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Abstract. Bio-based blend nanocomposites of poly(L-lactic acid) (PLLA) and poly(butylene succinate) (PBS), with different
concentrations (from 0.1 to 0.5 wt%) of graphene oxide (GO), are prepared via solution dispersion of PBS/GO followed by
melt blending with PLLA in a 70/30 PLLA/PBS weight ratio. Scanning and Transmission Electron Microscopy reveals mi-
cron-sized droplets of PBS in the PLLA matrix with the GO nanofiller preferentially found in the PBS phase. The GO acts
as nucleating agent for both semicrystalline polymers. The nanofiller nucleating effect is compared to the one of own self-
nuclei for each polymer, to define a convenient nucleating efficiency (NE) scale. A value of around 80% is determined for
GO towards PBS, among the highest NEs ever reported for this polymer. On the other hand, the efficiency in nucleating
PLLA is equal to a modest 15%, also due to the uneven distribution of the nanofiller in the two polymers. A close relationship
between the nanocomposite morphology and crystallization behavior of the two different polymers is thus established.
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1. Introduction modification of PLLA by melt blending with other
Poly(L-lactic acid) (PLLA) is an excellent environ-  polymers is also a useful way to overcome the pre-
mental friendly plastic [1, 2], due to its high rigidity, ~ viously mentioned drawbacks [3, 4].

biocompatibility and biodegradability [3, 4]. How-  Blending of polymers is an effective way to achieve
ever, the high costs, the brittleness and slow crystal-  an attractive combination of polymer properties [§],
lization kinetics of PLLA limit its application as a  usually absent in the pure components. However,
commodity polymer [5]. Consequently, modification  given that most polymer pairs are thermodynamical-
of the polymer to achieve suitable properties has been  ly immiscible, often the final blends are fragile or
a major research effort during the last decade [3, 6,  with poor mechanical properties [1, 2]. Several strate-
7]. Various additives, such as toughening agents, plas-  gies for improving the compatibility between the dif-
ticizers, nucleating agents and reinforcing fillers have  ferent components of the blend have been developed
been incorporated into PLLA matrix. In addition, [9, 10]. These traditionally include polymer surface
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modification by chemical reactions, and the incor-
poration of block-copolymers [2]. More recently, the
compatibilizing role of nanoparticles has been ex-
plored for nano-clay [2], titanium dioxide (TiO,) [11],
zinc oxide (ZnO), silica (Si0;), aluminium oxide
(Al,03), silicon nitride (Si3Ny) [4, 12], polyhedral
oligomeric silsesquioxanes (POSS) [13], graphene
oxide (GO), etc. [14, 15]. It is often observed that
these nanoparticles can concentrate at the interface
between the two polymers, lowering the effective
surface tension and thus enhancing the interaction
between the two polymer phases [16—19].

