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Abstract. This paper deals with grafting of sepiolite nanoclay onto poly(3-hydroxybutyrate-co-
4hydroxybutyrate) (P(3HB-co-4HB)) biopolymer by melt compounding. Reactive extrusion was 
performed in a twin-screw extruder in the presence of an epoxy-based styreneacrylic oligomer (ESAO). 
The chemical interaction of sepiolite with P(3HB-co-4HB) were investigated using Fourier transform 
infrared (FTIR) spectroscopy. A novel grafting mechanism was proposed based on the multiple epoxy 
groups present in the reactive coupling agent. Epoxy ring-opening generated, on the one hand, the 
formation of alkoxy silanes bonds with the silanol groups exposed on the external surface of pristine 
sepiolite. On the other hand, ester bonds were produced with the terminal acid groups of the biopolymer 
chains. The newly formed sepiolite-grafted P(3HB-co-4HB) (sepiolite-g-P(3HB-co4HB)) nanocomposite 
showed higher thermal, thermomechanical, and mechanical performance than the equivalent ungrafted 
nanocomposite. Melt grafting of sepiolite at different weight contents (1, 3, and 5 wt.-%) interestingly 
increased the thermal stability and stiffness of P(3HB-co-4HB) without impairing its ductility and 
toughness. 

 

 

 

 

 

 

 

 

 



 
1. Introduction 

Bio-based and biodegradable polymers have received a great deal of attention over the last two decades due to 
environmental issues. Polyhydroxyalkanoates (PHAs) are a family of biodegradable polyesters that are intracellularly 
synthesized by microorganisms as carbon and energy reserves. Copolymerization of 3-hydroxybutyrate (3HB) units 
with of 4-hydroxybutyrate (4HB) units yields to poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)), 
which represents the latest generation of PHAs [1]. The introduction of 4HB units induces defects in the crystal lattice, 
making P(3HB-co-4HB) more flexible and less crystalline for practical applications [2]. Different ratios of 3HB vs. 
4HB can be achieved depending on the type of microorganism and supplied carbon substrates [3]. This bio-based 
copolyester can be therefore regarded as a potential candidate to replace polyolefins in packaging applications [4]. 
Main drawbacks of P(3HB-co-4HB) are related to its poor mechanical strength and low thermal stability, which would 
restrict its access to the plastics industry when biodegradability is required [5,6]. 

The incorporation of nanofillers, i.e., fillers below 100 nm, represents a novel solution to promote the industrial 
use of polymer materials [7]. Due to the ultrathin size of the fillers, polymer nanocomposites can markedly exhibit 
improved physical properties at low filler contents, i.e., 6 5 in weight (wt.-%) [8]. Up to recent years, the most intensive 
research was focused on polymer nanocomposites based on plate-like nanoclays, typically montmorillonite (MMT) 
[9]. However, sepiolite has recently gained increasing consideration because of its particular acicular form, low cost, 
availability, and extremely high surface area [10]. This nanoclay is a complex hydrated magnesium phyllosilicate 
(Mg4Si6O15(OH)26H2O). Sepiolite crystals are composed of sheet silicate units that consist of two layers of SiO4 

tetrahedrons in which the unshared oxygen atoms face each other [11]. Tetrahedral layers are bonded with an 
octahedral layer of coordinated magnesium atoms [12]. This results in a discontinuous longitudinal structure that 
forms open tunnels, i.e., the so-called ‘‘zeolitic channels”, which run parallel to the axis and present a cross-section 
of ca. 1.1  0.4 nm2 [13]. Naturally occurring sepiolite forms bundles of isolated needle-like particles with sizes between 
100–5000 nm in length, 10–30 nm in width, and 5–10 nm in thickness [14]. This peculiar structure provides sepiolite 
with a porous volume of up to 0.4 cm3/g [15], a surface energy of about 240 mJ/m2 [16], and a specific surface above 
350 m2/g [17]. Such outstanding properties are responsible for its high sorption capacity and excellent colloidal 
properties. 

Under ambient conditions, Mg(OH2)2 groups within the channels are completely filled by water [18]. Neither large 
molecules nor those of low polarity can penetrate the channels and displace the zeolitic water. On the contrary, polar 
molecules are well absorbed on the external surface of sepiolite, which accounts for 40–50% of its whole surface area 
[19]. This exposes around 2.2 silanol groups (SiAOH)/100 Å2 [20], which are located every 0.5 nm along the side of 
the external channels [21]. Silanol groups are easily available for coupling reactions and favor the dispersion of 
sepiolite in polar matrices [22]. Up to the present, different polymers have been studied for hosting sepiolite such as 
polypropylene (PP) [10,18,23–27], poly(e-caprolactone) (PCL) [11,28,29], thermoplastic starch (TPS) [12], chitosan 
[13], poly(ethyl methacrylate) (PEMA) and poly(2-hydroxyethyl methacrylate) (PHEMA) [14], poly(ethylene oxide) 
(PEO) [17], poly(butylene terephthalate) (PBT) [18], polystyrene (PS) [27], ethylene vinyl acetate (EVA) [27], low-
density polyethylene (LDPE) [27,30], linear low-density polyethylene (LLDPE) [31], polyamide 6 (PA 6) [32–35], 
polyamide 66 (PA 66) [36,37], polyimide (PI) [38], polyurethane (PU) [39–41], epoxy resins [42–44], poly(lactic 
acid) (PLA) [28,29,45–49], poly(butylene adipate-co-terephthalate) (PBAT) [50], poly(hydroxyethyl acrylate) 
(PHEA) [51], gelatin [52,53], poly(vinyl alcohol) (PVA) [54], and poly(sodium acrylate) (PSA) [55]. Additionally, 
sepiolite has been proposed to compatibilize immiscible polymer blends such as bio-based high-density polyethylene 
(bio-HDPE)/TPS [22], LDPE/TPS [56], LDPE/PLA [57], PLA/PP [58], and TPS/PBAT [59]. Most of these previous 
works have showed that the introduction of sepiolite habitually leads to a mechanical and thermal improvement due 
to the high aspect ratio of the nanoclay. Additionally, other materials properties can be improved such as rheology 
[25,56], biocompatibility [47,50], biodegradation [29], and flame retardancy [25,26,45]. Sepiolite can also enlarge the 



operating window of a given polymer, which certainly results advantageous for P(3HB-co-4HB) in the replacement 
of commodity plastics [24]. 

