), calculated from XRD. Symbols: () PHB, () PHB-I, 
() PHB-GTB, and () PHB-GTB-I; and degree of 
crystallinity attributed to β-form crystals. Symbols: () PHB, 
() PHB-I, () PHB-GTB, and () PHB-GTB-I.  

3.3. Tensile Properties 

The influence of GTB and Irganox® 1010 on 
mechanical properties of PHB films was evaluated 
through tensile tests and the corresponding results are 
presented in Figure 5. The use of GTB as plasticizing 
led to a reduction in σm and E values; meanwhile ɛB 
increased. As an example, by adding 30 % w/w GTB it 
was achieved a reduction of 74 % and 39 % in E and 

σm, respectively; and an increment of around 300 % in 
ɛB. These results demonstrated the plasticizing effect of 
GTB due to the high compatibility with the PHB [8,23]. 
According to Rãpã et al. [16], plasticization allows the 
material to soften, increasing its ductility. 

 

 

Figure 5: Mechanical properties of PHB films. A) Tensile 
strength (σm), B) Young´s modulus (E), and C) Elongation of 
break (εB). Symbols: () PHB, () PHB-I, () PHB-GTB, and 
() PHB-GTB-I. 
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Furthermore, mechanical behavior of PHB and 
PHB-GTB films was improved when PHB was 
processed in the presence of Irganox® 1010. 
Regarding the elongation at break, the presence of this 
antioxidant during the melt-mixing of PHB and PHB-
GTB generated a remarkable increment in ductility. It is 
important to highlight that the effect of Irganox® 1010 
on films elongation at break was more marked for 
samples with the highest studied GTB concentration. 
These results could be related with the structural 
changes evidenced by XRD analysis in which it was 
demonstrated that the presence of antioxidant induced 
changes in the fraction of β-form crystalline as well as 
in the degree of crystallinity. Besides, PHB films 
ductility increased since the addition of Irganox® 
reduced the polymer degradation during thermal 
processing. 

3.4. Oxygen Transmission Rate 

Figure 6 shows the effect of Irganox® 1010 on the 
oxygen transmission rate (OTR) of PHB and PHB-GTB 
films. Values of samples with only GTB are within the 
range of typical PHAs films [41]. Adding Irganox® 1010 
during samples processing favored GTB plasticizing 
effect and increased the free volume of amorphous 
phase, probably due to the reduction of the molecular 
constriction, which increased the OTR [4, 42]. As it was 
observed by DSC and reported by other authors, 
Irganox® 1010 presence decreases PHB crystallinity, 
weakening the macromolecular bonding (in amorphous 
phase) and facilitating conformational changes that 
favors the diffusion of O2 molecules [39, 43]. 

 

Figure 6: Oxygen transmission rate (OTR) of PHB films. 
Symbols: () PHB, () PHB-I, () PHB-GTB, and () PHB-
GTB-I. 

4. CONCLUSIONS 

The addition of Irganox® 1010 improves final 
properties of PHB plasticized films, mainly by 

preventing the degradation during thermo-processing. 
Oxidation reactions during processing lead to the 
formation of shorter and more mobile chains, which can 
act as nucleating agents. This increases the 
crystallinity of the material in the absence of Irganox® 
and generates a detriment in final properties of GTB 
plasticized PHB films. On the other hand, parallel to the 
increase of the amorphous content, an increase of β-
form crystals in that region gives a lower decrease of 
total degree of crystallinity, which contributes to the 
improvement of final properties of plasticized PHB 
films. 
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