Blends of PLLA with other bio-degradable polymers
have been widely studied. For example, different flex-
ible polymers, such as poly(hydroxybutyrate) (PHB),
poly(e-caprolactone) (PCL), poly(ethylene glycol)
(PEG), and poly(butylene succinate) (PBS), have
been used to toughen PLLA. In the present work we
focused on PLLA/PBS blends, given the biodegrad-
ability and good processability of PBS [12, 20-25].
A variety of compounds has been added to blends of
these two polymers, with the aim of improving their
physical properties. Chen et al. [2] found that a reac-
tive organoclay with glycidyl functionality acts as a
compatibilizer for PLLA/PBS blends, improving the
elongation at break and tensile modulus [4]. Homklin
et al. [8] clarified the effect of nucleating agents on
the PLLA/PBS blend properties: adding nano-sized
calcium carbonate or sodium benzoate improved me-
chanical properties, processability, and productivity
in mold processing of the blend [26]. Yokohara ef al.
[4] reported that cellulose nanocrystals improved the
barrier properties and increased the Young modulus
of the blend. Buasri et al. [11] studied the effect of
TiO, nanoparticles finding an enhancement of physi-
cal, mechanical and thermal behavior of the blend.
Recently, graphene oxide has been investigated as
nano-compatibilizer and nano-reinforcement in poly-
mer blends [14, 15, 27, 28]. Cao et al. [15] found that
the addition of only 0.5 wt% of GO to the immisci-
ble polyamide/poly(phenylene oxide) (PA/PPO)
blend reduces the interfacial tension between the
components, thanks to the amphiphilic nature of the
graphene oxide. As such, the droplet size of the PPO
minor phase decreases, thus improving the ductility
and mechanical strength of the blend. Yang et al.
[14] obtained similar results for nylon-6/poly(vinyli-
dene fluoride) (PVDF) blends. Moreover, graphene
oxide has also revealed a good nucleating ability to-
wards several semi-crystalline polymers, including
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for instance isotactic polypropylene (iPP) [29-31],
PVDF [32-34], PCL [35], and the two polymers ob-
ject of the present study, PLLA and PBS [36, 37].
As such, in the current work the dual role of GO
added in low amounts to PLLA/PBS blend is inves-
tigated. For a given phase composition of the blend
(PLLA/PBS 70/30 wt%), different concentrations of
GO (0.1 to 0.5 wt%) were introduced via melt-blend-
ing. Subsequently the polymer blend/GO nanocom-
posites were submitted to detailed characterization
of their morphology and crystallization behaviour,
focusing in particular on the compatibilizing and nu-
cleating effect of the graphene oxide additive.

2. Materials and methods

2.1. Materials

Poly(L-lactic acid) (PLLA) (Synterra 1010) was sup-
plied by Synbra Technology (Etten-Leur, Nether-
lands). PLLA 1010 is a crystallizable grade of PLLA
with a L-lactide content of about 99 wt%. The melt-
ing point is in the range 175-180°C and the glass
transition temperature (1) is located about 55-60°C.
The polymer shows a melt flow rate (MFR) of about
12 g/10 min (190°C, 2.16 kg, ISO 1133) and a den-
sity of 1.25 g/cm’.

Poly(butylene succinate) (PBS) (PBI 003) was sup-
plied by Natureplast (Caen, France). PBS (PBI 003)
is a crystallizable polymer with a melting point in
the range 110-115°C and a T, of ca. 35 °C. The MFR
is about 15-25 g/10 min (190°C, 2.16 kg, ISO 1133)
and its density is 1.26 g/cm?.

Graphene Oxide (GO) (796034) was purchased from
Sigma-Aldrich. It consists of a powder of GO nano-
sheets (approximately15-20 sheets) with a degree of
edge-oxidation of 4-10%. Acetone and anhydrous
N,N-Dimethylformamide (DMF) (99.8% pure) were
supplied by Sigma-Aldrich and used as received.

2.2. Preparation of PBS/GO masterbatches

PBS/GO masterbatches were prepared through a so-
lution-mixing method, previously adopted for the
preparation of PA/PPO/GO and nylon 6/PVDF/GO
blend nanocomposites. At first, a suspension of GO
in DMF was obtained by sonicating the mixture at
80°C for 1 h, in order to partially exfoliate the GOs
into single-layer sheets [14, 15, 38]. The concentra-
tion of GO in the suspension was 1 mg/mL. Concomi-
tantly, 15 g of PBS were dissolved in 50 mL of DMF,
by stirring at 100°C for 1 h. Subsequently, the GO
suspension in DMF was added to the PBS solution
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and continuously stirred at 100 °C for 10 min. Differ-
ent amounts of suspension (50, 150 and 250 mL) were
used, in order to obtain a final concentration in the
blend of 0.1, 0.3 and 0.5 wt%. The mixture was finally
precipitated and coagulated by the addition of 400 mL
of acetone. The precipitate was washed four times
with acetone, filtered under vacuum overnight, and
then dried at 60 °C for 24 h, yielding PBS/GO mas-
terbatches with the desired GO concentration [14, 15].