Effective reinforcement is related, however, to a good dispersion of the nanoclay within the polymer matrix. This 
can be only achieved when non-trivial prerequisites (e.g., good nanofiller dispersion, orientation, and positive matrix-
filler interactions) are fulfilled. Unfortunately, sepiolite, similar to other nanoclays, is habitually aggregated in nature 
and physical mixing can hardly provide desired dispersion at the nanometer scale. To attain effective disaggregation, 
diverse organic modifications can be applied on the sepiolite surface. These mainly include hydrophobic silanes such 
as 3aminopropyl triethoxyl silane (3-APTS) [14], propyltrimethoxy silane (PTMS) [22], octyl trimethoxy silane 
(OTMS) [30], and vinyl triethoxy silane (VTES) [31]. Some authors have also employed other chemical treatments, 
for instance polyethylene glycol (PEG) [17], quaternary ammonium salts [18], cethyl trymethyl ammonium bromide 
(CTAB) [25,26], dimethyl benzyl hydrogenated tallow quaternary ammonium (B2MTH) [35], trimethyl hydrogenated 
tallow quaternary ammonium (3MTH) [32,35], and N-hydrogenated tallow-1,3-diaminopropane (DIAMIN T) [35]. 
Nevertheless, their application adds complexity and increases the manufacturing costs of the final polymer 
nanocomposite. Moreover, certain poor thermal stability can be induced, especially when used in combination with 
polymers that need to be processed at high temperatures. 

The large concentration of silanol groups on sepiolite offers high functionality, which therefore opens up new 
coupling reactions with polar matrices. In particular, SiAOH can react with epoxides in vapor phase. This reaction 
opens the epoxy rings followed by combination with the resulting organic species on the silicate surface [60]. In the 
field of polymer science, bi-functional and multi-functional epoxy-based oligomers are currently used as ‘‘chain 
extenders”. These are mainly applied for polyesters, recently including PHAs [61]. The use of the so-called chain 
extenders basically leads to an increase in the polymer molecular weight (MW), which in turn improves melt strength 
and thermal stability. These have also been recently reported to perform as compatibilizer in blends of polyesters [62]. 
At high temperatures, the epoxy functions trigger the formation of covalent bonds with both nucleophilic terminal 
groups of polyesters chains, i.e., hydroxyl (AOH) and carboxyl (ACOOH) groups [63]. This paper describes the first 
attempt to graft pristine sepiolite onto P(3HB-co-4HB) biopolymer by reactive extrusion using a functional coupling 
agent containing multiple epoxy groups. 
2. Materials and methods 

2.1. Materials 

 
Bacterial aliphatic copolyester P(3HB-co-4HB) was Mirel P1004, supplied by Metabolix, Inc. (Woburn, USA). 

This is a home-compostable grade up to 488 lm designed for injection molding. The resin presents a MW of 2.9  105 

g/mol, with a polydispersitivity index (PDI) of 1.62, a melt flow rate of 14 g/10 min (190 C/2.16 kg), and a density of 
1.3 g/cm3. The molar fraction of 4HB in the copolymer is approximately 5%. Unmodified sepiolite was kindly supplied 
by Grupo Tolsa S.A. (Madrid, Spain) under the trade name of Pansil 400. The nanoclay is obtained from the Tagus 
river basin and the bulk density of the powder is 60 ± 30 g/L. Joncryl ADR 4368-C was provided by BASF S.A. 
(Barcelona, Spain) in the form of solid flakes. This is a proprietary epoxy-based styrene-acrylic oligomer (ESAO) 
with number average functionality (f) > 4. Styrene and acrylic building blocks are each between 1 and 20. MW is 6800 
g/mol, glass transition temperature (Tg) is 54 C, and the epoxy equivalent weight (EEW) is 285 g/mol. Recommended 
dosage by manufacturer is 0.1–1 wt.-% for appropriate processability of biodegradable polyesters. 

 
2.2. Reactive extrusion 

Prior to processing, to remove residual moisture, the P(3HB-co-4HB) pellets and sepiolite powder were stored at 
60 C for 36 h in a dehumidifying dryer MD from Industrial Marsé (Barcelona, Spain). P(3HB-co-4HB) and sepiolite 
were compounded in a co-rotating ZSK-18 MEGAlab laboratory twin-screw extruder from Coperion (Stuttgart, 



Germany). The screws feature 18 mm diameter with a length (L) to diameter (D) ratio, i.e., L/D, of 48. The barrel is 
divided into 11 segments, including the strand die head. P(3HB-co-4HB) pellets were fed into the main hopper while 
sepiolite and ESAO were introduced through a ZS-B 18 twin-screw side feeder from K-Tron (Pitman, USA), located 
at segment number 4. Materials dosage was set to achieve a residence time of about 1 min. The screws speed was 
fixed at 300 rpm. The extrusion temperature profile, from the hopper to the die, was set as follow: 165–170–170–175–
175–180–180 C. The strand was cooled in a water bath and then pelletized using an air-knife unit. Table 1 summarizes 
the different samples prepared during the melt compounding. 

