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ABSTRACT: In the first part of this work, novel nanocomposites based on poly (3-hydroxybutyrate co-3-hydroxyvalerate) (PHBV) and

functionalized graphene nanosheets (FGS) were prepared through ball milling. As revealed by morphological characterization, this

blending methodology was able to allow proper nanofiller dispersion and distribution into the matrix. Thermal properties were stud-

ied under non-isothermal and isothermal conditions and the addition of FGS into PHBV matrix, although no changes in crystalliza-

tion mechanism were observed, it modified the crystallization kinetics leading to increased crystallinity. Thermal stability analysis

revealed that FGS affected the mechanism of oxidative thermal degradation and had no effect on thermal degradation by pyrolysis.

Furthermore, an analysis of isothermal degradation kinetics showed that FGS speeded up the degradation rate. The Sestak-Berggren

model was used as a model to explain the isothermal degradation behavior of the obtained materials in good agreement with the

experimental data. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42101.
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INTRODUCTION

The massive use of petroleum-based polymers has resulted in

environmental concerns derived not only from waste manage-

ment issues, but also from their low degradation rates. As a

result, there is a growing interest in the development of renew-

able and biodegradable materials to partially replace the oil-

based ones. Alternatives such as polyhydroxyalkanoates (PHAs)

have sparked great interest due to their biodegradable, biocom-

patible and renewable features. PHAs can be produced in differ-

ent ways, i.e., chemically or biologically through fermentation

from feedstock. This family comprises mainly the homopoly-

mer, polyhydroxybutyrate (PHB), which has been extensively

studied since it presents mechanical properties similar to those

of conventional petroleum-based polymers, relatively good ther-

mal properties and high stiffness due to its high crystallinity

degree.1 However, although high crystallinity is useful for some

applications, the high stiffness limits its usage in other commer-

cial applications. Moreover, another drawback of this polymer is

its low thermal stability, making it unstable during melt proc-

essing and also limiting its applicability.2 Several strategies have

been developed to overcome these drawbacks, including

blending with other polymers, such as poly (vinyl alcohol)

(PVA),3 polypropylene glycol (PPG),4 and poly-e-caprolactone

(PCL)5 or modification of the homopolymer by incorporation

of different monomer types during the fermentation process.

Copolymerization with hydroxyvalerate (HV) results in poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) which has

improved mechanical and thermal properties, since incorpora-

tion of HV reduces the crystallinity, thus decreasing stiffness

and brittleness, and also reducing the melting point without

decreasing the thermal stability of the material, although greater

improvements in this parameter are still needed.1,6 However,

reduction in crystallinity is widely known to affect the barrier

properties of materials to low molecular weight substances,

which is a key property of materials intended to be used in

packaging applications.7,8 Because of that, PHBV copolymers

still present several drawbacks including high cost, relative brit-

tleness and thermal instability, which had hampered the wide-

spread usage of this family of polymers. As a strategy to

improve biopolymer performance, many studies have focussed
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on the development of composites and, especially, nanocompo-