2.3. Preparation of GO-compatibilized
PLLA/PBS blend nanocomposites
Before melt blending, the PLLA and PBS/GO mas-
terbatches were dried at 60 °C for 48 h. The PBS/GO
masterbatches were melt blended with PLLA in dif-
ferent ratios, to obtain the following PLLA/PBS/GO
compositions (70/30, 70/30/0.1, 70/30/0.3, 70/30/0.5
by weight). The melt blending was accomplished in
a Plastograph Brabender internal mixer (W50 EHT,
Brabender GmbH, Germany), at a temperature of
180 °C with rotor speed of 60 rpm for 10 min, under
continuous nitrogen flow.

2.4. Characterization
2.4.1. Field-emission scanning electron
microscopy: (FE-SEM)
The morphology of the fractured surface of blend
nanocomposites was investigated using a Field-emis-
sion scanning electron microscope (Supra 40 VP
model, Zeiss, Germany) at an accelerating voltage
of 1 kV. The specimens were submerged in liquid ni-
trogen for 30 min and fractured cryogenically. All
samples were thinly sputter-coated with carbon
using a Polaron E5100 sputter coater.

2.4.2. Transmission electron microscopy (TEM)
TEM analysis was performed by using a EM 900 mi-
croscope (Zeiss, Germany) operating at an acceler-
ating voltage of 80 kV. Ultrathin sections (about
50 nm thick) were obtained using a EM FCS cryo-
ultramicrotome (Leica Microsystems GmbH, Ger-
many) equipped with a diamond knife. The sample
was kept frozen at —80 °C during sectioning.

2.4.3. Thermal analyses with differential
scanning calorimetry (DSC)

DSC was performed using a DSC1 STARe System

(Mettler-Toledo, Switzerland). Several temperature

protocols were employed in order to investigate in

details the crystallization behavior of the PLLA/PBS
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blend and its nanocomposites with GO. During the
DSC runs, a nitrogen flow at a rate of 20 mL/min
was constantly applied.

Non isothermal crystallization

The samples were molten at 200 °C for 3 min and
then cooled to —50°C at a rate of 10 °C/min. After
cooling, the polymer was subsequently heated to
200°C at 10°C/min.

Isothermal crystallization of neat PBS

The polymer was molten at 160°C for 3 min and
subsequently cooled to the chosen isothermal crys-
tallization temperature at 20 °C/min and kept at the
isothermal crystallization temperature for the re-
quired time. The isothermal temperatures were in the
range 88-96°C.

Isothermal crystallization of PBS in blends

The minor component of the blend was crystallized
isothermally after the crystallization of the PLLA
matrix. To this aim, after the first non-isothermal run
(see above), the sample was heated to 160°C at
10°C/min. This temperature is below the PLLA phase
melting point, but high enough to completely melt
the PBS domains. After 3 min at 160°C the blend
sample was cooled to the chosen isothermal crystal-
lization temperature, in the range 98—105 °C), at a rate
of 20 °C/min, and kept there for an adequate time.

Isothermal crystallization of PLLA

The PLLA component was molten at 200 °C for 3 min
and then cooled to the chosen isothermal crystalliza-
tion temperature (in the range 115-140°C) at a rate
of 20 °C/min, and kept there for the required time.

3. Results and discussion

3.1. Morphological characterization

The morphology of neat PLLA/PBS blend and
PLLA/PBS/GO blend nanocomposites was firstly
observed by FE-SEM. Figure 1 reports the FE-SEM
images of the fragile fracture surfaces of the neat
PLLA/PBS blend (Figure la, 1d) compared with
those of the nanocomposites containing 0.3 and
0.5 wt% GO (Figure 1b, 1e and 1c, 1frespectively).
PLLA/PBS blends are known to be immiscible, with
the two phases forming clearly separated domains
[4, 6]. As such, the composition used in this study
resulted in a typical sea-island morphology, in which
PLLA constitutes the continuous matrix and the PBS
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minor phase is dispersed into spherical domains with
an average diameter in the range of 1-2 pm (Fig-
ure 1). Slightly larger PBS domains are found in the
blend nanocomposites, i.e., the size increases from
around 1 pm in the neat PLLA/PBS blend to above
2 pm in PLLA/ PBS blend containing 0.5 wt% GO.
The fracture surface of the neat PLLA/PBS blend
(Figure 1a, 1d) shows a clear detachment of the PBS
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phase from the PLLA matrix: voids with a neat and
smooth demarcation surface are in fact observed
throughout the sample.