2.3. Injection molding 

P(3HB-co-4HB)/sepiolite nanocomposites were shaped for characterization using an injection-molding machine 
270/75 from Mateu & Solé (Barcelona, Spain). The profile temperature, from the feeding zone to the injection nozzle, 
was set as follows: 155–160–165–170 C. A clamping force of 75 tons was applied. The cavity filling and cooling time 
were set at 1 and 10 s, respectively. Standard samples with a thickness of 4 mm were obtained and stored at room 
conditions, i.e., 23 C and 50% HR, for 15 days before characterization. 

2.4. Morphology 

Morphologies of the sepiolite powder and the fractured surfaces of the P(3HB-co-4HB) nanocomposites were 
observed by scanning electron microscope (SEM) with a Zeiss Ultra 55 from Oxford Instruments (Abingdon, UK). 
An acceleration voltage of 2 kV was applied. Surfaces were previously coated with a gold-palladium alloy in a sputter 
coater EMITECH model SC7620 from Quorum Technologies, Ltd. (East Sussex, UK). Detailed morphology of 
sepiolite was obtained by transmission electron microscopy (TEM) with a JEM-2010 microscope from JEOL (Tokyo, 
Japan) using an acceleration voltage of 100 kV. This was equipped with an ORIUSTM SC600 TEM CCD camera for 
image acquisition. Sepiolite sizes were measured using Image J software. 

Table 1 
Samples prepared according to the content of poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)), epoxy-based styrene-acrylic 
oligomer (ESAO), and sepiolite nanoclay. 

 
 P(3HB-co-4HB) ESAO Sepiolite 

P(3HB-co-4HB) 100 0 0 
P(3HB-co-4HB) + ESAO 99 1 0 
P(3HB-co-4HB) + Sepiolite 1 wt.-% 99 0 1 
P(3HB-co-4HB) + ESAO + Sepiolite 1 wt.-% 98 1 1 
P(3HB-co-4HB) + ESAO + Sepiolite 3 wt.-% 96 1 3 
P(3HB-co-4HB) + ESAO + Sepiolite 5 wt.-% 94 1 5 

2.5. Infrared spectroscopy 

Chemical analyses was performed using attenuated total reflection–Fourier transform infrared (ATR-FTIR) 
spectroscopy. Spectra were recorded with a Vector 22 from Bruker S.A. (Madrid, Spain) coupling a PIKE MIRacleTM 

ATR accessory from PIKE Technologies (Madison, USA). Ten scans were averaged from 4000 to 400 cm1 at a 
resolution of 4 cm1. 

2.6. Thermal analysis 

Crystallization and melting behavior of P(3HB-co-4HB) and its nanocomposites were conducted in a differential 
scanning calorimetry (DSC) 821 model from Mettler-Toledo, Inc. (Schwerzenbach, Switzerland). For this, 

  



approximately 5 mg of sample was placed in 40-ll hermetic aluminum sealed pans, previously calibrated with an 
indium standard. The analysis was performed in a dry reducing atmosphere in which nitrogen flowed at a constant 
rate of 66 mL/min. Samples were subjected to a three-step program at a heating rate of 10 C/min. An initial heating 
cycle from 30 to 200 C was applied to remove the thermal history, followed by a cooling to 50 C, and a final increase 
to 350 C to evaluate the thermal transitions. The crystallization temperature from the melt (Tc) and enthalpy of 
crystallization (DHc) were obtained from the first cooling scan while the melting temperature (Tm), enthalpy of melting 
(DHm), and cold crystallization (DHcc) were determined from the second heating scan. The percentage of crystallinity 
(Xc) was obtained by the following equation: 

 

where DH0m ¼ 146 J/g is the theoretical enthalpy corresponding to the melting of a 100% pure crystalline sample of 

poly(3-hydroxybutyrate) (PHB) [64] and w represents the filler weight fraction. 

Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of P(3HB-co-4HB) and its 
nanocomposites in a TGA/SDTA 851 thermobalance from Mettler Toledo, Inc. (Schwerzenbach, Switzerland). The 
heating program was set from 30 to 700 C at a heating rate of 20 C/min in nitrogen with a constant flow rate of 66 
mL/min. Approximately 10 mg of each sample was used for the measurements. The onset degradation temperature 
was defined as the temperature at 5% weight loss (T5%) and the degradation temperature (Tdeg) was obtained from the 
maximum value of the first derivative peak. 

2.7. Thermomechanical characterization 

Dynamic mechanical thermal analysis (DMTA) was performed using an AR-G2 device from TA Instruments (New 

Castle, USA) equipped with a torsion clamp system in torsion-shear mode. To determine the storage modulus (G0), 

loss storage modulus (G00), and loss tangent (tan d), samples were scanned from 60 to 100 C at a heating rate of 2 

C/min, a frequency of 1 Hz, and a strain amplitude (c) of 0.1%. The dimensions of the tested samples were 4  10  40 

mm3. All measurements were done in triplicate. 

2.8. Mechanical tests 

Injection-molded specimens with a dumbbell shape, a total length of 150 mm, and a cross-section of 10  4 mm2 

were tested in a universal test machine ELIB 30 from S.A.E. Ibertest (Madrid, Spain). Tensile and flexural tests were 
performed according to ISO 527 and 178, respectively. In both tests a 5 kN load cell and a cross-head speed of 5 
mm/min were employed. Shore D hardness was determined in a durometer 676-D model from J. Bot S.A. (Barcelona, 
Spain) following ISO 868. Impact strength was tested in a 1-J Charpy pendulum from Metrotec S.A. (San Sebastián, 
Spain), as suggested by ISO 179. All specimens were tested in a controlled chamber at room conditions, i.e., 23 C and 
50% RH. Six samples for each material were analyzed and averaged. 