sites using a variety of fillers. Natural fibres such as kenaf fibres

have been incorporated into PHBV matrix achieving significant

improvements in mechanical properties.9 Furthermore, the

addition of cellulose nanowhiskers resulted in significant

improvements in thermal, mechanical and barrier properties, as

well as in thermal stability.1 Apart from natural organic fillers,

lamellar inorganic reinforcing fillers, including nanoclays or

double layered hydroxides, among others, have been widely

studied, giving rise to materials with improved mechanical, bar-

rier and thermal stability properties.10–13 It is noteworthy that

the improved performance of nanocomposites is achieved, not

only by using the inherent properties of the nanofiller, but

more importantly by optimizing the dispersion, interface chem-

istry and nanoscale morphology.14 Great interest has recently

arisen about carbonaceous nanofillers such as carbon nanotubes

and carbon nanosheets due to their excellent mechanical, ther-

mal, and electrical properties. Several works have been pub-

lished about the effect of carbon nanotubes in polymer

matrices,15–19 and more specifically in PHBV matrix.20–24 Gra-

phene, another carbon-filler material which is the elementary

structure of graphite, composed of one atomic thick layer of

sp2-bonded carbon atoms arranged in a honey comb structure,

has emerged in last years. The interest in this specific nanofiller

derives not only from its excellent mechanical strength, electri-

cal and thermal conductivity, but also from its high surface area

and, thus, high barrier effect on polymer matrices.25,26 There-

fore, its inherent physical properties along with its lamellar

structure have made it excellent reinforcing nanofiller for poly-

mer and biopolymer nanocomposites.27 It has been, for instance

used as filler in many polymer matrices such as poly (lactic

acid) (PLA),26,28 PVA,29 polyethylene (PE)30 and polystyrene

(PS)31 among others, improving their barrier, mechanical and

electrical properties. Recent works have also incorporated low

contents of graphene sheets in PHBV matrices through solution

casting methods improving, in the same way, the final proper-

ties of the obtained materials.6,32

The ball milling technique is an alternative and efficient method

to produce novel composites with high performances since dur-

ing the milling “intimate mixing” is promoted.17,33 It is consid-

ered a novel compounding method and it is based in a high-

energy grinding technique, able to induce several mechano-

chemical changes in the materials. This technique has been pre-

viously used in the development of clay-based and carbon

nanotubes-based nanocomposites.17,34–36 Moreover, graphene-

based nanocomposites have also been synthesized by ball milling

since the high energy milling induces graphite delamination,

thus improving the final properties of the obtained materials.37

An effective grafting of PS matrix onto the surface of graphene

sheets using ball milling was reported. With this aim, graphite

nanoplatelets were used as initial material, corroborating the

effectiveness of its mechano-chemical characteristic of this tech-

nique.38 To the best of our knowledge, the high-energy ball

milling technique has not been used up to date to develop

PHBV–graphene nanocomposites. Because of that, the aim of

this work was to evaluate the ball milling technique capacity for

the production of PHBV–graphene nanocomposites and the

study of the final properties of the so-obtained materials. It has

been previously reported that when graphene is functionalized,

single-sheet graphene is expected to serve as nanofiller in nano-

composites applications, as functional sites will favor interac-

tions with the matrix.39 Because of that, a derivative graphene

material such as functionalized graphene sheets (FGS) was used

attempting to optimize the filler–matrix compatibilization. This

paper is the first part of a wide work in which we aimed to pre-

pare novel PHVB–graphene nanocomposites using mechanical

energy. We analysed morphological organization, through SEM

and TEM analysis. We conducted a detailed study of behavior

in the molten state of PHVB as function of filler content, either

in isothermal or in non-isothermal conditions. We also analyzed

the degradation behavior of PHVB, either in inert atmosphere

or in air, depending on graphene content.

EXPERIMENTAL

Materials

The bacterial polyhydroxyalkanoate grade was purchased from

Goodfellow Cambridge Limited, UK, in pellet form (density

1.25 g cm23). The supplied material was a melt-processable

semicrystalline thermoplastic PHBV12 (PHB with 12 mol % of

valerate and containing 10 wt % of the plasticizer citric ester)

copolymer made by biological fermentation from renewable car-

bohydrate feedstocks. Prior to the ball milling process, the

material was purified by dissolution in chloroform and subse-

quent precipitation by drop-wise addition to an excess of meth-

anol. The material, in this way, was transformed from pellet to

powder form which was necessary for the ball milling process.

FGS were synthesized by thermal reduction of graphite oxide

at 1000�C for 30 s under air atmosphere. Briefly, graphite

powder (purum powder< 0.1 mm, Sigma Aldrich) was dis-

persed in 20 mL of fuming nitric acid for 20 min; next, potas-

sium chlorate (8 g) was slowly added over 1 h and the

reaction mixture was stirred for 21 h at 0�C. Graphene pro-

duced through this method leads to the formation of single

graphene layers or stacks of up to seven sheets with hydroxyl,

carbonyl and epoxy groups on their surface.39 A full descrip-

tion of the synthesis and characterization of the FGS can be

found elsewhere.40

Sample Preparation (High-Energy Ball Milling—HEBM)

FGS and PHBV powder were milled in the solid state in a

Retsch (Germany) centrifugal ball mill (model PM100). The

milling process was carried out in a cylindrical steel jar of

50 cm3 with five steel balls of 10 mm of diameter. The rotation

speed used was 650 rpm and the milling time was fixed to 60

min. In these experimental conditions, six series of composites

PHBV–FGS with 0.1, 0.5, 1.0, 1.5, 2.0, and 3.0 wt % of FGS

were prepared. An additional PHBV sample without filler to

be taken as a reference was also milled in the same conditions.

The PHBV–FGS mixtures and the pure milled PHBV were

molded in a hot press (Carver Inc.). To this aim the material

was heated up to 175�C and kept at this temperature for 5

min. Subsequently, the material was hot pressed and cooled at

room temperature giving rise to 250 6 50 mm thick films.