On the other hand, the morphology of fractured
PLLA/PBS/GO blends nanocomposites (Figure 1b—
le, 1c—1f) evidenced an improved adhesion between
the two polymers. Indeed, when GO is present: i) a
considerably lower number of voids left by detached

Figure 1. FE-SEM images of the PLLA/PBS/GO blend nanocomposites with different concentration of graphene oxide and
at different magnifications ((a), (b) and (c) 10000x%; (d), (e) and (f) 20000x). (a) and (d) (70/30/neat), (b) and
(e) (70/30/0.3 wt% GO), (c) and (f) (70/30/0.5 wt%).
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PBS droplets is observed; ii) an irregular surface ap-
pears in the cavities left by the detachment of the
PBS domains. This fracture morphology is analo-
gous to compatibilized immiscible polymer blends
with or without graphene oxide [5, 15]. Moreover,
fibrillar structures localized at the interfaces between
the two polymers are occasionally found (see Fig-
ure le, 1f). Although the origin of this morphologi-
cal entities is not clear, similar results were reported
by Ye et al. [27] by adding GO to PMMA/PS blends.
The observed morphological features indicate a
higher interaction between PBS and PLLA, which

500 nm

c)

could be induced by GO nanosheets located, at least
in part, at the interface between the two polymers.

In order to investigate this hypothesis, TEM analysis
of the blends nanocomposites has been performed;
and some representative micrographs for PLLA/PBS/
GO with 0.3 and 0.5 wt% GO additive are shown in
Figure 2. The two different polyesters can be easily
distinguished because of their difference in electron
density that lead to sufficient contrast in the TEM
image. The PBS domains appear darker than the
PLLA matrix, with round/ellipsoidal shape and av-
erage sizes around 1-2 um, in perfect agreement with

500 nm

d)

Figure 2. TEM micrographs at different magnifications of the PLLA/PBS/GO blend nanocomposites with different concen-
tration of graphene oxide: 70/30/0.3 wt% GO (a, c), and 70/30/0.5 wt% GO (b, d)
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the morphology disclosed by FE-SEM of fracture
surfaces. Small stacks or aggregates of GO nano-
sheets can be easily recognized. The large majority
of GO is located within the PBS phase, although oc-
casionally some GO stacks are also found in the
PLLA matrix. Figure 2 demonstrates that the disper-
sion of GO nanosheets is generally good, since also
some isolated sheets are observed, together with the
aggregate. Moreover the extent of aggregation is
minimal, since the observed lateral size of these ag-
gregates is well below the micron: few hundreds
nanometers, at most. The lower grey intensity of
some areas of the aggregates indicates a lower num-
ber of GO nanosheets crossed by the electron beam,
suggesting a good extent of exfoliation during the
composite preparation. Although the TEM micro-
graphs show that several GO nanosheets are located
close to the phase boundary between the two immis-
cible polymers, an evident adsorption of the nano-
filler at the interface could not be observed. Given
that the TEM micrographs are a 2-D projection of
the real 3-D bulk material, the possibility that GO
stacks might in reality be at the boundaries between
the two polymer phases at a different height of the
PBS droplet, i.e., at the upper or lower interfaces,
cannot be ruled out. The enhanced adhesion between
PLLA and PBS demonstrated with the FE-SEM
could thus be due also to different reasons, such as
the development of a transcrystalline layer at the
polymer-polymer contact line, or to a GO catalyzed
transesterification in the melt.
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3.2. Crystallization of PLLA/PBS/GO blend
nanocomposites

The non-isothermal crystallization of the PLLA/PBS
blend and nanocomposites with GO is investigated
by differential scanning calorimetry, and the main
results are reported in Figure 3. The investigated sys-
tem being a double-crystalline polymer blend, it is
possible to evaluate the effect of the nanofiller on the
crystallization behavior of both polyesters.

