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ABSTRACT: Poly(butylene succinate) (PBSu)/fumed
silica nanocomposites were prepared in situ by conden-
sation polymerization. TEM micrographs verified that
the dispersion of the nanoparticles was homogeneous in
the PBSu matrix, while some small agglomerates were
also formed at a higher SiO, content. ’C NMR spectra
affirmed that the hydroxyl end groups of PBSu could
form covalent bonds with the surface silanol groups of
SiO,. These interactions affected the molecular weight of
the prepared nanocomposites. At low concentrations the
SiO, nanoparticles acted as chain extenders, increas-
ing the molecular weight of PBSu, while at higher
loadings they resulted in extended branching and cross-
linking reactions, leading to gradually decreased molecu-
lar weights. Silica nanoparticles acted as nucleating

agents, increasing the crystallization rate of PBSu. How-
ever, the degree of crystallinity was slightly reduced.
Tensile strength and Young’s modulus were significan-
tly increased with increasing SiO, content. The pre-
sence of the nanoparticles resulted in reduced enzymatic
hydrolysis rates compared to pure PBSu, attributed to
the smaller available organic surface, due to the in-
corporation of SiO,, and to the existence of branched
and crosslinked macromolecules. Dynamic mechanical
and rheological properties were also extensively studied.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119: 2010-2024,
2011
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INTRODUCTION

Polyesters play a dominant role in the field of biode-
gradable plastics, due to their hydrolysable ester bonds.
Polyesters are made up of two major groups consisted
by linear macromolecules, namely aliphatic, and aro-
matic polyesters. Biodegradable polyesters which have
been developed and used commercially are aliphatic,
such as poly(lactic acid) (PLA), polycaprolactone (PCL),
poly(hydroxy alkanoates) (PHA), poly(butylene succi-
nate) PBSu, and alipharomatic polyesters, such as
poly(butylene adipate terephtalate) (PBAT). While com-
mon aromatic polyesters, such as PET and PBT, exhibit
excellent material properties, they have proven to be
almost totally resistant to microbial attack. Aliphatic
polyesters on the other hand are readily biodegradable,
but on the downside are much more expensive and
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lack sufficient mechanical properties critical for most
applications. All polyesters degrade eventually, with
hydrolysis (degradation induced by water) being the
dominant mechanism. Synthetic aliphatic polyesters
are usually synthesized from the corresponding diols
and dicarboxylic acids via condensation polymeriza-
tion, and have been shown to be completely biodegrad-
able in soil and water.

Poly(butylene succinate) (PBSu) is a biodegrad-
able aliphatic semicrystalline polyester, possessing
very attractive properties. It exhibits a melting
point similar to that of low-density polyethylene
(LDPE) and its tensile strength lies between that of
high density polyethylene (HDPE) and isotactic
polypropylene (PP). Furthermore, PBSu has several
interesting properties, apart from the aforemen-
tioned biodegradability characteristics, such as melt
processibility and chemical resistance, which open
up a wide area of potential applications.""" How-
ever, there are significant shortcomings in other
properties of PBSu, such as insufficient stiffness,
low-melt strength and viscosity. To overcome
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some of these drawbacks PBSu has been copolymer-
ized with adipic acid in the presence of a multifunc-
tional glycol and the produced copolymer was found
to be exceptional for production of films or bottles,
without significantly altered biodegradation charac-
teristics. This copolymer is commercially available
under the trade name Bionolle™, supplied by Showa
Polymers, Japan.

In recent years great interest has arisen in the for-
mulation and association of biopolymers with nano-
sized fillers, which could potentially result in a large
range of improved properties and render the materi-
als fully competitive with conventional thermoplas-
tics.'? Similar efforts to improve some of PBSu’s
properties, especially mechanical, thermal and gas
barrier, flame retardant properties, but the dimen-
sional stability of polymeric materials as well, by the
incorporation of nanoparticles in the polymer matrix
have been carried out."*® Most articles in the litera-
ture have focused on the preparation of PBSu nano-
composites with layered silicates.'*** However, SiO,
and multi-walled carbon nanotubes have also been
recently used.'>**** PBSu/clay nanocomposites were
successfully prepared through the direct insertion of
the PBSu polymer chains from the solution between
the clay sheds.” Characterization of the prepared
nanocomposites by Dynamic Mechanical Analysis
(DMA) showed significant improvements in the stor-
age modulus when compared to that of neat PBSu.
The rheological properties of PBSu/organically
modified layered silicate (OMLS) nanocomposites
were studied in detail, because the rheological
behavior of polymer/OMLS nanocomposites is
strongly influenced by their nanostructure and the
interfacial characteristics.'®

Among the numerous inorganic/organic nano-
composites, polymer/silica composites are among
the most commonly reported in the literature.”
They have recently received much attention and are
employed in a variety of applications, becoming a
quickly expanding field of research. Among the
advantages of this nanoparticle is the ease of synthe-
sis and surface treatment, to enhance the interactions
with the matrix.?”?° Furthermore, fumed silica in
particular, which was used in this study, owing to
its completely amorphous state is considered thor-
oughly nontoxic and nonirritating.

The aim of the present work was to prepare
PBSu/SiO, nanocomposites by the in situ polymer-
ization technique and investigate the potential inter-
actions taking place between the hydroxyl end
groups of PBSu and the surface silanol groups of
SiO,. Furthermore, the effect of the nanoparticles’
concentration and of the evolved interactions with
the polymer on its thermal, mechanical, dynamic
mechanical, rheological, enzymatic hydrolysis, and
gas permeability properties was extensively studied.