Preparation of the PHBV/FGS nanocomposites is shown in

Figure 1.
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Characterization

Scanning Electron Microscopy. For scanning electron micros-

copy (SEM) observation, the samples were cryofractured after

immersion in liquid nitrogen, mounted on bevel sample holders

and sputtered with Au/Pd in a vacuum. The experiments were

conducted on a Hitachi microscope (Hitachi S-4100) at an

accelerating voltage of 10 KV and a working distance of 12–

16 mm taking pictures for the sample thickness.

Transmission Electron Microscopy. Transmission electron

microscopy (TEM) was performed using a JEOL 1010 (Jeol,

Tokyo, Japan) equipped with a digital Bioscan (Gatan) image

acquisition system. TEM observations were performed on ultra-

thin sections of microtomed thin composite sheets.

Differential Scanning Calorimetry (DSC). Thermal properties

of PHBV and its nanocomposites with FGS were evaluated by

DSC using a DTA Mettler Toledo (DSC 30) under nitrogen

atmosphere. The analysis was carried out on samples with a

mass ranging between 10 and 12 mg. The heating and cooling

rate for the runs was 10�C/min with a temperature range for

the assays between 0 and 180�C. To ensure reliability of the data

obtained, heat flow and temperature were calibrated with stand-

ard materials, indium, and zinc. The degree of crystallinity was

calculated by taking the specific heat of fusion of perfectly crys-

talline PHBV. For materials with HV contents equal or higher

than 10 mol %, the classical value reported was used,

DHo
m 5 109 J g21.41

In addition, the isothermal crystallization kinetics experiments

were evaluated at different temperatures. The samples were

heated to 180�C and annealed at that temperature for 10 min to

eliminate the thermal history of any specimen. After that, the

samples were cooled rapidly at 100�C/min, to the desired crystal-

lization temperatures, Tc, ensuring that the crystallization process

did not start during the cooling step. Finally, the temperature

was held until crystallization was complete. The exothermic crys-

tallization peaks were recorded as a function of time at Tc.

Thermogravimetric Analysis. Thermogravimetric analysis

(TGA) was carried out with a Mettler TC-10 thermobalance.

The samples were heated from 25�C to 800�C at 10�C/min

heating rate under air flow and nitrogen flow. The weight loss

was recorded as function of temperature. Moreover, isothermal

TGA was performed in nitrogen environment for pure PHBV

and its composites with 0.5, 1.5, and 3 wt %. The temperature

was raised from room temperature to 100�C at 75�C/min and

kept for 3 minutes to eliminate the water. From 100�C to the

respective isothermal degradation temperature, Td, the tempera-

ture was raised at 100�C/min heating rate. After that, the sam-

ple was subjected to Td for a predetermined time.

RESULTS AND DISCUSSION

Morphological Characterization

To study the dispersion of the FGS within the PHBV matrix,

SEM and TEM experiments were carried out. Figure 2 shows

the cryofractured sections of the neat PHBV and its nanocom-

posite films. Homogeneous dispersion and distribution of the

filler, which appears as laminar structures, was observed, espe-

cially at low contents. When the amount of FGS increased,

although the filler was randomly dispersed, filler concentration

Figure 2. SEM micrographs of the cryo-fractured sections of pure PHBV

(a) and PHBV–FGS nanocomposites films at 0.1 wt % (b); 0.5 wt % (c);

1.0 wt % (d); 1.5 wt % (e); 2.0 wt % (f), and 3.0 wt % (g). Scale markers

correspond to 1 lm.

Figure 1. Preparation of PHBV/FGS nanocomposites. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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areas were noticed. Moreover, while the neat polymer showed a

rather flat, clean and smooth fracture surface due to the known

brittleness of PHBV,42,43 as the FGS content increased, the mate-

rials exhibited less homogeneous and rougher fractured surfaces

with more irregularities. This effect has also been reported

when high concentration of graphene was incorporated into

poly (vinylidene fluoride)44 or polylactide (PLA).45 Figure 3

shows TEM micrographs of PHBV–FGS nanocomposites with

high and low FGS content. These images further confirm the

good filler dispersion in PHBV matrix as well as the fact that

the filler was concentrated in certain areas for highly loaded

nanocomposites. Consequently, the ball milling technique seems

to be an appropriate tool to obtain a homogeneous distribution

of FGS within the PHBV biopolymeric matrix, especially at low

content.

Melting and Crystallization Behavior of PHBV and Its

Nanocomposites

With the aim of investigating the effects of the FGS addition on

the thermal properties of the PHBV nanocomposites, DSC anal-

yses of all samples were carried out. The melting temperatures

(Tm) and melting enthalpy (DHm) normalized to the PHBV

content of the nanocomposite films were evaluated from the

DSC first and second heating runs. The degree of crystallinity

(Xc) was only calculated from the DSC first heating run and

crystallization temperature (Tc) and crystallization enthalpy

(DHc) were also obtained from DSC cooling run. Table I gathers

all the DSC data for PHBV and its nanocomposites.

