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A B S T R A C T

Poly(ε-caprolactone) (PCL) based nanocomposites with unmodified and organomodified sepiolites were pre-
pared by solution casting method. The sepiolites were modified with short (3-mercaptopropyl)trimethoxysilane
(SEP-SI) by using covalent grafting or with long hexadecylamine (SEP-HDA) by using ionic exchange. In order to
reveal the influence of the organomodification on the nanoclay dispersion and the properties of the nano-
composites XRD, DSC, TG, SEM, TEM, optical microscopy, melt rheology and dynamic-mechanical analyses were
performed. A better dispersion was achieved when organomodified sepiolites instead of native ones were used as
fillers. As deduced from the melt rheology data, by analysis of the Cole-Cole plots, the best dispersion was
obtained for SEP-SI nanoclay. The thermal stability was not improved, however in the initial stages of the
thermo-oxidative degradation a delay in the weight loss was observed for nanocomposites with organomodified
sepiolites. The mechanical properties of the nanocomposites were improved in comparison to PCL, particularly
for those with modified sepiolites. In terms of mechanical properties the use of sepiolite modified with HDA gave
the best results, as a consequence of better interaction between longer alkyl hydrophobic part of the organic
modificator and the hydrophobic PCL matrix.

1. Introduction

The environmental protection awareness and growing needs for
new materials in biomedicine led to progress in the biodegradable
polymers research. One of the most promising biodegradable aliphatic
polyester is the poly(ε-caprolactone) (PCL), which is suitable for dif-
ferent applications - from custom materials to pharmacy [1]. It is a
semi-crystalline polymer which has low melting and glass transition
temperatures and favorable rheological properties for processing from
the melt. Since PCL has a great potential for use as a biodegradable
polymer in agriculture and as packaging material, the focus of the re-
search efforts is directed toward improvement of its rigidity and barrier
properties. Substantial improvements or modifications of the material
properties, such as mechanical, thermal or barrier, can be achieved
through preparation of nanocomposites [2,3]. In order to improve its
properties, PCL was used as a matrix in the preparation of nano-
composites with silica [4–6], carbon nanotubes [7], layered clay [8,9],
metallic or metal oxide nanoparticles [10–12], etc.

The natural layered silicate clays are probably the most investigated

materials, which are used as fillers in nanocomposites. Their natural
abundance and developed surface modification procedures are accom-
panied with substantial properties enhancement, achievable at low
nanoclay concentration as a consequence of its high aspect ratio
[13–16]. Emerging nanofillers of natural origin belonging to the clay
family are the sepiolites, which are fibrous magnesium-silicates. The
structural formula of sepiolite is Si12O30Mg8(OH)4(H2O)4 H2O and it is
built of blocks consisting of two tetrahedral silica sheets and central
octahedral sheet with magnesium. These blocks are linked along their
longitudinal edges and form fine channels with dimensions of
0.37 × 1.06 nm2 which extend in direction parallel to the length of the
fibers. A single sepiolite fiber is approximately 0.2–4 μm long, de-
pending on the origin, 10–30 nm wide and 5–10 nm thick, which cor-
responds to around nine unit cells in width and three in thickness. The
fibers are organized in bundles and the main goal in nanocomposite
preparation is to achieve their disaggregation to the level of a single
fiber. In comparison to the layered silicates, the specific surface area of
the sepiolite is lower for the same aspect ratio; therefore the sepiolite
can be dispersed easier in a polymer matrix. In the case of layered
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silicates, the surface treatment supports the dispersion of the filler
through establishment of favorable filler/polymer interactions. A filler
modified with organic coating compatible with polymer is more effi-
cient in creating an interphase [6,17,18] in the nanocomposite, a region
of polymer matrix near the filler surface with altered properties com-
pared to the bulk, which further improves the nanocomposite proper-
ties. The same principles can be applied in the case of sepiolites. The
surface rich in silanol groups makes the sepiolite suitable for diverse
surface functionalization and the presence of exchangeable cations
makes the basis for its modification through ion exchange reactions.
The high density of silanol groups (two Si-OH groups/nm2) [19] at the
sepiolite external surface is responsible for the strong hydrogen
bonding which sepiolite can establish with hydrophilic polymers. These
hydroxyl groups can also be efficiently used for organomodification of
sepiolite, usually through organosilane coupling agents, thus making its
surface more compatible with hydrophobic polymers. The cation ex-
change capacity of sepiolite (∼30 mmolM+/100 g) is lower compared
to layered silicates (∼120 mmolM+/100 g), however organomodifica-
tion can be also successfully performed through adsorption of ammo-
nium or amine salts [20], thus increasing the sepiolite affinity toward
low-polar polymers. Even though it is thought that the unmodified se-
piolite can be dispersed more easily than layered clays, the presence of
organic modifier on the sepiolite may have an effect on the polymer/
filler interphase creation with specific influence on the nanocomposite
overall performance. Also, for the nanocomposites prepared by solution
casting the interaction between the solvent and filler can be tuned in
order to promote filler dispersion.