EXPERIMENTAL
Materials

Succinic acid (Su) (purum 99+%), 1,4-butanediol
(Bu) (Purity > 99.7%) and titanium (IV) butoxide
(>97%), (TBT) were obtained from Aldrich Chemical
and used as received. Fumed silica nanoparticles
(S5i0,) under the trade name AEROSIL® 200 were
supplied by Degussa AG (currently Evonik Indus-
tries), (Hanau, Germany). The nanoparticles had an
average primary particle size of 12 nm, a specific
surface area of 200 m> g ' and a SiO, content >
99.8%. All other materials and solvents used in the
analytical methods were of analytical grade.

Nanocomposites preparation

Nanocomposites of poly(butylene succinate) (PBSu)
were prepared in situ by the two-stage melt polycon-
densation of succinic acid and 1,4-butanediol in a
glass batch reactor at a mol ratio of 1 : 1.3 Su : Bu.
The polgymerization mixture, after being placed in a
250 cm” round bottomed flask, was degassed and
purged with dry nitrogen three times. Thereupon,
the mixture was heated under a nitrogen atmos-
phere for 3 h at 200°C under constant stirring
(350 rpm) and water was removed by distillation as
the reaction by-product of esterification. Appropriate
amount of nanoparticles were first dispersed in 1,4-
butanediol by ultrasonic vibration (50 W, Hielscher
UP50H) and intense stirring with a magnetic stirrer
(300 rpm) for 10 min prior to polymerization

Afterward, for the second reaction stage of poly-
condensation, 0.3 wt % of Triphenyl phosphate
(TPP) as heat stabilizer and 1.0 x 10> mol of TBT
per mole of succinic acid were added. Reaction
was continued under increased mechanical stirring
(720 rpm) and high vacuum (~ 5.0 Pa), which was
applied slowly over a period of time of about
30 min, to avoid excessive foaming and to minimize
oligomer sublimation, at 220 and 240°C for 1-h inter-
val, respectively. Polymerization was stopped by
fast cooling to room temperature.

For the preparation of nanocomposites containing
0.5, 1, 2.5, and 5 wt % fumed silica nanoparticles the
aforementioned procedure was used, appropriately
adjusting the initial SiO, nanoparticles’” amount dis-
persed in the diol.

Gel permeation chromatography (GPC)

GPC analysis was performed using a Waters 150C
GPC equipped with a differential refractometer as
detector and three ultrastyragel (103, 104, 105 &) col-
umns in series. CHCl; was used as the eluent (1 mL
min~') and the measurements were performed at
35°C. Calibration was performed using polystyrene
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standards with a narrow molecular weight dis-
tribution. The samples were filtered prior to the
measurements.

Nuclear magnetic resonance (NMR)

'"H NMR and "*C NMR spectra of the nanocompo-
sites were obtained using a Bruker spectrometer
operating at a frequency of 400 MHz for protons.
Deuterated chloroform (CDCl;) was used as solvent
to prepare solutions of 5% w/v. The number of
scans was 10 and the sweep width was 6 kHz.

Differential scanning calorimeter (DSC)

DSC study was performed on a Setaram DSC141
differential scanning calorimeter. Samples of 6.0 *
0.2 mg were used for every new measurement. A
constant nitrogen flow was maintained to provide a
constant thermal blanket within the DSC cell, thus
eliminating thermal gradients and ensuring the
validity of the applied calibration standard from
sample to sample. For each sample a cyclic scanning
procedure was followed to record the thermal
behavior of the material. The procedure involved: (a)
heating up to 150°C at a heating rate of 5.0°C min '
and holding at this temperature for 5 min to erase
any thermal history of the sample, (b) rapid cooling
to —80°C and equilibration, (c) reheating at a heating
rate of 5.0°C min~' up to 150°C and holding for 5
min (d) final cooling at a cooling rate of 5°C min !
down to —80°C.

Transmission electron microscopy

Electron diffraction (ED) and transmission electron
microscopy (TEM) observations were made on ultra
thin film samples of the various nanocomposites
prepared by an ultra-microtome. These thin films
were deposited on copper grids. ED patterns and
TEM micrographs were obtained using a JEOL 120
CX microscope operating at 120 kV. To avoid the
destruction of the films after exposure to the electron
irradiation, an adequate sample preparation is
required, thus, the thin films were coated with car-
bon black.

Mechanical properties

Measurements of tensile mechanical properties of
the prepared nanocomposites were performed on an
Instron 3344 dynamometer, in accordance with
ASTM D638, using a crosshead speed of 50 mm
min~'. Relative thin films of about 350.0 + 25.0 um
thickness were prepared using an Otto Weber Type
PW 30 hydraulic press connected with an Omron
E5AX Temperature Controller, at a temperature of
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140.0°C *= 5.0°C and a load of 50 kN on a ram of
100 mm. The molds were rapidly cooled by immers-
ing them in ice water (~ 0°C). From these films,
dumb-bell-shaped tensile test specimens (central
portions 5.0 x 0.5 mm? thick, 22.0 mm gauge length)
were cut in a Wallace cutting press and conditioned
at 25°C and 55-60% relative humidity for 48 h. The
values of Young’s modulus, yield stress, elongation
at break and tensile strength at the break point were
determined. At least five specimens were tested for
each sample and the average values, together with
their standard deviations, are reported.

Dynamic mechanical analysis (DMA)

The dynamic mechanical properties of the nanocom-
posites were measured with a Perkin-Elmer Dia-
mond DMA. The bending (dual cantilever) method
was used with a frequency of 1 Hz, a strain level of
0.04%, in the temperature range of —80.0-80.0°C.
The heating rate was 3°C min '. Testing was per-
formed using rectangular bars measuring ~ 30 x 10
x 3.0 mm®. These were prepared with a hydraulic
press, at a temperature of 140°C under a load of
50 kN on a ram of 110 mm, for a time period of
5 min, followed by quenching in ice water (~ 0°C).
The exact dimensions of each sample were measured
before the scan.