As shown in Figure 4, neat PHBV displays multiple melting

peaks in the first heating, which occurred between 150�C and

180�C. Multiple melting peaks behavior of PHBV copolymer

was interpreted previously as an effect of the melting-

recrystallization process occurring during subsequent heating.46

During the slow heating scans, unstable crystals have sufficient

time to melt and reorganize into more stable crystals which

lead to this bimodal melting peak behavior. The reorganized

crystals are then subsequently re-melted at higher tempera-

tures.47,48 Wang et al.49 observed the same bimodal effect in

PHBV/clays nanocomposites with an increase of the high-

temperature melting peak area upon addition of clays. It was

pointed out that the low-temperature melting peak was prob-

ably related to homogeneous nucleation of PHBV which started

spontaneously by PHBV chain aggregation below the melting

point. On the contrary, the high-temperature melting peak was

related to heterogeneous nucleation of PHBV, and its increase

was associated to the existence of much more crystalline nuclei

after addition of clays than in neat PHBV. Addition of low

amounts of FGS into PHBV matrix did not result in big

changes in the low melting temperature peak. However, at high

contents, an increase in the melting temperature of the low

Figure 3. TEM micrographs of PHBV–FGS films containing 0.5 wt %

FGS (a) and 2.0 wt % FGS (b). Scale markers correspond to 1 mm.

Table I. DSC Glass Transition Temperature (Tg1), Maximum of Melting (Tm), Melting Enthalpy (DHm), During the First Heating Run, Crystallization

Temperature (Tc), Crystallization Enthalpy (DHc), During the Cooling Run, and Maximum of Melting (Tm) and Melting Enthalpy (DHm) During Second

Heating Run

First heating Cooling Second heating

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

PHBV 143.3 157.5 58.01 53.22 111.2 59.70 152.0 59.76

PHBV–FGS 0.1% 142.5 155.5 64.88 59.53 112.0 63.04 151.8 65.86

PHBV–FGS 0.5% 143.5 156.5 65.34 59.94 112.2 63.05 152.3 66.34

PHBV–FGS 1% 141.7 155.8 67.53 61.95 113.2 64.54 152.0 67.54

PHBV–FGS 1.5% 142.8 156.8 67.04 61.50 113.8 62.16 152.3 67.33

PHBV–FGS 2% 148.3 158.3 62.41 57.26 114.2 56.52 154.0 60.65

PHBV–FGS 3% 146.3 156.5 61.03 55.99 114.7 55.48 152.0 59.53
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melting temperature peak was observed. This allows hypothesiz-

ing that the fraction of crystals that melted at lower tempera-

tures was composed by bigger or more perfect crystals if

compared with the neat polymer. On the other hand, the high

melting peak temperature remained almost unaltered for the

PHBV nanocomposites in regard to neat polymer. These results

differ to some extent with previous studies about the incorpora-

tion of graphene,6 nanoclays,49,50 or carbon nanotubes24 into

PHBV, where a decrease in the melting temperature peak was

observed as the nanofiller concentration was increased.

In spite of this, an analysis of the ratio of the melting peak

areas demonstrated that at low FGS content there was an

increase of the fraction of more stable crystals related to an

increase of the high-temperature melting peak area which

remained more or less constant up to 1 wt % (cf. Figure 5).

This fraction was then dramatically reduced when high contents

of FGS were introduced within the PHBV matrix. This could

indicate that at low loadings, the well dispersed FGS acted as

nucleating sites increasing the heterogeneous crystallization

which is consistent with the observations of Wang et al.,49 dis-

cussed above. On the contrary, high contents of FGS hindered

the crystallization process to some extent and the nucleating

effect was not as pronounced as at low loadings, generating

more defective or unstable crystals. A reduction of the second

melting peak area relative to the first melting peak area was also

observed when MWCNT were incorporated into PHBV

biopolymer.23,24

From Table I, it can be seen that the melting enthalpy values

increased at each PHBV–FGS composition when compared with

neat biopolymer, which was associated to an increase in the

crystallinity degree. However, the maximum crystallinity degree

was obtained for the nanocomposite containing 1 wt % FGS.