3. Results 

3.1. Morphology of nanoclay 

Fig. 1a shows a SEM micrograph of the sepiolite powder. The image basically revealed the characteristic fiber-like 
structure of sepiolite, which was mainly presented as bundle-like aggregates of nano-sized needles. These micrometric 
assemblies are naturally produced because of the high surface interaction between individual nanoparticles [32]. To 
better ascertain the nanoclay morphology, TEM characterization was performed. As shown in Fig. 1b, sepiolite 



morphology was certainly based on a needle-shaped nanostructure with dissimilar sizes. In the TEM image, it can be 
observed that the large needles observed by SEM were actually formed by the presence of discontinuous shorter 
nanoparticles. Isolated nanoparticles also showed the typical tubular structure of sepiolite, which leads to its highly 
porous morphology. These tunnels, as previously indicated, are formed as a consequence of alternating tetrahedral-
octahedral-tetrahedral plates along the longitudinal axis of the nanoclay. 

 

Fig. 1. (a) Scanning electron microscope (SEM) image of sepiolite powder. Scale marker of 10 lm; (b) Transmission electron microscopy (TEM) 
image of sepiolite powder. Scale marker of 100 nm; (c) Histogram of sepiolite length (L); (d) Histogram of sepiolite diameter (D). 

The histograms of the nanoparticle length (L) and diameter (D) of sepiolite are shown in Fig. 1c and d. Mean values 
of L and D were ca. 540 and 27 nm, respectively. The aspect ratio, i.e., L/D, was determined at 20, which is a positive 
geometric indicator for mechanical reinforcement in polymer matrices. In this sense, there is a positive correlation 
between the mechanical properties and the aspect ratio in fiber-reinforced nanocomposites: The higher the aspect ratio, 
the higher the tensile strength [65]. High values of L/D are therefore habitually needed for achieving optimal 
reinforcement. The observed aspect ratio of sepiolite is in agreement with Sabzi et al. [46], who reported values of L 
of 7 lm and D of 340 nm for Turkish sepiolite, i.e., a mean L/D of 21. The average sizes of sepiolite nanoclay have 
been described elsewhere, showing values in the range of 1000–2000 nm for L and 20–30 nm for D [23,32,39]. 

3.2. Structural analysis 

ATR-FTIR was performed to evaluate chemical interactions between P(3HB-co-4HB), sepiolite, and ESAO. FTIR 
spectra of the sepiolite powder, ESAO flakes, neat P(3HB-co-4HB), and its nanocomposites are gathered in Fig. 2a. 
In relation to the nanoclay, the spectrum of the pristine sepiolite powder showed a broad intensity in the region from 
1100 to 900 cm1. Main peaks were particularly seen at 1008 and 976 cm1, which have been respectively identified as 



the SiAO ‘‘cage-like” and ‘‘network” stretching modes [31,66]. The main peak for the CAO stretching vibration of 
the epoxy groups in the spectrum of ESAO appeared around 1180, 910, 850, and 760 cm1 [67–69]. In the P(3HB-co-
4HB)-based materials containing ESAO these peaks disappeared, indicating that these functional groups reacted and 
were consumed during the meltcompounding process. For the biopolymer, the stretching vibration of the carbonyl 
group (C@O) produced a strong and sharp peak at ca. 1724 cm1 that corresponds to the intramolecular bonding of the 
crystalline state of P(3HB-co-4HB) [70,71]. The stretching bands of the carbon–carbon single bond (CAC) also gave 
rise to complex and multiple peaks in the region from 1000 to 880 cm1, containing a sharp and intense band centered 
around 978 cm1 [72]. 

Fig. 2b shows the spectra details for both P(3HB-co-4HB) nanocomposites containing 1 wt.-% of sepiolite prepared 
with and without ESAO. Arrows indicate the identified chemical groups formed in the spectra. By comparison of both 
spectra, it can be seen that the strongest band in the P(3HB-co-4HB) spectrum, which corresponds to the crystalline 
C@O stretching 



 

Fig. 2. (a) Fourier transform infrared (FTIR) spectra, from bottom to top, of: Sepiolite powder, epoxy-based styrene-acrylic oligomer (ESAO) 
flakes, poly(3hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)), P(3HB-co-4HB) with ESAO, P(3HB-co-4HB) with sepiolite at 1 wt.-%, 
P(3HB-co-4HB) with ESAO and sepiolite at 1, 3, and 5 wt.-%. Arrows indicate the wavenumbers of the bands described in the text; (b) Detail of 
the FTIR spectra for the ungrafted and melt-grafted P(3HB-co-4HB)/sepiolite 1 wt.-% nanocomposites. Arrows indicate the chemical bonds 
described in the text. 



vibration, was kept at 1724 cm1. Interestingly, combination of ESAO with sepiolite broadened the carbonyl peak and 
generated a shoulder at approximately 1705 cm1. This indicates that the hydrogen bonding in the molecular 
arrangement of P(3HB-co-4HB) was altered, which could be produced due to an intramolecular disruption of the 
biopolymer chains by the presence of sepiolite. Some authors have also ascribed shifts in this peak to the reaction 
between the epoxy groups of the chain extender and the carboxyl groups (ACOO) in polyesters [73]. Additionally, an 
intensity increase in the AOACAOA stretching vibration peak, related to the carboxyl group at 1279 cm1 [71], also 
proved the formation of new ester groups. The intense bonding mode observed at ca. 1150 cm1 is for the SiAO cage-
like stretching mode [66]. Interaction of the nanoclay with the P(3HB-co-4HB) matrix was also supported by the 
intensity increase in the band centered at 1103 cm1 and both major bands at ca. 1065 and 1018 cm1 that correspond to 
the SiAOAC bands in their ‘‘open” and ‘‘ring” links, respectively [74]. The presence of this new SiAOAC bond was 
further evidenced by the strong signal near 815 cm1 [74]. Interestingly, the spectra of the P(3HB-co-4HB) 
nanocomposite produced with ESAO also showed a new group of bands at 1420– 1500 cm1, with main intensities at 
ca. 1402, 1420, and 1459 cm1. These bands are ascribed to the CAH bending in close proximity to the newly formed 
OH-related bonds during the hydroxyl side group formation [74,75]. These peaks were not observed in the spectrum 
of the P(3HB-co-4HB)/sepiolite nanocomposite prepared without ESAO, which confirmed the chemical bonding of 
sepiolite to the biopolymer. 