Rheology

Rheological characterization was carried out on
a Reologica ViscoTech oscillatory rheometer using
20-mm parallel plate fixtures, with a gap of 0.5 mm at
120°C, under a nitrogen blanket. The rheometer was
operated in the dynamic oscillatory mode in the linear
viscoelasticity region. The elastic modulus (G'), loss
modulus (G”) and complex viscosity (n*) were meas-
ured as a function of angular frequency ().

Enzymatic hydrolysis

Samples in the form of films (10 x 20 x 0.4 mm?®,
~100 mg) prepared using an Otto Weber Type PW
30 hydraulic press as described before, were placed
in test tubes, wherein 5 mL of phosphate buffer so-
lution (0.2M, pH 7.0) was added, containing Pseudo-
monas cepacia lipase. The concentration and catalytic
activity of the lipase were 124 mg mL ' and
0.176 U mL™", respectively. The loosely capped test
tubes were kept at 50.0°C = 1.0°C in an oven for
several days while the media were replaced every
3 days. After a predetermined time the films were
removed from the lipase solution, washed thor-
oughly with distilled water and ethanol and then
dried at room temperature under vacuum, until con-
stant weight. Every measurement was repeated three
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times. As a control, the same experiment was carried
out without lipase added under the same conditions.
The degree of biodegradation was estimated from
the mass loss. The morphology of the prepared films
during enzymatic hydrolysis was examined using
Scanning electron micrographs using a JEOL JMS-
840 microscope. The operating conditions were:
accelerating voltage 20 KV, probe current 45 nA and
counting time 60 s. The samples were subjected to
carbon black coating prior to the measurement.

RESULTS AND DISCUSSION
Nanocomposite preparation

PBSu/SiO, nanocomposites were prepared in situ
during the synthesis of PBSu by the two-stage melt
polycondensation method in the presence of fumed
silica nanoparticles, as described in the Experimental
section. At the first stage of esterification oligomers
are formed, which have average molecular weights
between 1500 and 2000 g mol ', while water is
removed as by-product.’ To prepare a material hav-
ing high molecular weight, the polycondensation of
these oligomers ensued at higher temperatures with
the simultaneous application of high vacuum.

The number average molecular weight of PBSu
that was prepared according to the described proce-
dure was 57,000 g mol~!, which is much higher than
the molecular weight expected for typical aliphatic
polyesters prepared by polycondensation. Similarly
to previous reports on poly(e-caprolactone),® the
presence of SiO, nanoparticles in the polymerization
mixture affected the reaction, leading to variations
in the final molecular weights of the polymer. As
shown in Figure 1, the number average molecular
weight of nanocomposites fluctuated. Initially the
molecular weight was increased for a SiO, concen-
tration of 0.5 wt % and then gradually decreased for
higher concentrations. However, in all nanocompo-
sites, except in the case of the sample containing
5 wt % SiO,, the measured molecular weights were
higher compared to neat PBSu. In the latter sample
an insoluble fraction (3.2 wt %) was observed. In all
cases, especially with the addition of the SiO, nano-
particles, the measured molecular weights were par-
ticularly high for aliphatic polyesters prepared by
polycondensation of the corresponding diol and
dicarboxylic acid. Such molecular weights can typi-
cally be achieved only when the chain extenders are
used in the polyesters.>'~*

The surface silanol groups (=S5i—OH) of fumed
silica nanoparticles have a slightly acidic nature.
This renders them capable of reacting with alcohols,
just like an acid.** The possibility of such a reaction
between the surface silanol groups of fumed silica
nanoparticles and the hydroxyl end groups of the
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Figure 1 Variation of the number average molecular
weight of the prepared materials as a function of the filler
content, as measured by GPC.

polymer were first hinted in one of our previous
study in nanocomposites consisted by poly(ethylene
terephthalate) and fumed silica nanoparticles.”
More substantiation was subsequently obtained by
measurements from other authors using solid-state
*Si NMR and FTIR on nanocomposites of fumed
silica with PET®*** and PBSu,” indicating the possi-
bility of covalent bonding between the fumed silica
nanoparticles and the PBSu polymer backbone chain.
In the present study 13C NMR, was used to demon-
strate the formation of a new bond. Given that the
concentration of the filler in the samples was very
low and, considering the slow kinetics of a silanol-
alcohol reaction compared to a alcohol-carboxylic
acid reaction, no new peak appeared in the '°C
NMR spectra. To bypass this problem an additional
sample was prepared specifically for the study of
the interaction between the additive and the poly-
mer, having a particularly high concentration of
fumed silica nanoparticles (25 wt %). During the pol-
ycondensation reaction the melt became extremely
viscous, almost like a solid, which created stirring
and heat transfer issues. Thus, the reaction could not
be carried out for the desired time. Furthermore, the
final material, in contrast to the other prepared
materials, was completely insoluble in chloroform
and other commonly used solvents in NMR. Such a
decrease of solubility and behavior are usually
observed in cases of covalent crosslinking of the
pure polymer. To overcome this, the reaction was
stopped at the esterification stage, with a simple
application of vacuum for 15 min at the end to
remove any unreacted monomers. In this way
oligomers were obtained, having a number average
molecular weight of 1500-2000 g mol ™!, which could
perhaps be linear or branched, with a high concen-
tration of SiO, nanoparticles and which, however,

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Proposed structure of PBSu hydroxyl end groups reacted with surface silanol groups of SiO,, as well as '°C
NMR spectra of (a) pure PBSu and (b) its nanocomposite with SiO, (NMR sample).

were soluble in chloroform. The '*C NMR spectra
obtained for the pure polymer and the prepared
oligomers containing a high concentration of fumed
silica nanoparticles in the range of interest (70-45
ppm) are presented in Figure 2.