There are a few reports on the use of sepiolite as filler in nano-
composites with thermoplastic polymers. Nanocomposites of poly
(propylene) (PP) and sepiolite were successfully prepared and me-
chanical properties improvements were reported for these nano-
composites, albeit only in the presence of compatibilizer which reduced
the surface energy and improved the dispersion of sepiolite [21,22]. It
was also reported that the surface modification of sepiolite does not
promote its dispersion in PP matrix, although it has beneficial effect on
thermo-oxidative stability of the polymer matrix, reducing the catalytic
activity expressed by the native sepiolite filler [23]. Unmodified se-
piolite in polyamide (PA6) matrix showed good reinforcing effect [24],
which was attributed to hydrogen boding between the silanol groups of
sepiolite and the amide groups of PA6 [25]. However, even better
mechanical properties, ascribed to better dispersion state of the filler,
were achieved for organosepiolite obtained through cation exchange
reactions with different alkylammonium salts [26]. Also, the increment
in the properties improvement was proportional to the modifier content
[27]. Nanocomposites with polyester matrix were prepared starting
from both unmodified and organically modified sepiolites, using mostly
melt mixing and in fewer cases solution casting [17,20,28–32]. Early
investigations revealed improved properties as a consequence of good
dispersibility of untreated sepiolite in PCL, PLA and PBT matrix which
was ascribed to hydrogen bonding between silanol groups from sepio-
lite and carbonyl group in polyester chains [28–30]. There are a few
reports dealing with comparison of the properties of biodegradable
polyester nanocomposites obtained with unmodified and organically
modified sepiolites. The results reported therein for PLA and PHA as
matrix materials encourage further investigation of modified sepiolites
as a new eco-friendly filler for diverse biodegradable polyesters
[20,31,32].

This study compared the performance of PCL nanocomposites ob-
tained from unmodified and two types of modified sepiolites used for
the first time in PCL based nanocomposites. The organo-modification
was performed in two different ways: by silane grafting using short (3-
mercaptopropyl)trimethoxysilane and by ionic exchange with longer
hexadecylamine. In order to correlate the structure to the achieved
properties, the obtained nanocomposites were analyzed and compared
in respect to their morphology, melt-rheological behavior, thermal and
thermo-oxidative behavior as well as mechanical properties probed by

dynamic mechanical analysis.

2. Experimental

2.1. Materials

Poly(ε-caprolactone) (PCL) was synthesized by ring opening poly-
merization of ε-caprolactone using stannous octoate as catalyst. The
number average molecular weight (Mn) of PCL was 71,000 g/mol and
the polydispersity index was 2.11, as determined by gel-permeation
chromatography with polystyrene calibration. Unmodified sepiolite
with fibers length of 0.5–2 μm and ion exchange capacity
of ∼30 mmolM+/100 g was supplied from Andrici (Serbia). All sol-
vents used were of analytical grade.

2.2. Modification of sepiolite

The modification of sepiolite was performed by: (1) covalent
grafting of (3-mercaptopropyl)trimethoxysilane (SEP-SI) and (2) ionic
exchange with hexadecylamine (SEP-HDA). The modification proce-
dure for SEP-SI was conducted according to the procedure given in
previous reports [33]. Briefly, 12 g of sepiolite suspended in 300 ml of
toluene was refluxed and mechanically stirred for half an hour under
dry nitrogen. In the next step 12 ml of mercaptosilane was added
dropwise to the suspensions and the mixture was refluxed for 24 h,
filtered, washed with toluene and ethanol and then dried under dry
nitrogen for 24 h. For the modification with HDA, 5 g of sepiolite was
dispersed in 500 ml of deionized water by probe ultrasonicator SONICS
Vibra-Cell for 30 min (750 W output power, 80% amplitude, in pulse
mode), with a 20 kHz converter and titanium probe with 19 mm in
diameter. The obtained dispersion was heated to 50 °C and pre-pre-
pared solution of HDA protonated with HCl was added. The mixture
was stirred for 3 h at 50 °C and 24 h at room temperature. The product
was filtered and washed until negative AgNO3 test was reached. The
modified sepiolite was dried at 60 °C for 24 h.