At first, the crystallization behavior of the two com-
ponents and of the neat PLLA/PBS (70/30) blend
can be considered. PBS shows a crystallization
exotherm around 77 °C on cooling at 10 °C/min, and
the subsequent melting reveal a cold-crystallization
of one of the polymers, followed by a broad melting
characterized by re-crystallization phenomena. Pure
PLLA partially crystallizes on cooling slightly above
100 °C, and the crystallization process is completed
during the heating scan. Just before melting the
PLLA crystals, a slight exothermic event is ob-
served, tentatively attributed to the reorganization of
a disordered modification into the more stable a'-
form [39, 40]. Upon mixing the two polymers in a
70:30 PLLA/PBS weight ratio, the crystallization
process is affected, while the melting curve is prac-
tically unaltered with respect to a combination of
those of the pure components (Figure 3b). When the
PBS is the minor dispersed phase in the blend with
PLLA, its crystallization temperature is decreased of
about 5°C with respect to pure PBS (Figure 3a).
This effect is known to occur in immiscible blends:

1Wig
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70/30/0.3 wt%

70/30/0.1 wt% / \

Neat 70/30 wt%

————» ENDO
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Figure 3. Cooling (a) and subsequent heating (b) DSC curves of the different PLLA/PBS/GO blend nanocomposites with var-
ious content of GO, compared to the PLLA/PBS (70/30) neat blend and the two pure polymers (scaled for their

weight fraction in the blend)
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if the domain size of the minor component is small
enough, fractionated crystallization can be observed,
since most of the PBS droplets will be free of nucle-
ating heterogeneities, and their crystallization takes
place at higher undercooling. [41]. On the other
hand, the crystallization of the PLLA component in
the neat blend is slightly enhanced. This indicates a
weak nucleating activity of the PBS/PLLA interfaces.
Although limited, this nucleating effect is rather in-
teresting, because PBS droplets are still in the molten
state, when the nucleation of the PLLA matrix on
their surfaces occurs. Similar results have been pre-
viously reported, both for melt and cold-crystalliza-
tion of PLLA in blends with PBS. [4, 42]. The oc-
currence of this nucleation might be due to a low
surface tension existing between PLLA lateral crys-
tal surfaces and PBS melt. Nucleation at the inter-
faces between immiscible polymer components, dur-
ing or after phase separation, has been predicted
theoretically [43] and observed experimentally also
in amorphous/semicrystalline polymer pairs [44].