In the C NMR of pure PBSu the methylene
group next to the end hydroxyl group (a) gives a
peak at 61.7 ppm, while the methylene group of the
end butanediol next to the carbonyl group (b) gives
a small peak at 64.8 ppm. The methylene group of
butanediol next to the oxygen in the repeating unit
of the oligomer (c) gives a strong peak at 64.1 ppm.
The intensity of the peaks (a) and (b) is especially
small in relation to (c), due to their small concentra-
tion in the oligomers.

In the oligomers prepared with fumed silica nano-
particles [Fig. 2(b)] a new peak (e) appeared at 52.8
ppm. This peak is attributed to the carbon involved
in the bond C—0O—Si, which is shifted to the right at
higher field intensity. This is due to the electron
back donation from oxygen to silicon via a (p—d or-
bital) m= bond which causes the inactivity of the oxy-
gen’s lone electron pair, due to its overlapping with
silicon’s d-orbitals. Thus, less deprotection is
expected of the carbon in comparison with the car-
bon which participates in the C—O—C bond and,
consequently, shifting of the peak in areas of higher
applied magnetic field, which is to the right of the
spectra. Such a significant shift cannot be explained
by the occurrence of hydrogen bonds between the
hydroxyl end groups of the polymer and the surface
silanol groups of SiO,. Therefore, the formation of a
covalent bond between the surface silanol groups of
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SiO, nanoparticles and the hydroxyl end groups of
the polymer was confirmed by the aforementioned
spectra in the prepared samples.

It seems that the silanol groups participate in the
polymerization reaction just as carboxylic acids do,
but at lower reaction rates compared to organic
acids, due to their inorganic nature. Thus, the pres-
ence of the SiO, nanoparticles in the polymerization
mixture, taking into account that this particular
nanoparticles have a lot of surface silanol groups
(~4.6 nm~?) and specific surface area 200 m* g ',
likely acts similarly to a multifunctional carboxylic
acid. The polymer chains that are covalently bound
onto the particle surface can act as bridges connect-
ing the particles, thus leading to the formation of a
branched and, as the polycondensation reaction pro-
ceeds, eventually to a crosslinked structure.

Taking into account the aforementioned findings
an explanation for the variation of the molecular
weights of the prepared nanocomposites can be pro-
posed. The reaction of fumed silica as a coupling
agent, together with the increased thermal conduc-
tivity of the polymerization mixture, due to the pres-
ence of the inorganic filler, led to an increase of the
molecular weight.38 However, at higher SiO, concen-
trations, due to the extended of the reactions
between silanoil groups and hydroxyl end groups of
PBSu, branched and even crosslinked macromole-
cules are formed (Fig. 3). It is well known that the
hydrodynamic dimensions of branched polymers in
solution are smaller compared to those of linear
polymers with the same molecular weight.* Intrin-
sic viscosity and GPC measurements calculate the
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Figure 3 Reaction between the hydroxyl end groups of PBSu and the surface silanol groups of fumed silica nanopar-
ticles, ultimately leading to the formation of a crosslinked polymer.

molecular weight of polymers based on their hydro-
dynamic size in solution. Therefore, branched poly-
mers appear as having lower molecular weights in
comparison to their actual one, and this may be the
reason for the reduction in molecular weight seen in
the samples containing concentrations of SiO, nano-
particles greater than 0.5 wt %.

Morphological characterization

Prior to the esterification reaction the fumed silica
nanoparticles were dispersed in 1,4-butanediol, with
the help of ultrasonic vibration and intense stirring,
in an effort to optimize the dispersion of the par-
ticles. However, examining the prepared material
with TEM (Fig. 4), it is clear that small aggregates

and individual nanoparticles appear in the samples,
coexisting with larger agglomerates. This is typical
in cases when such nanoparticles are dispersed in
nonpolar polymers, such as polyethylene and poly-
propylene.*” However, large aggregates were
reported in PBSu nanocomposites with SiO, and
TiO,, prepared by melt mixing,**' where it was con-
cluded that the sizes of the aggregates depended
mainly by the nanoparticle content and screw rota-
tion speed of the extruder during compounding.
Such dependence was also observed in the present
study with the sizes of the aggregates and agglomer-
ates being directly related to the SiO, concentration.
At the low concentrations of 0.5 and 1 wt % the filler
exhibited better dispersion degrees with agglomerate
sizes less than 100 nm. At the higher concentrations

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 TEM micrographs of PBSu/SiO, nanocomposites containing (a) 2.5 wt % and (b) 5 wt % SiO,.

of 2.5 and 5.0 wt % some larger agglomerates with
maximum size of 200 nm were observed. These
agglomerates are formed due to the relatively strong
interactions between the surface silanol groups of
fumed silica and it seems that the reactions between
the PBSu macromolecules are not sufficient to ensure
the complete dispersion of the filler in the form of
individual nanoparticles.

Rheological properties

Further evidence of the structure of the composites
was provided through rheological characterization.
The curves for the storage moduli (G') and complex
viscosities (n*) of pure PBSu and its nanocomposites
containing different amounts of nanoparticles are
presented in Figure 5(a,b), respectively.