For higher nanofiller loading, although crystallinity was still

higher than that for the pure polymer, the crystallization degree

underwent a slight decrease. This is in accordance with the data

reported in the melting peak areas study where high FGS con-

tents were considered to hinder the crystallization process to

some extent. The increase in crystallinity could be ascribed to

the nucleating effect of the FGS which increased the nucleation

rate of PHBV and thus, improved the overall crystallization rate,

as previously reported for PHBV nanocomposites containing

graphene,6 multi-walled carbon nanotubes21 or cellulose

nanowhiskers.51 Moreover, it was reported that well-dispersed

multi-walled carbon nanotubes led to an increased number of

sites available for nucleation, thereby enhancing the crystalliza-

tion rate of PHBV.20 Therefore, DSC results are consistent with

SEM observations where, although no agglomerates were

observed for high loadings, filler concentration areas could be

observed, which could hinder the nucleation effect to some

extent and hence, generating lower crystallization degree than

that obtained for lower loadings.

The crystallization behavior of the PHBV–nanocomposites dur-

ing the DSC cooling run was also analyzed. A clear trend of

increased crystallization temperature with increasing FGS con-

tent was observed, corroborating the nucleating effect of FGS.

In addition, the crystallization peaks of nanocomposites became

slightly sharper, which can be related to an acceleration of the

non-isothermal crystallization rate in the presence of FGS.23

The crystallization enthalpy of the nanocomposites was gener-

ally higher than that of the pure polymer, except for higher

loadings, as shown in Table I. Once again, it could be observed

that high FGS contents hindered the crystallization process, as

mentioned above.

Figure 4. DSC thermograms of first heating, cooling, and second heating runs of pure PHBV (a) and PHBV–FGS nanocomposites at 0.1 wt % (b); 0.5

wt % (c); 1.0 wt % (d); 1.5 wt % (e); 2.0 wt % (f) and 3.0 wt % (g).

Figure 5. Melting peaks areas ratio as function of FGS content. A1 and A2

are the areas of the lower and higher melting temperature peaks,

respectively.
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The double melting peak noted in the first heating scan was

eliminated after the DSC cooling process. Only one melting

peak was obtained in the second heating scan with a melting

temperature between the low and high temperature melting

peaks observed in the first heating run, although a small

shoulder was observed after the crystallization peak. Similar

results were reported for PHBV nanocomposites with double

layered hydroxides.10 For the samples with 2 and 3 wt % FGS

content, sharper melting peaks were obtained and the shoulder

became smaller, almost disappearing. This indicates that, during

the controlled DSC cooling process, the polymer chains were

able to crystallize in a more homogeneous way.

The isothermal crystallization kinetics of PHBV and its nano-

composites were investigated in order to obtain further infor-

mation about the effect of FGS addition on the crystallization

process of PHBV. The crystallization exothermic peaks of PHBV

and its nanocomposites at different temperatures (Ti), 133�C,

135�C, and 137�C were analyzed. As an example, Figure 6

shows the crystallization peaks of neat PHBV, and the nano-

composites containing 1 wt % and 3 wt % FGS at those tem-

peratures. From this figure it can be stated that the

crystallization process occurred more slowly with increasing Ti

and it became shorter with addition of FGS. The crystallization

kinetics of neat PHBV and its nanocomposites was analyzed by

the well established model for isothermal crystallization, i.e., the

Avrami model.

Xt 512exp ð2KtnÞ (1)

where Xt is the relative degree of crystallinity after crystallization

time t, n is the Avrami exponent which is related to the type of

nucleation mechanism and to the geometry of the growing crys-

tals, and K is the overall (macroscopic) kinetics rate constant (it

contains contributions from both nucleation and growth).

A derivative method reported by De Santis and Pantani52 was

used to directly fit the calorimetric curve of the isothermal crys-

tallization process to the derivative form of the Avrami equa-

tion. The data obtained from the Avrami fitting is compiled in

Table II. The half-time of crystallization t1=2 is defined as the

time required to reach 50% of the total crystallinity and was

calculated from the values of n and K.52 The determination of

the crystallization half-time under isothermal conditions is an

interesting method to provide clear-cut evidence of the effec-

tiveness of nucleating agents on polymer matrices.53 In fact, it is

also used to directly characterize the crystallization rate, since

the reciprocal half-time of crystallization (1/t1=2) can be consid-

ered approximately proportional to the crystal growth rate.54

Thus, it can be observed that the shorter half-time of crystalli-

zation the higher the crystallization rate. Data in Table II dem-

onstrated that the values of the overall crystallization rate

constant increased as the FGS content increased. At the same

time, t1=2 parameter decreased with addition of FGS. Therefore,

an acceleration of the crystallization process took place when

FGS was incorporated. Regarding the Avrami exponent, it was

not altered with the FGS incorporation, indicating that the crys-

tallization mechanism was probably the same. In fact, for all the

Figure 6. DSC experimental curves during isothermal crystallization study of PHBV and its nanocomposites with 1.0 wt % and 3.0 wt % FGS. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table II. The Values of Kinetic Rate Constant (K), Avrami Exponent (n),

and Half-Time of Crystallization (t1/2) as Function of Crystallization Tem-

perature of PHBV and Its Nanocomposites

Temperature
(�C)