The above results clearly indicate that intramolecular changes took place in the P(3HB-co-4HB) structure. More 
importantly, the presence of new bands related to SiAOAC bonds supports the fact that covalent bonds were formed 
between the biopolymer and the reactive SiAOH groups of sepiolite. This chemical interaction could be intensified 
due to the high surface area of sepiolite. Based on the above FTIR results, Fig. 3 suggests the possible grafting 
mechanism of sepiolite onto the biopolymer during reactive extrusion. On one hand, in the case of the biopolymer, 
ester bonds are formed by the reaction of terminal acid groups of P(3HB-co-4HB) with the epoxy functional groups 
of ESAO. The mechanisms of epoxy-based chain extension in polyesters by these highly reactive compounds have 
been long discussed in the literature [63]. This mainly consists on glycidyl esterification of carboxylic acid end groups, 
which precedes hydroxyl end group etherification. This latter reaction competes with etherification of secondary 
hydroxyl groups and main chain transesterification. In this sense, it has been reported that the reaction rate of the 
epoxide in polyesters is about 10–15 times higher with the carboxyl (ACOO) than the hydroxyl (AOH) group [76]. On 
the other hand, an alkoxy carbonyl silane structure is proposed to take place through the reaction of the external SiAOH 
groups of sepiolite with other epoxy groups present in the acrylic units of ESAO. This reaction involves epoxy ring-
opening and the creation of covalent SiAOAC bonds with hydroxyl side group formation [77]. Therefore, the reactive 
coupling agent successfully established strong chemical ‘‘bridges” between the biopolymer and sepiolite by SiAOAC 
bonds. As a result it generated a new hybrid nanostructure, i.e., a sepiolite-grafted P(3HB-co-4HB) (sepiolite-g-
P(3HB-co-4HB)) nanocomposite. 

3.3. Thermal properties 

As previously discussed, both the crystallinity and thermal stability of P(3HB-co-4HB) have great influence on its 
performance. DSC was carried out to determine the influence of sepiolite nanoclay on the thermal properties of the 
P(3HB-co-4HB) 



 

Fig. 3. Schematic representation of the melt grafting of sepiolite nanoclay onto poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) 
by epoxybased styrene-acrylic oligomer (ESAO). 

 



Fig. 4. Comparative plots of differential scanning calorimetry (DSC) thermograms for poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-
4HB)) nanocomposites containing sepiolite nanoclay and epoxy-based styrene-acrylic oligomer (ESAO) for: (a) First cooling run; (b) Second 
heating run. 

nanocomposites. DSC thermograms for the first cooling and second heating scans are given in Fig. 4. Thermal values, 
obtained from the DSC thermograms, are collected in Table 2. 
 

 
 

Fig. 4a shows the cooling scans for P(3HB-co-4HB) and its nanocomposites. All samples showed crystallization 
from the melt during the cooling process, however this occurred at different temperatures. The unfilled biopolymer 
showed a Tc of about 109.1 C, which is in agreement with the previous study done by Dagnon et al. [78]. For the 
ungrafted P(3HB-co4HB) nanocomposite containing sepiolite at 1 wt.-%, Tc remained constant. However, Tc was 
found to decrease up to 101.2 C in the sepiolite-g-P(3HB-co-4HB) nanocomposites. These results indicated that 
sepiolite nanoclay, when melt grafted, certainly disrupted the ordering of P(3HB-co-4HB) by hindering chain diffusion 
and folding into the crystalline lattice. In the second heating scan, shown in Fig. 4b, all P(3HB-co-4HB) samples 
showed negligible cold crystallization. This is known to occur by the formation of imperfect crystals from unmelted 
ones acting as nuclei [79]. The heating thermogram of P(3HB-co-4HB) showed a bimodal endothermic peak: A first 
melting temperature at ca. 160.1 C followed by a more intense second melting temperature at ca. 171.3 C. Similar 
observations were previously found by Zhang et al. [80]. Multiple melting peaks in P(3HB-co-4HB) are certainly 
linked to crystal reorganization upon melting, by which imperfect crystals can order into spherulites with thicker 
lamellar thicknesses and then melt at higher temperatures. Lower melting peaks for P(3HB-co-4HB), which could be 
assigned to the crystalline phase of the 4HB-rich fractions [81,82], were not observed due to the relatively low 4HB 
mol.-% content. As shown in Table 2, melting temperatures of the P(3HB-co-4HB) nanocomposites slightly decreased 
with sepiolite. This can be attributed to a confinement effect of the nanoclay, which promoted less ordered structures. 

Crystallinity values were calculated from DHm evolved during the second heating scan. Table 2 shows that the 
resultant amount of crystallinity of P(3HB-co-4HB) increased from 32.4 to 36.2% with the addition of ESAO. This 
can be related to a MW 



 

improvement due to linear chain extension of P(3HB-co-4HB) and/or prevention of random chain scission reactions 
(e.g., hydrolysis) by which more mass of biopolymer crystallized [83]. Crystallinity was seen to slightly increase for 
a low content of sepiolite, i.e., 37.4% at 1 wt.-%, and then decreased for higher contents, i.e., 36.5 and 34.4% at 3 and 
5 wt.-%, respectively. This suggests that crystal growth in the sepiolite-g-P(3HB-co-4HB) nanocomposites was 
controlled by two competing factors related to the nanoclay, i.e., the nucleation and confinement. The observed 
increase in crystallinity at the lowest sepiolite content indicates a dominant influence of the heterogeneous nucleation. 
At higher concentrations, however, certain agglomerations of sepiolite nanoparticles probably led to an excessive 
confinement that hindered molecular organization at the crystal growth front. 