The sample containing 0.5 wt % exhibits a dramatic
increase in G’ and n* over the entire frequency range.
This is consistent with the increase in molecular weight

10° 5
105? (a)
10 4
=
E 10° 5
=
. 2
w 10 E
10"
—O— PBSu + 0.5 w.t.% Si0,
4 —— PBSu + 2.5 w.t.% SiO,
W —— PBSu+ 5.0 w.t.% Si0,
1 I R
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w (rad/s)

noted in Figure 1. There is no evidence of branching in
this sample, given that at low frequencies it approaches
the terminal flow regime, where G’ oc ®”.

At filler loadings above 1 wt %, the response
changes completely reflecting the changes in struc-
ture. Substantial deviations from terminal flow
behavior are noted [Fig. 5(a)], accompanied by a loss
of the Newtonian plateau, onset of yielding and pro-
nounced shear thinning characteristics [Fig. 5(b)],
resulting in high-frequency properties that are lower
than the parent material. Such “pseudosolid”-like
behavior is commonly observed in polymer matrices
filled with nanofillers, and has been attributed to the
formation of a fillerfiller or polymer—filler perco-
lated “network.”*? The theoretical percolation
threshold for randomly dispersed spherical particles
is about 30 vol %. However, it has been extensively
shown that in nanosilica containing composites, the
percolation threshold can be as low as 2 vol %,*
which corresponds to about a 5 wt % loading.

10° 5
( b ) —C— PBSu
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Figure 5 (a) Storage modulus (G’) and (b) complex viscosity (n*) as a function of silica content as a function of frequency
at 120°C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE I
Thermal Analysis Results of the Prepared PBSu/SiO,
Nanocomposites
Tﬂl TE AHV” XC AHC
Sample O O  (dgh (B 08
PBSu 116.7 84.4 109.3 52.0 926
PBSu + 0.5 wt % SiO, 117.0 85.0 834 397 78.0
PBSu + 1.0 wt % SiO, 116.8 86.9 776 370 74.0
PBSu + 2.5 wt % SiO, 116.5 88.4 770 367 733

PBSu + 5.0 wt % SiO, 116.3 90.6,93.4 62.6 298 70.1

It is remarkable however that for the system
under consideration in this work, pseudosolid like
response appears at even lower loadings than this.
Similar observations were recently made in PBSu
nanocomposites with an organoclay.'* They can be
credited to the strong interactions of the fumed silica
nanoparticles and the polymer matrix, resulting in
the formation of covalent bonding, which leads to a
highly branched structure. Furthermore, Zhang and
Archer® reported that bridging of nanoparticles
with adsorbed polymer molecules is substantially
stronger for flocculated systems than for materials
containing well-isolated nanoparticles. Two closely
spaced nanoparticles can be easily bridged by
adsorbed molecules, thus enhancing particle connec-
tivity and reducing the mobility of the polymer
chains. This appears to be the case for the system
under consideration here, where the nanosilica par-
ticles are aggregated, as shown by the TEM images
in Figure 4.

The presence of crosslinked gel in the sample con-
taining 5 wt % silica further contributed toward the
enhancement of the elastic modulus, to such an
extent that it becomes independent of frequency in
the low frequency range.

Thermal analysis

The DSC thermal analysis results of the prepared
PBSu/SiO, nanocomposites are presented in Table 1.
The melting point of pure PBSu was 116.7°C. From
the melting enthalpy, taking into account that
the fully crystalline material has a heat of fusion of
210 ] g ',* it was calculated that the polymer had a
degree of crystallinity equal to 52.0%. The melting
point was not affected substantially upon addition
of nanoparticles. The measured melting points are
very close to each other. However, the degree of
crystallinity was found to gradually decrease with
increasing concentration of nanoparticles. For the
nanocomposite containing 1 wt % nanoparticles the
degree of crystallinity was calculated equal to 37%,
while for the sample having 5 wt % of SiO, the
degree of crystallinity was 29.8% (Table I). Even
thought it was found that SiO, nanoparticles can

increase the crystallization rate of a crystalline poly-
mer®® by acting as nucleating agents, they impart a
negative effect upon the degree of crystallinity. Such
behavior was also observed when using SiO, nano-
particles in HDPE, with the crystallization rates for
the nanocomposites being higher compared to neat
HDPE, whereas the degree of crystallinity was
reduced.*® Similar observations were reported for
PBSu nanocomposites, whereas silica and silica-g-
PBSu particles could act as nucleating agents during
the crystallization process and accelerate the crystal-
lization rates of the PBSu matrix.** Furthermore,
with the addition of montmorillonite crystallinity
was decreased, whereas the half-life of crystalliza-
tion was increased.”* The dispersed clay particles
acted as a nucleating agent in the nanocomposites
increasing the number of nuclei, causing the forma-
tion of smaller and irregular spherulites. Carbon
nanotubes were also found to be able to play the
role of a nucleating agent and enhance the crystalli-
zation rate of PBSu.”” An additional reason for the
dramatic decrease of the degree of crystallinity in
the sample containing 5 wt % SiO, could be the
presence of an extended branched and crosslinked
structure, which constricts to a certain extent the
motion of the macromolecular chains and lessens
their freedom to move and be properly spatially
arranged, as is prerequisite for the crystallization
process.

The crystallization temperature of pure PBSu was
at 84.4°C. With the addition of the nanoparticles a
gradual shift to higher temperatures were observed,
as the SiO, concentration increased. This is an indi-
cation that the nanoparticles acted as nucleating
agents increasing the crystallization rate of PBSu,
due to a heterogeneous nucleation process. More
careful examination of the shape of the crystalliza-
tion peaks revealed that the sample containing 5.0
wt % SiO, exhibited two crystallization peaks at 90.6
and 93.4°C, the second already having emerged as a
shoulder at the sample containing 2.5 wt % SiO..
This probably resulted because the nucleation activ-
ity of a particle depends on their size and, thus, in
cases where significant size distribution of the dis-
persed phase exists, multiple peaks are recorded
due to the different magnitude of the nucleation
effect.