TRG content
(wt %)

K 3 103

(s21) n
t1/2

(s)

130 0 2.5 1.6 318.1

0.1 2.6 1.6 309.6

0.5 2.7 1.5 293.2

1.0 2.9 1.6 270.7

1.5 2.8 1.7 290.3

2.0 3.2 1.6 244.6

3.0 3.3 1.5 240.1

135 0 1.8 1.6 443.0

0.1 2.1 1.7 383.9

0.5 2.2 1.7 361.2

1.0 2.4 1.6 330.7

1.5 2.5 1.6 320.4

2.0 2.7 1.6 297.2

3.0 2.6 1.7 303.5

137 0 1.6 1.7 511.9

0.1 1.6 1.7 495.9

0.5 1.8 1.8 454.7

1.0 1.9 1.6 410.9

1.5 2.0 1.6 394.9

2.0 2.1 1.7 385.4

3.0 2.5 1.8 328.9
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samples a bimodal melting peak was observed, suggesting that

the same crystallization mechanism occurred. As mentioned

above, the low-temperature melting peak was probably related

to homogeneous nucleation of PHBV and the high temperature

melting peak was related to heterogeneous nucleation of PHBV.

The effect of increasing the crystallization rate with increasing

nanofiller concentration is also in agreement with the non-

isothermal crystallization study carried out by DSC where an

acceleration of the crystallization process was observed due to

the FGS nucleating effect.

Therefore, it could be concluded that although there were no

changes in the crystallization mechanism, the presence of FGS

Table III. TGA Decomposition Temperatures (Td), Onset Temperature and the Difference Between % Residue at 400�C and 800�C of PHBV and Its

Nanocomposites Incorporating FGS Evaluated in Air and Nitrogen Environment

Air Nitrogen

Td1 (�C) Td2 (�C) On-set (�C)
R400

�C –
R800

�C (%) Td1 (�C) Td2 (�C) On-set (�C)
R400

�C –
R800

�C (%)

PHBV 284.2 – 269.3 0.2 276.6 – 259.6 0.1

PHBV-FGS 0.1% 282.3 – 266.2 0.3 278.3 – 262.4 0.3

PHBV-FGS 0.5% 280.0 472.8 263.7 0.7 276.1 495.9 259.3 0.6

PHBV-FGS 1% 279.9 483.5 259.0 1.1 277.6 511.8 258.9 1.2

PHBV-FGS 1.5% 278.9 508.5 263.3 1.4 278.4 558.0 262.0 1.6

PHBV-FGS 2% 273.8 500.4 257.4 2.0 276.6 580.7 257.9 2.3

PHBV-FGS 3% 273.4 522.3 257.0 3.1 275.5 645.2 255.3 3.2

Figure 7. TGA curves of pure FGS, pure PHBV and its nanocomposites with FGS (a, b) and DTG curves of pure PHBV and its nanocomposites with

FGS (c, d) in air and nitrogen environments (left and right, respectively). The insets are expanded views at different temperature ranges. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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had an effect on the kinetics and dynamics of PHBV crystalliza-

tion. The well dispersed FGS altered the crystallization rate and

the crystal size and shape, accelerating the crystallization process

and giving rise to changes in the heterogeneity of the crystals.

Similar effect has been reported for nanocomposites of PHBV

and MWCNT.20,23 These effects were strongly dependent on the

FGS content. Thus, for high FGS content, the crystallization

process was somehow hindered, generating more defective and/

or smaller crystals when compared with the nanocomposites

with lower FGS content. In contrast, increasing the FGS content

led to an acceleration of the crystallization process, showing an

increase in the crystallization temperature, which was directly

related with the non-isothermal crystallization rate, and also an

increase in the isothermal crystallization rate.

Thermal Stability of PHBV and Its Nanocomposites

The thermal stability of the neat PHBV and PHBV–FGS nano-

composites were analyzed using TGA. Thermal degradation

temperatures, onset temperatures and the residues at 400 and

800�C were evaluated and the results are presented in Table III.