Relevant decomposition parameters, obtained from the TGA curves for P(3HB-co-4HB) and its nanocomposites, 
are also tabulated in Table 2. Thermal degradation of all P(3HB-co-4HB) materials occurred through a single and 
sharp degradation step that ranged from about 290 to 315 C. For the unfilled P(3HB-co-4HB) biopolymer, T5% and 
Tdeg were observed at ca. 289.7 and 305.3 C, respectively. The single introduction of ESAO or pristine sepiolite had a 
negligible effect on the decomposition profile of P(3HB-co-4HB). Conversely, as shown in the table, grafted sepiolite 
slightly delayed the degradation temperature of P(3HB-co-4HB). For instance, in the sepiolite-g-P(3HB-co-4HB) 3 
wt.-% nanocomposite, T5% and Tdeg increased to 292.3 and 309.7 C, respectively. This effect can be mainly ascribed 
to a mass transport barrier exerted by the nanoclay to the volatiles produced during decomposition [6]. Due to the high 
porosity of sepiolite, certain sorption during degradation could be also responsible for delaying the sample weight loss 
[12]. For instance, thermal stability of PLA in nitrogen was improved around 16 C by addition of 5 wt.-% unmodified 
sepiolite [28]. In general, thermal degradation temperature of the sepioliteg-P(3HB-co-4HB) nanocomposites 
significantly exceeds the processing temperature and their thermal stability can meet the requirement of the industrial 
production by injection molding. 

As also shown in Table 2, thermal degradation of unfilled P(3HB-co-4HB) was accompanied by the production of 
a residue of ca. 3.8% at 800 C. This can be related to microbial residues after polymerization as well as small amounts 
of additives added during polymer production. The residual mass increased in the P(3HB-co-4HB) nanocomposites 
with increasing the sepiolite content, which is known to produce a weight loss of ca. 20% at 850 C [32,40,49]. It is 
also worthy to mention that the addition of sepiolite nanoclay accelerated the weight loss rate of P(3HB-co-4HB), i.e., 
the percentage of mass loss increased with the degradation temperature. This confirmed that the nanoclay can function 
as a catalyst by which thermal degradation is accelerated [39]. A strong catalytic effect on the degradation of 
polyolefins by sepiolite has been also reported [27], underlining the drawbacks of the large presence of silanol groups 
on its surface. 

3.4. Thermomechanical properties 

Fig. 5 presents the temperature dependence expressed in terms of the storage modulus and tan d of neat P(3HB-co-
4HB) and the various nanocomposites. The storage modulus represents the stiffness of a viscoelastic material and it 
is proportional to the energy stored during a loading cycle. As shown in Fig. 5a, DMTA curves of P(3HB-co-4HB) 
distinguished two processes. In the temperature range from 50 to 25 C, the storage modulus showed a significant 
decrease with increasing temperature. This is associated with the glass transition and it reflects the motions in 
connection with the biopolymer chains in the amorphous regions. From 25 C, the modulus presented a smoother 
decrease with temperature. This is originated from the chain mobility between the crystalline and amorphous regions, 
which depends on the lamellae thickness of the biopolymer. In this sense, Dagnon et al. [78] showed that P(3HB-co-
4HB) exhibits two transitions at around 104 and 2 C, corresponding to beta (b) and alpha (a) relaxation processes, 
respectively. The b-relaxation (Tb) of the biopolymer is 
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Fig. 5. Dynamic mechanical thermal analysis (DMTA) curves for poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) 
nanocomposites containing sepiolite nanoclay and epoxy-based styrene-acrylic oligomer (ESAO) for: (a) Storage modulus vs. temperature; (b) 
Damping factor (tan d) vs. temperature. 
conventionally associated with local crankshaft motion of the (CH2)n segment [84] whereas the a-relaxation constitutes 

the Tg of the biopolymer. It can be seen that the storage modulus decreased after the addition of ESAO at both glassy 
and rubbery states. This reduction was much more intense in the glassy state, i.e., at 50 C. The incorporation of 
sepiolite slightly increased the elastic properties of the P(3HB-co-4HB) matrix, which was more noticeable above 25 
C. From 50 C, the modulus of the sepiolite-g-P(3HB-co-4HB) nanocomposites was similar than the neat biopolymer. 

Tan d is defined as the ratio of loss modulus to storage modulus. It is a measure of the energy lost, expressed in 
terms of recoverable energy, which represents the mechanical damping or internal friction in a viscoelastic system. 
Tan d plots in Fig. 5b showed that the neat P(3HB-co-4HB) exhibits a well-resolved single relaxation peak with a 
maximum value at ca. 0.7 C, which defines the a-relaxation of the biopolymer. The incorporation of ESAO into 
P(3HB-co-4HB) slightly shifted the value to ca. 1.8 C. This effect can be associated with a slight reduction of chain 
mobility due to chain length extension. Sepiolite showed negligible variation at both peak shift and broadening of 
P(3HB-co-4HB) chain dynamics during glass transition. However, intensity values of tan d were reduced in the 
sepiolite-g-P(3HB-co-4HB) nanocomposites. Depression in the mechanical loss peak heights implies a reduction in 
the number of the mobile chains during the glass transition [85]. 