Tensile properties

The tensile properties of all samples are presented in
Figure 6. The slightly reduced crystallinity of the
nanocomposites due to the incorporation of the SiO,
nanoparticles was expected to incur a negative
effect. To exclude or at least diminish the effect of
crystallinity on any observed mechanical properties’
variation, the samples were quenched in ice water
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from 140°C and, therefore, the degree of crystallinity
of all samples should not change significantly. On
the other hand, the presence of the nano-filler, as
well as its reaction with the polymer matrix, were
both expected to bring about a positive affect on the
mechanical properties. Furthermore, excluding the
sample containing 0.5 wt % SiO,, the observed dif-
ferentiation of the molecular weights wasn't
expected to have a significant impact on the final
mechanical properties of the material.>® The substan-
tial increase of molecular weight of the sample con-
taining 0.5 wt % nanoparticles probably had a posi-
tive effect on the mechanical properties.

Comparing the results it is noticed that that tensile
strength at yield point increased with increasing con-
centration of SiO,, reaching a maximum increase of
19% for the nanocomposite containing 5 wt % SiO,
[Fig. 6(a)]. This increase is an indication of adhesion
between the polymer matrix and the inorganic nano-
particles. When the adhesion between the two phases
is high, tensile strength at the yield point increases

Journal of Applied Polymer Science DOI 10.1002/app

accordingly. A similar trend was also recorded for
tensile strength at break with the addition of the
fumed silica nanoparticles. The absence of large
agglomerates, which could act as points of stress con-
centration and ultimate failure points of the material,
probably contributed to this behavior. From our pre-
vious studies’”* it was deduced that mechanical
properties deteriorated at higher nanoparticles’ con-
centrations than 2.5 wt %, due to the formation of
large agglomerates above this content. However, in
the present study a maximum increase of tensile
strength at the break point was recorded for the nano-
composite containing 5 wt %, which exhibited a maxi-
mum improvement equal to 25% [Fig. 6(b)].
Although, as mentioned above, this is rather unusual
for such nanoparticles, from our previous study in
chitosan/SiO, and poly(vinyl alcohol)/SiO, nano-
composites, due to the evolved interactions between
the reactive groups of the polymers and the surface
silanol groups of SiO,, a continuous increase of me-
chanical properties was observed with increasing
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silica concentration.” It is well known that branched
and crosslinked macromolecules lead to a further
increase of mechanical properties.”® Elongation at
break was negatively affected by the addition of nano-
particles. A gradual decrease was revealed that
reached 29% for a concentration of 5 wt % SiO, [Fig.
6(c)]. The reduction of elongation at break is common
because inorganic nanorarticles can’t be extended,
while for samples with higher SiO, content this reduc-
tion was probably due to the formed nanoparticles’
agglomerates, as verified by TEM analysis. However
some ductility was preserved, probably owing to the
reaction of the nano-filler with the polymer matrix,
which resulted in good interfacial adhesion.

Finally, the addition of the nanoparticles induced
an increase of Young’s modulus, which reached up
to 58% for the sample containing 5 wt % SiO, com-
pared to the corresponding value for the pure poly-
mer [Fig. 6(d)]. This was not only the result of the
effect of the presence of the rigid nanoparticles,
finely dispersed in the polymer matrix, but also the
formation of branched and crosslinked macromole-
cules, which are both known to increase the hard-
ness and modulus of the final material.

[+ )/

A survey of the literature indicates that two-phase
models are invalid in describing experimental results
on mechanical properties of most polymer nanocom-
posites. When the volume fraction of the filler is the
same, the smaller the particle size the higher its spe-
cific surface, leading to a shorter distance between
neighboring particles. Considering the radius of
gyration of most macromolecules, which is of the
order of 10 nm, and the size of the nanoparticles
used (12 nm), it is comprehensible that the macro-
molecules close to the surface of the solid surface
will have different responses from those in the ma-
trix, due to mechanical displacement from elonga-
tion or strain. Thus, a thin layer between the rigid
dispersed phase and the matrix will have different
mechanical responses both from the matrix and
from the dispersed phase. Ji et al.”® proposed a
three-phase model based on Takayanagi’s two-phase
model, in which an interface region is introduced to
interpret the tensile modulus enhancement of poly-
mer nanocomposites as a function of dispersed
phase volume fraction, matrix and interface, and in
the case of spherical particles as the dispersed phase
it takes the form of:

[(r+8)/0 — Vo

E. E,

+

+
(1= /1 + /P O}Ew +\/(r + /6 (k — DE,/ Ink

where k is a linear gradient change in modulus
between the matrix and the surface of the particle
(1 < k < (E4/Ey)), r is the radii of the spherical par-
ticle and ¢ the thickness of the interfacial region.

It becomes apparent [Fig. 6(d)] that using the
three-phase model some correlation with the experi-
mental results can be achieved. As predicted by the
equation, as the size of the dispersed phase
approaches the nanometer scale a dramatic increase
in the modulus of the composite results. The devia-
tion at higher filler loadings can be attributed to the
formation of larger agglomerates, resulting in higher
apparent filler particle sizes.