Figure 7 shows the TGA curves of pure FGS and the TGA and

DTG curves of PHBV and PHBV–FGS nanocomposites under

air and nitrogen conditions. It is clearly observed better thermal

stability of FGS than that for the neat polymer and polymer

nanocomposites in both air and nitrogen environments. All

nanocomposites showed similar degradation behavior if com-

pared to neat polymer. However, despite the high thermal sta-

bility of the FGS, while for nitrogen environment there was no

change on the thermal degradation temperature of PHBV

matrix with FGS addition, a decrease was noticed when thermal

stability was analyzed in the presence of air. In this case, the

greater the FGS content the lower the thermal degradation

temperature observed for the nanocomposites. Moreover, onset

degradation temperatures shifted to lower temperatures with

increasing FGS, unlike in nitrogen environment, where they

remained more or less constant. Therefore, it seems that addi-

tion of FGS affected the mechanism of oxidative thermal degra-

dation of PHBV while had no effect on thermal degradation by

pyrolysis. Indeed, it was observed that for pure FGS different

degradation mechanism took place in presence of air or nitro-

gen environment. Polymers loaded with layered nanofillers,

such as layered silicates, layered double hydroxide or layered

metallic phosphate usually exhibit an increased thermal stability

being attributed to the mass and heat barrier effects that this

kind of fillers infer to the matrix.28 In this case, although gra-

phene can be considered a good mass barrier for volatile degra-

dation products, it has high heat conductivity. Therefore, the

decrease in degradation temperature can be ascribed to the low

heat barrier effect of graphene in polymer composites. In fact, a

recent study reported that PLA–graphene nanocomposites could

be ignited with less heat irradiation than the pristine polymer.

The reason of that was the high heat conductivity of graphene

which allowed easier and faster heat diffusion through the

matrix.28 A small shoulder was observed around 500�C for all

PHBV–FGS nanocomposites in both air and nitrogen environ-

ment, except for 0.1 wt %. Attending to the degradation curve

of pure graphene, the mass loss at this point could be attributed

to the degradation of graphene present in the nanocomposite.

Focusing on this high temperature area of the graph (cf. Figure

7 insets), it was observed that there was a direct and accurate

relationship between the mass loss after 400�C and the FGS

content of the nanocomposites both in air and nitrogen envi-

ronments (cf. Table III). Moreover, higher thermal degradation

temperatures were observed when the experiments were

Figure 8. Weight loss profiles versus time (a) and the experimental and calculated data using the Sestak Berggren model of da/dt versus a (b) of PHBV

and its nanocomposites with 0.5 wt %, 1.0 wt % and 3.0 wt % FGS at 230�C, 240�C, and 250�C isothermal temperatures. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4210142101 (8 of 11)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


performed under nitrogen atmosphere, which is in accordance

with the higher thermal stability of FGS in these conditions.

The isothermal degradation kinetics of PHBV and PHBV–FGS

at 0.5 wt %, 1.5 wt %, and 3 wt % nanocomposites were inves-

tigated at predetermined temperatures, 230�C, 240�C, and

250�C in order to further study the effect of FGS addition on

the degradation process of PHBV. The weight loss profiles of

PHBV and its nanocomposites during isothermal heating at the

established temperatures are shown in Figure 8(a). A normal

one step isothermal degradation process is observed, where

higher isothermal degradation temperatures produced faster

weight loss. Moreover all composites could speed up the degra-

dation rate of pristine matrix at any determined degradation

temperature since the establishments of constant mass plateau

were shifted to lower degradation times compared with pure

PHBV, i.e., reducing its thermal stability, as observed by TGA.

To evaluate the kinetics of the degradation process, it was

assumed that the weight loss during degradation process was

associated with the depolymerization reaction. Thus, the degree

of depolymerization can be defined as:

a5
m02mt

m02mf

(2)

With m0 is the initial weight, mt is the weight at any time, and

mf is the weight at the end of the degradation process.

To describe the kinetic of polymer degradation, a single step

kinetic equation is normally used.