3.5. Mechanical properties 

The tensile and flexural stress-strain curves of P(3HB-co-4HB) and its various nanocomposites are represented in 
Fig. 6. Table 3 includes the main mechanical values for each sample. It can be seen that the neat biopolymer behaves 
as an elastic material with a relatively low plastic deformation. The tensile modulus, strength, and elongation at break 
of P(3HB-co-4HB) were 689.3 MPa, 17.8 MPa, and 3.9%, respectively. In relation to the flexural properties, the 
flexural modulus, strength, and elongation at break were 1226 MPa, 27.4 MPa, and 3.8%, respectively. Similar 
mechanical values for injection-molded parts were obtained by Zhang et al. [80], who particularly reported a tensile 
strength at yield of about 17.5 MPa and an elongation at break below 5%. Notable enhancements in stiffness and yield 
stress were observed with the addition of ESAO, which can be related to the MW improvement in the biopolymer 
structure. Elastic moduli of the P(3HB-co-4HB) nanocomposites also increased with the sepiolite content in the 
investigated concentration range, indicating that the nanoclay effectively enhanced the material stiffness. In particular, 
the sepiolite-g-P(3HB-co-4HB) 5 wt.-% nanocomposite increased the tensile modulus and strength up to 1012.1 and 
21.9 MPa, respectively. The flexural modulus and strength also increased to 1635.6 and 29.8 MPa, respectively. In 
the case of the tensile and flexural moduli, this represents a percentage increase of about 47 and 35%, respectively. 



 

The high reinforcement generated by sepiolite suggests that a good dispersion level of the nanoclay in the 
biopolymer matrix was reached. Indeed, without an effective interaction between the P(3HB-co-4HB) matrix and 
sepiolite, the nanoclay would act as a merely stress concentrator, i.e., the so-called ‘‘notch effect”. In agreement with 
previous studies, the high content of silanol groups exposed on the external surface of sepiolite can favor its 
compatibilization with polycondensation polymers such as polyesters and polyamides. For instance, the tensile 
modulus and yield strength of PA 66 was increased from 2.06 to 2.73 GPa and from 53.7 to 60.9 MPa, respectively, 
with 5 wt.-% of sepiolite in the study performed by Fernandez-Barranco et al. [36]. However, in the same study, the 
elongation-at-break value drastically decreased from 182 to 42%. In the research work carried out by Sabzi et al. [46], 
the incorporation of unmodified sepiolite into PLA at 10 wt.-% led to a 25% increase in the tensile modulus. Notable 
mechanical reinforcements were also reported for nanocomposites based on starch [12], PA 6 [33,34], and gelatin 
[53], which proves that sepiolite can be effectively dispersed in polar 

 

Fig. 6. Typical stress-strain curves of poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) nanocomposites containing sepiolite 
nanoclay and epoxy-based styrene-acrylic oligomer (ESAO) for: (a) Tensile tests; (b) Flexural tests. 
 
 
Table 3 
Mechanical properties in terms of tensile modulus (Etensile), tensile strength at yield (rtensile), tensile elongation at break (etensile), flexural modulus (Eflexural), flexural strength at yield 
(rflexural), flexural elongation at break (eflexural), Shore D hardness, and Charpy impact strength for poly(3-hydroxybutyrate-co-4hydroxybutyrate) (P(3HB-co-4HB)) nanocomposites 
containing epoxy-based styrene-acrylic oligomer (ESAO) and sepiolite nanoclay. 

 
P(3HB-co-4HB) 689.3 ± 58.3 17.8 ± 0.9 3.9 ± 0.3 1226.0 ± 173.3 27.4 ± 2.9 3.8 ± 0.2 66.8 ± 1.3 3.0 ± 0.2 
P(3HB-co-4HB) + ESAO 893.2 ± 60.2 19.4 ± 0.9 3.5 ± 0.3 1353.3 ± 154.1 24.9 ± 5.5 3.1 ± 0.4 67.0 ± 1.2 2.1 ± 0.5 
P(3HB-co-4HB) + Sepiolite 1 wt.-% 897.0 ± 62.0 18.7 ± 0.9 3.3 ± 0.2 1207.8 ± 209.7 21.7 ± 3.7 2.9 ± 0.3 64.2 ± 2.0 2.1 ± 0.4 
P(3HB-co-4HB) + ESAO + Sepiolite 1 wt.-% 938.1 ± 81.3 20.7 ± 0.8 4.1 ± 0.5 1381.9 ± 157.0 26.9 ± 3.6 4.0 ± 0.3 67.0 ± 0.7 2.4 ± 0.6 
P(3HB-co-4HB) + ESAO + Sepiolite 3 wt.-% 977.6 ± 73.8 20.4 ± 1.1 3.5 ± 0.5 1489.0 ± 189.1 27.4 ± 4.3 3.0 ± 0.2 67.6 ± 0.5 2.2 ± 0.3 
P(3HB-co-4HB) + ESAO + Sepiolite 5 wt.-% 1012.1 ± 51.9 21.9 ± 0.9 3.6 ± 0.2 1635.6 ± 165.5 29.8 ± 4.9 3.1 ± 0.5 69.4 ± 0.5 2.3 ± 0.6 

 

 
 
 
 
 
 

    
 

 
 

      
   

  
   

  
   

  
   

  
   

  
   



  

 

polymer matrices by melt mixing. Nevertheless, it is also worthy to mention that, in most of the previous polymer 
nanocomposites, ductility decreased with increasing the sepiolite content. Indeed, in the present study the 
incorporation of 1 wt.-% of pristine sepiolite also reduced the elongation at break of P(3HB-co-4HB) from 3.9 to 
3.3%. Interestingly, this strain reduction was not observed for the equivalent sepiolite-g-P(3HB-co-4HB) 
nanocomposite. The melt-grafted P(3HB-co-4HB) nanocomposites still preserved around 90% of the initial strain-at-
break value, even at the highest sepiolite content, i.e., 5 wt.-%. This evidences that mechanical stress can be effectively 
transferred from sepiolite to the P(3HB-co-4HB) matrix due to melt grafting. 