The addition of relatively small quantities of graphene
oxide has a large impact on the crystallization be-
havior of PLLA/PBS (70/30 wt%) blend. In particu-
lar, the crystallization temperature of the PBS dis-
persed phase in the nanocomposites shows a remark-
able increase of about 20 °C with respect to the one
in the neat blend. The nucleating effect of GO on
PBS is already observed at the lower loading of nano-
filler, and practically does not depend on GO con-
centration. The measured change in crystallization
temperature is remarkable, in comparison to previ-
ous literature results, where only a mild nucleation
effect is observed, when a similar concentration of
GO is added to PBS [37, 45, 46]. The difference with
literature results can be attributed to a different de-
gree of dispersion of the nanofiller, obtained thanks
to the solution-assisted nanocomposite preparation
method. Indeed, the TEM micrographs shown in
Figure 2 demonstrate that the GO particles are par-
tially exfoliated and the extent of aggregation is
minor, as only aggregates with size of few hundreds
nanometers are found. On the other hand, GO have
only a small accelerating effect on PLLA crystalliza-
tion, especially at the highest nanofiller concentra-
tions. This result is in agreement with previous lit-
erature on PLLA/GO composites, which document-
ed a limited nucleating effect of the nanofiller on
polylactide. [47-49] Moreover, this modest effect
observed in the PLLA/PBS blend nanocomposites
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could be ascribed to the particular morphology of the
system. The GO might not efficiently be transferred
from the PBS/GO masterbatch to the bulk of PLLA
phase during the mixing stage. In fact, TEM results
reported in Figure 2, indicate that graphene oxide are
most frequently found inside the PBS domains. As
such, nucleation of PLLA by the action of GO can
occur mainly at the PBS/PLLA interfaces, or thanks
to the few that moved to the bulk of PLLA matrix
form the PBS droplets. The role of GO as heteroge-
neous nucleants for both crystalline polymers would
be further explored in the following, with self-nucle-
ation and isothermal crystallization experiments. We
note that the melting behavior of PLLA/PBS blends
(Figure 3b) is not significantly affected by the addi-
tion of graphene oxide. The only meaningful effect
is the appearance of a more marked melting-recrys-
tallization behavior of PBS, with evident double
melting peaks for all the employed GO concentra-
tions. The double melting peaks of PBS is widely
discussed in the literature, and commonly interpreted
as a melting-recrystallization phenomenon. Its oc-
currence in the present blend nanocomposite is re-
lated to the increase in the PBS phase crystallization
temperature [50-53].

The relevant nucleating ability of GO on the PBS
phase can be quantitatively described, by using the
nucleation efficiently scale concept introduced by
Lotz et al. [54] in order to define a scale of nucle-
ation efficiency, two reference values corresponding
to a minimum and maximum in the crystallization
rate should be chosen. When non-isothermal crys-
tallization is considered, the minimum value obvi-
ously corresponds to the crystallization temperature
of the neat, non-nucleated polymer. The maximum
value is calculated by performing self-nucleation ex-
periments. The polymer is submitted to a melting
procedure at decreasing temperatures, until some
crystalline seeds remain in the molten material and
act as ‘self-nuclei’ upon re-crystallization. The de-
tailed procedure is described elsewhere. Self-nucle-
ation allows obtaining a relevant increase of the
crystallization temperature, typically of 20°C or
more. The crystallization temperature of the polymer
at the ‘optimal’ self-nucleation temperature is taken
as the 100% value of the nucleating efficiency scale.
Any given nucleating agent can thus be quantitative-
ly evaluated, by comparing the crystallization tem-
perature increase of the nucleated sample with that
provoked by self-nucleation.
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The nucleating efficiency of various nucleants in dif-
ferent semicrystalline polymer matrices, rarely ex-
ceeds 60% [55-58], although exceptional cases of
‘supernucleation’ (with nucleating efficiency above
100%) are reported in specially prepared polymer/
carbon nanotubes composites [59]. In Figure 4a, the
crystallization temperature of the PBS phase in
PLLA/PBS 70/30 neat blend at different self-nucle-
ation (SN) temperatures is compared with that of
PLLA/PBS/GO blend nanocomposite (with 0.5 wt%
GO). Note that the values for the non-self-nucleated
blend and for the nanocomposite have actually been
obtained by cooling from the melt at 200 °C, but they
are reported at an arbitrary SN temperature, for the
sake of comparison. The PBS crystallization temper-
ature remain constant and substantially equal to the
one characteristic of non-self-nucleated melts (i.e.
cooled from 200 °C) for melt annealing temperatures
between 160 and 130 °C. Decreasing the self-nucle-
ation temperature from 130°C to about 115°C re-
sults in a large increase of the PBS phase crystalliza-
tion temperatures, of approximately 25 °C. The crys-
tallization temperature corresponding to a 100% nu-
cleating efficiency value is thus about 97 °C. The one
obtained in PLLA/PBS/GO nanocomposites, inde-
pendently of the GO concentration is 92 °C, resulting
in a relative efficiency slightly higher than 80%. This
value of nucleating efficiency, which is reached al-
ready at a concentration of 0.1 wt%, is surely among
the highest ever reported in the literature for an ad-
ditive which is dispersed in the polymer via common
solution/melt routes. It should be noted that in nu-
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cleation efficiencies higher than 100% are sometime
observed in nanocomposites with high degree of
nanofiller dispersion [59]. As such, the proposed
preparation method enhances the relatively mild nu-
cleating efficiency of GO to the level of the best
known nucleants for poly(butylene succinate), when
used at comparable concentration. [60—62].