Dynamic mechanical analysis (DMA)

The temperature dependence of the storage modulus
(E') and tan 5 for all the prepared samples is pre-
sented in Figure 7. E' gradually decreases with
increasing temperature and a transition is observed
at about —30°C, which is ascribed to the glass transi-

VVi
{1 = [+ /P O}Em + {\/[(r + ) /1P — VB (k + D)Ew/2 + VOE;

1)

tion temperature of the material (T,). As the concen-
tration of SiO, increases, so does the storage modu-
lus of the material. Such a behavior was also
mentioned in nanocomposites of PBSu with different
ratios of organically modified layered silicates.'” The
extent of this reinforcement is limited below the T,
probably because the PBSu matrix below this tem-
perature, at which the molecular motion of the mac-
romolecular chains themselves is largely restricted,
may have a more substantial contribution to the
modulus of each nanocomposite. However, above
the T, the incorporation of the nanoparticles signifi-
cantly increases the storage modulus of the material,
thus retaining the E’ at a high level over a wide tem-
perature range. The increase can be attributed to the
restriction of the molecular motion of the PBSu mac-
romolecules, due to the fine dispersion of the nano-
fillers, leading to increased interactions with the
polymer matrix, as well as to the reaction between
the two phases and the formation of a covalent
bond, which further constrains the molecular motion
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Figure 7 Variation of the storage modulus and tan & of the prepared nanocomposites. [Color figure can be viewed in the
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of the macromolecular chains. The effect of the
decreased crystallinity didn’t seem substantial
enough to impart a visible negative influence on the
storage modulus.

The tan 6 curves revealed a large maximum
around —30°C, which corresponded to the T, of the
prepared samples. For pure PBSu this value was
found equal to —30.7°C. As the concentration of the
incorporated nanoparticles increased so did the val-
ued of the T,. Specifically, it increased up to a maxi-
mum of —17.5°C for the sample containing 5.0 wt %
fumed silica nanoparticles. Considering the radius of
gyration of most macromolecules, which is of the
order of 10 nm, it is conceivable that the motion of
the macromolecules that are covalently bound to the
surface of the solid surface is restricted, therefore
leading to an increase in the T,.>° This lends further
proof to the presence of covalent bonding between
polymer and filler. Moreover, the presence of
branching and/or crosslinking of the macromolecu-
lar chains may also contribute to the increase in the
T, value, since any motion of the macromolecular
chains is hindered.

Finally, the value of tan § at the T, decreased with
increasing the nanoparticles’ concentration. This
means that the dissipation energy at the T, decreases
as the nanofillers content increases, demonstrating
that these materials may potentially have a struc-
tural damping property.

Degradability evaluation via enzymatic hydrolysis

Polyesters having a relative large number of methyl-
ene groups and those having o-ester and [-ester
bonds with low T,, are hydrolysable by lipases."'* A
survey of the literature reveals that there is great
confusion as far as the biodegradation of aliphatic
polyesters is concerned. Almost all relevant studies
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deal with nanocomposites using layered silicates. In
most cases an increase of the biodegradation rate
was observed with the addition of the nanoparticles.
It was concluded that the more hydrophilic the filler,
the more pronounced the degradation.”” This behav-
ior was also explained by the presence of Al Lewis
acid sites in the inorganic layers which catalyze the
ester linkages hydrolysis. Furthermore, it was sup-
ported that intercalated layered silicates provide
maximum part of the matrix being in contact with
the clay edge and surface leading to a greater tend-
ency to fragment more rapidly and hence ultimate
degradation.

Enhanced biodegradation rates were also reported
when using other nanoparticles with aliphatic poly-
esters. According to Han et al. the relative rate of
biodegradation observed for PBSu/silica nanocom-
posites was faster than that of neat PBSu, indicating
dependence on silica content.*> The proposed expla-
nation, similarly as in the case of layered silicates,
was the increased hydrophilicity of the material due
to the hydroxyl groups on the fumed silica’s surface,
which enhanced the susceptibility to microbial
attack. Chouzouri and Xanthos found that the incor-
poration of calcium silicate or Bioglass 45S5
appeared to enhance the degradation behavior of
both PCL and PLA.>® Enhanced degradation behav-
ior was attributed to the fact that the hydrophilic
fillers enhanced the degree of swelling of the other-
wise hydrophobic matrix.”

However, completely different findings on the
effect of the nanoparticles on the biodegradation
behavior have also been reported. Lee et al.®
observed that the biodegradation rate of nanocom-
posites of aliphatic polyesters was decreased by the
presence of layered silicates. They attributed this to
the difficulty for the micro-organisms to reach the
bulk matrix due to the barrier properties of the clay
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Figure 8 Mass loss of PBSu and its nanocomposites con-
taining 2.5 and 5.0 wt % SiO, nanoparticles during enzy-
matic hydrolysis. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

nanoparticles that make the diffusion path more tor-
tuous. Very recently, Maiti et al.°" also reported that
the biodegradability of the poly(hydroxybutyrate)
(PHB)/OMLS nanocomposites system was reduced
after the addition of organically modified layered sil-

icates. Such reductions of the biodegradation rate
have been related to interactions of the matrix with
the nano-filler, but also to water permeability,
degree of crystallinity, and antimicrobial property of
the nano-fillers studied.

In the present study the biodegradation rate was
studied by enzymatic hydrolysis using a lipase. Li-
pases are endo-type enzymes degrading the ester
bonds of macromolecular chains randomly and for
this reason small variations in molecular weight
don’t affect the biodegradation rate. The weight loss
of PBSu, as well as its nanocomposites with 2.5 and
5.0 wt % SiO,, is shown in Figure 8. PBSu hydro-
lyzed up to 80 wt % after the lapse of 28 days. How-
ever, the sample containing 2.5 wt % of SiO, had
only been hydrolyzed by 65 wt %, while the sample
having 5.0 wt % SiO, by only 40 wt %. The hydroly-
sis rate of PBSu and its nanocomposites without
lipase is very low and mass loss does not exceed
1.5 wt % after 28 days of hydrolysis. Furthermore,
due to the low mass loss is not possible to find
any clear difference between neat PBSu and its
nanocomposites.