Table 3 also includes the mechanical values obtained from the Shore D hardness and Charpy impact tests. Hardness 
followed the same trend previously observed in the moduli, i.e., the addition of both ESAO and sepiolite exerted a 
positive effect on the properties of P(3HB-co-4HB). It was noticeable the low value observed for the ungrafted 
nanocomposite. This suggests that pristine sepiolite presents a poor interfacial adhesion with the biopolymer matrix. 
As opposite, the incorporation of sepiolite nanoclay reduced the impact strength of P(3HB-co-4HB). This is an 
expected consequence of the rigidity increase and loss of toughness in the P(3HB-co-4HB) nanocomposites. Sepiolite 
embrittled the P(3HB-co-4HB) matrix by immobilizing the biopolymer chains and constraining plastic deformation. 
Nevertheless, similar to the other mechanical properties, this impairment was attenuated for the P(3HB-co-4HB) 
nanocomposites produced by reactive extrusion. This indicates that the sepiolite-g-P(3HB-co-4HB) nanocomposites 
were able to absorb higher amounts of energy before fracture. 

 

Fig. 7. Scanning electron microscope (SEM) images of the fractured surfaces of poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) 
nanocomposites based on: (a) Ungrafted sepiolite at 1 wt.-%; (b) Melt-grafted sepiolite at 1 wt.-%; (c) Melt-grafted sepiolite at 3 wt.-%; (d) Melt-
grafted sepiolite at 5 wt.-%. Scale markers of 1 lm in all cases. 
3.6. Morphology of nanocomposites 

The fractured surfaces of the P(3HB-co-4HB) nanocomposites, after the Charpy impact tests, were analyzed by 
SEM. Micrographs included in Fig. 7 revealed the presence of sepiolite as needle-shaped structures embedded in the 
biopolymer matrix. All P(3HB-co-4HB) nanocomposites showed a high degree of dispersion and a relatively low 



 

number of sepiolite aggregates, even at high contents of nanoclay. As above stated, this finding can be related to the 
good chemical affinity between the polar P(3HB-co-4HB) chains with the silanol groups of sepiolite. In Fig. 7a, which 
corresponds to the ungrafted P(3HB-co-4HB) nanocomposite, it is possible to identify spherical voids and fiber-like 
gaps that correspond to sepiolite nanoparticles that were removed from the biopolymer matrix after fracture. Interfacial 
debonding supports the previous mechanical results in which the P(3HB-co-4HB) nanocomposite produced without 
ESAO lacked of sufficient adhesion with the nanoclay. As a result the ungrafted samples were more prone to produce 
mechanical failures at low strains. 

The effect of melt grafting can be observed in Fig. 7b for the sepiolite-g-P(3HB-co-4HB) 1 wt.-% nanocomposite. 
This sample showed no fracture lines located at the sepiolite-biopolymer interface and the number of voids after 
fracture was significantly reduced too. The melt-grafted P(3HB-co-4HB) nanocomposites containing higher amounts 
of sepiolite, i.e., 3 wt.-% (Fig. 7c) and 5 wt.-% (Fig. 7d), exhibited rougher and more irregular fracture surfaces. As it 
can be seen in these images, increasing the sepiolite content also produced some filler attrition, i.e., length reduction 
of sepiolite nanoparticles. This can be due to a higher number of nanofillers collision and increased shear stresses 
during melt compounding [86]. Additionally, sepiolite nanoparticles could also break during the mechanical test due 
to their strong interaction with the P(3HB-co4HB) matrix. In any case, an optimal distribution of sepiolite was 
achieved since single nanoparticles were effectively dispersed and no sepiolite bundles were observed even at the 
highest concentration. 

4. Conclusions 

Sepiolite-g-P(3HB-co-4HB) nanocomposites were successfully obtained by reactive extrusion using a multi-
functional epoxy-based oligomer in a twin-screw extruder. Silanol groups on the external surface of the nanoclay 
effectively grafted onto the biopolymer via alkoxy silanes bonds. Sepiolite interaction with the biopolymer was 
detected in the FTIR spectra of the melt-grafted P(3HB-co-4HB) nanocomposites by the formation of SiAOAC bands 
in the region of 1100–1000 cm1 and at 815 cm1. Melt-grafted sepiolite improved the thermal stability and mechanical 
properties of P(3HB-co-4HB). In particular, Tdeg was retarded about 5 C while the tensile and flexural moduli increased 
up to 47 and 35%, respectively, for the sepiolite-g-P(3HB-co-4HB) 5 wt.-% nanocomposite. Melt-grafted P(3HB-co-
4HB) nanocomposites also retained around 90% of the elongation-at-break and impact-strength values. SEM analysis 
revealed that sepiolite was efficiently embedded in the P(3HB-co-4HB) matrix. Melt grafting was supported in the 
fractured surfaces by the absence of voids and high interfacial interaction between sepiolite and the biopolymer. Future 
studies should be focused on assessing the potential benefits of multi-functional epoxy-based additives to increase the 
processability of biodegradable polymer nanocomposites and their influence on the biodegradation behavior. 

Melt compounding with highly reactive coupling agents can be regarded as a novel tool to develop high-performing 
polymer nanocomposites. In particular, melt grafting of nanoclays can potentially enhance the thermal and mechanical 
performance of biopolymers. This may promote and revolutionize their accessibility to industrial sectors such as 
packaging, where both good performance and environmental concerns are requirements. 
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