In Figure 4b the nucleating efficiency of GO on the
PLLA matrix is determined by comparison with self-
nucleated PLLA. The self-nucleation behaviour of
PLLA in neat PLLA/PBS blend is analogous to the
one of the PBS component: the crystallization tem-
perature increase by more than 30 °C for seeding
temperatures lower than 175°C. On the other hand
the nucleation effect of GO nanosheets is much less
marked with respect to the one measured for PBS,
see Figure 4a. In fact, an increase of crystallization
temperature about 5 °C only with respect to non-self-
nucleated melt is observed. This shift correspond to
nucleating efficiency of 15%. The differences in nu-
cleating ability of GO towards the two polymers is
ascribed to morphology of the blend nanocompos-
ites, as previously discussed. Indeed the majority of
graphene oxide are located inside the PBS phase or
at the phase boundaries (see Figure 1 and Figure 2).
The high nucleation density, naturally occurring in
semicrystalline polymers when non-isothermally
crystallized at relatively low temperatures, might ef-
fectively hide the effect of nucleating agents with
low efficiency. In fact, the effect of an enhanced nu-
cleation density on crystallization kinetics can be de-
tected only if the number of extra-nuclei is at least
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Figure 4. Crystallization temperature of the PBS (a) and PLLA (b) phase in PLLA/PBS neat blend as a function of the self-
nucleation (SN) temperature. The data of the non-self-nucleated blend and of a PLLA/PBS/GO nanocomposite

are added for comparison (see text)
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comparable to the ‘reference’ concentration of nuclei
of the neat system. Given that, this reference number
is lower at higher crystallization temperature; isother-
mal crystallization experiments at the proper tem-
perature could possibly highlight mild nucleating ef-
fects. Therefore, an isothermal crystallization protocol
is separately applied to the two polyesters. Examples
of typical DSC results are shown in Figure 5 for PBS
Figure 5a and PLLA Figure 5b, respectively. Fig-
ure Sa shows the comparison between neat PBS and
PLLA/PBS/GO with different content of nanofiller.
Due to the differences in crystallization kinetics, the
neat PLLA/PBS blend could not be probed at similar
temperatures. Also, neat PBS needs to be crystallized
at 2°C higher undercooling with respect to the
PLLA/PBS/GO nanocomposites to display a similar
kinetics. Yet, crystallization is completed in about
200 seconds for the nanocomposites, while it requires
more than 1000 seconds in the neat PBS homopoly-
mer. No effect of GO concentration is observed, in-
dicating that its nucleation activity on PBS saturates
already at concentrations of 0.1 wt% or lower. Thus,
a different nucleating effect and saturation concen-
tration of the nanofiller exists, with respect to PBS,
confirming the deductions of non-isothermal crys-
tallization experiments. The crystallization of the
PLLA phase in PLLA/PBS neat blend and in the
blend with GO nanofiller at 124 °C is shown as an
example in Figure 5b. In this case, a smaller accel-
erating effect is obtained: the overall crystallization
rate, as evaluated form the peak-time, is about three
time faster for 0.3 and 0.5 wt% GO, while it is only
slightly faster for the 0.1 wt%.
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The results of overall crystallization kinetics of the
two phases for the pure components, the 70/30
PLLA/PBS blend and the blend/GO nanocomposites
are collected in a wider range of undercoolings and
shown in Figure 6. The peak time of crystallization is
chosen as a representative parameter to describe the
overall isothermal crystallization kinetics. In Fig-
ure 6a the transformation of the PBS phase is con-
sidered. For all samples, the expected increasing trend
with increasing crystallization temperature is ob-
served, with an increase of the crystallization time
of about one order of magnitude by decreasing the
undercooling by less than 10 °C. The nucleating ef-
fect of GO with respect to pure PBS and PLLA/PBS
neat blend can be appreciated by considering the
shift in undercooling required to obtain a comparable
crystallization kinetics.