da
dt

5kðTÞf ðaÞ (3)

where k(T) is a temperature dependent rate constant which is

expressed as Arrhenius type equation, i.e., k(T) 5 A�exp(2Ea/

RT), with A and Ea the pre-exponential factor and activation

energy respectively, and f(a) expresses the reaction model which

describe dependence of the reaction rate on the extent of reac-

tion. Different expressions of f(a) for the most frequently used

mechanism are proposed in the literature.12,55,56 The general

form of nth-order of f(a) is f(a) 5 (1 2 a)n. Figure 8(b) shows

the da/dt as a function of degree of depolymerisation, a, for

PHBV and its nanocomposites at different temperatures. There

was non-linear relationship between da/dt and a, and thus, the

simple first-order kinetic model (n 5 1) could not be used as a

model to explain the isothermal degradation behavior of these

materials. On the contrary, the peak profiles of the data plots

were in the form of a parabola. This non-linear dependence of

the kinetics degradation model with de depolymerization degree

of PHB incorporating different kinds of nanofillers has been

previously reported,12,55–57 where a contribution of further reac-

tions mechanism such as autocatalytic reactions or chain scis-

sion mechanism were proposed. Moreover, it has been reported

that the kinetics degradation model of PHBV does not follow

simple first-order kinetics. A more complex degradation process

was considered involving degradation of different compounds

with different decomposition rates.58

To understand the degradation reaction of our materials,

Sestak-Berggren [eq. (4)] model was used to adjust our isother-

mal degradation data.

da
dt

5kð12aÞnam (4)

The relative values of n and m determine relative contributions

from decay and acceleratory regions of the thermal degradation

process, respectively. This model is known as autocatalytic

model and is considered one of the more satisfactory models to

describe the observed phenomena.12,57 As observed in Figure 8,

there was good agreement between the experimental data and

the model prediction for pure polymer and for any composition

at the various isothermal degradation temperatures. The fitting

parameters k, n, m were obtained and are reported in Table IV

along with the correlation factor of the fitting. As observed

from this table, an increment in the degradation rate constant

was observed for the nanocomposites when compared with the

neat PHBV at each temperature. This again indicates reduction

in the thermal stability of the obtained nanocomposites. Fur-

thermore the acceleratory reaction of thermal degradation was

larger than decay reaction (m> n) for each material at each

temperature. These results confirmed the ability of autocatalytic

Table IV. Fitting Parameters of Sestak-Berggren Model to the Isothermal Degradation Data

Temperature Sample k n m R2

230 PHBV 11.6 e24 0.616 0.582 0.98

PHBV–FGS 0.5% 12.4 e24 0.492 0.645 0.99

PHBV–FGS 1.5% 13.6 e24 0.385 0.646 0.98

PHBV–FGS 3% 19.7 e24 0.412 0.708 0.98

240 PHBV 20.9 e24 0.563 0.634 0.99

PHBV–FGS 0.5% 23.8 e24 0.452 0.651 0.99

PHBV–FGS 1.5% 23.9 e24 0.376 0.651 0.97

PHBV–FGS 3% 28.7 e24 0.404 0.620 0.98

250 PHBV 36.1 e24 0.507 0.619 0.98

PHBV–FGS 0.5% 36.9 e24 0.412 0.591 0.98

PHBV–FGS 1.5% 40.2 e24 0.390 0.610 0.98

PHBV–FGS 3% 52.8 e24 0.388 0.591 0.97
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degradation model as a good general model to describe the

degradation of PHBV and its nanocomposites with FGS. To

evaluate the well known “kinetic triplet,” i.e., A, Ea, and f(a),

the Arrhenius equation was transformed to its logarithmic

form and the Arrhenius plots of ln(k) vs. 1/T were achieved.

The pre-exponential factor and activation energy were calcu-

lated from slope and intercept of the linear fitting respectively

(cf. Figure 9). A reduction in the activation energy was

observed when the FGS content increased. This indicated that

lower energy was necessary to start the degradation process,

which was reflected in the increase of the isothermal degrada-

tion kinetic rate constant and hence in the thermal degrada-

tion rate.

CONCLUSIONS

In this work, PHBV–FGS nanocomposites were successfully

obtained through the ball milling technique and the effect of

FGS addition was studied. The morphological characterization

revealed good dispersion of the filler which was also well dis-

tributed, although for high loadings, filler concentration areas

were observed. Isothermal and non-isothermal crystallization

analysis confirmed that addition of FGS did not lead to changes

in the crystallization mechanism. However, an effect in the crys-

tallization rate and in the crystal shape was observed. FGS was

seen to act as a nucleating agent, increasing the overall crystalli-

zation rate and the crystallization degree leading to a more het-

erogeneous crystallization. It was demonstrated that these effects

were strongly dependent on the FGS content since at high load-

ings, the nucleation effect was hindered to some extent, nega-

tively affecting the crystallization process even after a controlled

cooling process. Furthermore, a decrease in thermal stability

was observed, especially under air conditions, mainly ascribed

to the low heat barrier effect of the FGS which made heat diffu-

sion easier and faster through the matrix. This work provides

evidence that the ball milling technique can be successfully

applied to develop graphene-based nanocomposites with good

dispersion and distribution of the filler into the polymer

matrix.
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