From the results it is clear that the addition of the
nanoparticles reduced the enzymatic hydrolysis rate
of PBSu, even though SiO,, is a hydrophilic material,

Figure 9 SEM micrographs of pure PBSu during enzymatic hydrolysis for (a) 3 days, (b) 7 days, (c) 14 days, and (d)

28 days.
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Figure 10 SEM micrographs of PBSu/SiO, nanocomposite containing 5 wt % SiO, nanoparticles during enzymatic hy-

drolysis for (a) 3 days, (b) 7 days, (c) 14 days, and (d) 28 days.

due to its surface silanol groups. Molecular weight,
crystallinity, melting point, and available surface are
important factors affecting the degradation charac-
teristics of any biodegradable polymer. Usually, the
lower the molecular weight and crystallinity, the
faster the biodegradation. Semicrystalline polyesters,
such as PBSu, degrade in two main stages. Initially,
water diffuses into the amorphous regions, resulting
in random hydrolytic scission of the ester groups,
which may result in additional crystallization and an
overall increase of crystallinity. After the initiation of
the degradation of the major amorphous regions,
hydrolytic attack shifts toward the center of the crys-
talline regions.

Taking the aforementioned into account, it would
have been expected that the prepared nanocompo-
sites, characterized by lower crystallinity and similar
molecular weights to pure PBSu, should have been
degraded faster compared to the pure polymer.
However the opposite was observed. This reduction
can be ascribed to mainly two different reasons. In
the enzymatic hydrolysis of insoluble solid polymer,
surface adsorption of the enzyme is the primary
event of the reaction, the whole process being
directly dependent on the available surface of the
sample. The addition of inorganic nanoparticles,
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considering their extremely large surface area and
fine dispersion, leads to the reduction of available
surface for enzymatic hydrolysis. The inorganic
nanoparticles can’t be degraded by the lipase. A
large portion of the outer surface of the polymer
sample is replaced by the inorganic nanoparticles.
Therefore, the surface available for enzymatic hydro-
lysis is significantly reduced and, thus, leads to
reduced enzymatic hydrolysis rates and mass loss.
The second possible cause of the observed behavior
is the evolved interactions between the SiO, nano-
particles and PBSu, which lead to the formation of
branched and crosslinked macromolecules. It is well
known that these exhibit lower biodegradability
rates compared to the corresponding linear ones.
Opverall, the biodegradability character of PBSu isn’t
hindered significantly by the incorporation of the
nanoparticles.

Weight loss measurements provide a general trend
of the enzymatic hydrolysis, but don’t reveal how
this hydrolysis proceeds. Thus, enzymatic hydrolysis
was also studied by morphological examinations
using SEM micrographs. As seen in Figures 9 and
10, even thought enzymatic hydrolysis is a heteroge-
neous process the whole surface of the samples had
been eroded even at the first few days of enzymatic
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hydrolysis. In the first few days the biodegradation
of PBSu took place mainly in amorphous areas,
revealing intact areas with crystallites (Fig. 9). Some
holes appeared on the films” surface, which
increased as the hydrolysis proceeded. The degrada-
tion progress of the prepared nanocomposites was
also recorded (Fig. 10). However, even thought the
enzymatic hydrolysis rate was lower in the nano-
composite containing 5 wt % SiO, nanoparticles, it
was not possible to deduce such a decrease from the
recorded micrographs. The evolution of the micro-
graphs was similar to the corresponding ones of
pure PBSu.

CONCLUSIONS

In PBSu/SiO, nanocomposites prepared by in situ
polymerization, '’C NMR spectra verified that the
surface silanol groups of the SiO, nanoparticles had
reacted with the hydroxyl end groups of the poly-
mer, leading to the formation of covalent bonds.
Because of these reactions the molecular weight of
PBSu increased at low SiO, contents, while there
was a gradual decrease at higher concentrations.
SiO, nanoparticles acted as chain extenders at low
contents, while at higher amounts the extended
degree of reactions produced branched and cross-
linked macromolecules. These subsequently resulted
to a reduced degree of crystallinity, though the SiO,
nanoparticles accelerated the crystallization rate of
PBSu. These changes in structure were evident in
the rheological characterization, wherein a pseudo-
solid like response was observed during oscillatory
shear measurements. The dynamic complex viscosity
was increased as the concentration of SiO, also
increased at low frequencies, leading to the forma-
tion of a yield stress.

Finely dispersed SiO, nanoparticles into the PBSu
matrix were observed at low silica content, while
some small agglomerates formed at higher concen-
trations. All tensile properties, except elongation at
break, were significantly enhanced by the addition
of the nanoparticles. Storage modulus (E') was
increased, an increase more substantial at tempera-
tures above the T, of the polymer, which was, fur-
thermore, gradually shifted to higher temperatures
as the concentration of the nanoparticles increased.

Moreover, SiO, nanoparticles impacted a negative
effect on the biodegradability of PBSu, since the en-
zymatic hydrolysis rate was reduced in the nano-
composites to about a half of the pure polymer’s for
the highest nanoparticles’ concentration used. This
was attributed to the smaller available surface area,
due to the incorporation of the SiO, nanoparticles
into the polymer matrix, and to the existence of
branched and crosslinked macromolecules.
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