Indeed, the nanocomposites possess a kinetics com-
parable to that of the pure PBS at much lower un-
dercoolings: the shift in temperature is around 10 °C.
This difference is even more important if one would
consider the PLLA/PBS blend. Unfortunately, the
slow crystallization kinetics of the neat blend pre-
vents the direct measurement of latent heat evolution
in isothermal conditions. The crystallization kinetics
is practically independent of GO concentration, al-
though small differences are observed between 0.1
and the higher concentrations at crystallization tem-
peratures above 102 °C.

Similarly, the crystallization kinetics data of the
PLLA phase in the neat polymer, blend and nano-
composites are compared in Figure 6b. It can be
noted that, while the nucleating effect of GO was

70/30/0.5 - 1s0 124°C
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Figure 5. Heat flow as a function of time during the crystallization of PBS (a) and PLLA (b) phase in PLLA/PBS blend and

PLLA/PBS/GO blend nanocomposites
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Figure 6. Crystallization peak time as a function of crystallization temperature for PBS (a) and PLLA (b) phase in PLLA/PBS

blend and PLLA/PBS/GO blend nanocomposites

almost unnoticed in non-isothermal crystallization,
by performing isothermal measurement at relatively
high temperature it clearly shows up. In fact, adding
0.3-0.5 wt% of GO corresponds to a gain of 15°C
in undercoolings in terms of crystallization kinetics.
In other words, the nanocomposites should be crys-
tallized at much higher temperatures to have a rate
of crystallization similar to that of PLLA/PBS neat
blend. Contrary to PBS, a concentration effect is
found for the nucleating efficiency of PLLA: the ef-
ficiency increases going from 0.1 to 0.3 wt%, and
seems to saturate at this concentration. Incidentally,
the nucleation effect of PBS molten droplet on PLLA
crystallization, which was deduced from non-isother-
mal crystallization experiments (see Figure 3a) is not
confirmed in isothermal experiment. We recall that
surfaces with different nucleating ability become ef-
fective at different temperatures, the lower the effi-
ciency of the nucleating surface, the higher the re-
quired undercooling to observe this effect. Therefore,
the lack of nucleating effect of molten PBS on PLLA
at high temperature might indicate a very low activ-
ity of this heterogeneity, which becomes effective
only at much lower crystallization temperatures, such
as those reached in non-isothermal crystallization.

4. Conclusions

The interest in using graphene oxide to improve the
properties of polymer nanocomposites is recently
rising. Similarly, graphene, graphene oxide and other
nanoparticles are frequently used to modify the in-
terface between immiscible polymer blends (two-
phases, three components systems). In this work, the
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relation between the obtained multiphase morphol-
ogy of PLLA/PBS/GO blend nanocomposites was
thoroughly investigated, with particular attention to
the distribution of GO in the two polymers and at
their interfaces. The morphological information ob-
tained with Scanning and Transmission Electron Mi-
croscopy is the basis to understand the role of GO in
the nucleation process of the two crystalline blend
components. GO improves the adhesion between the
two polymers, and have nucleation ability towards
both PBS and PLLA. In particular, a remarkable ef-
fect is found on the minor PBS dispersed phase. The
obtained results show a promising route to tune the
crystallization and thus end-use properties of biobased
polymer blends, an issue of technological impor-
tance for the development of novel ‘green’ materials.
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