2.3. Preparation of PCL/sepiolite nanocomposites

The nanocomposites were prepared by film casting from chloroform
solution. Three series of nanocomposites were prepared: with un-
modified sepiolite (denoted as PCL-SEPx), with silane treated sepiolite
(denoted as PCL-SEPSIx) and with HDA treated sepiolite (denoted as
PCL-SEPHDAx). In the abbreviation of the samples x refers to the mass
fraction of sepiolite in the nanocomposite. Firstly the dispersion of se-
piolites in chloroform was prepared by using probe ultrasonicator
SONICS Vibra-Cell for 30 min to promote separation of the sepiolite
fibers. In the solution of 1.5 g of PCL in chloroform a calculated amount
of so prepared dispersion was added in order to obtain nanocomposites
with 1, 3 and 5 wt% of sepiolite, referring to inorganic part. The sus-
pensions were treated in ultrasonic bath for 30 min, poured into Petri
dishes and left at room temperature to solidify through evaporation of
the chloroform. The nanocomposite films, with thickness of approxi-
mately 200 μm, were vacuum dried and used for further characteriza-
tion. Discs and rectangular bars for melt rheology and dynamic me-
chanical analysis, respectively, were prepared from these films by melt
pressing in molds of the desired shape and size at 85 °C.

2.4. Characterization

2.4.1. X-ray diffraction (XRD)
XRD analysis was performed on sepiolite powders and nano-

composites in the form of rectangular solid samples (19 mm× 12 mm).
The XRD spectra were collected at room temperature by using Ultima
IV Rigaku diffractometer, equipped with CuKα radiation
(λ = 0.15405 nm) and Ni filter. The generator voltage and current
were 40.0 kV and 40.0 mA, respectively. The range of 2–40° 2θ was
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used for all samples in a continuous scan mode with a scanning step size
of 0.02° and at a scan rate of 1°/min. The degree of crystallinity was
calculated as the ratio of areas under the crystalline peaks to the sum of
the area of crystalline peaks and the area of amorphous halo, de-
termined by deconvoluting the patterns to the sum of Voight functions
(PeakFit® program).

2.4.2. Scanning electron microscopy (SEM)
The morphology of native and the modified sepiolites was assessed

by scanning electron microscopy on a Tescan MIRA3 field emission gun
scanning electron microscope (FESEM), with electron energies of 20 kV
under high vacuum. The cryo-fractured surfaces of PCL and its nano-
composites were recorded also by the same instrument and prior to the
observation all samples were sputter-coated with an Au to ensure the
surface conductivity. The SEM images were taken at magnification of
50,000× for the sepiolites and 5000× and 50,000× for the nano-
composites.

2.4.3. Transmission electron microscopy (TEM)
State of dispersion of sepiolites into the PCL matrix was evaluated

by transmission electron microscopy using a JEM-1400 Plus (JEOL)
with an acceleration voltage of 120 kV. Ultrathin sections of the sam-
ples approximately 100 nm thick were cut using a Leica UC6
Ultramicrotome (Leica Microsystems) and placed on carbon coated
copper grids.

2.4.4. Optical microscopy
The surface of the PCL and nanocomposite films was examined by

using an optical microscope (Leica DM ILM) with reflected light,
equipped with a CCD digital camera.

2.4.5. Differential scanning calorimetry (DSC)
The thermal properties of the samples were analyzed by differential

scanning calorimetry. SDT Q600 (TA Instruments) was used and the
experiments were conducted in an inert atmosphere (nitrogen with flow
rate of 100 ml/min). The samples (5 mg) were heated from 25 to 120 °C
with heating rate of 10 °C/min. The enthalpies of fusion, determined as
the area of melting endotherm in DSC traces, were used to calculate the
degree of crystallinity of the samples (Xc

DSC) by normalizing it to the
literature value (136.1 J g−1)[34] for perfectly crystalline PCL and the
degree of crystallinity of PCL matrix by taking into account its weight
fraction in the samples.

2.4.6. Thermogravimetric analysis (TG)
The thermal stability of the nanocomposites and the organic content

in the modified sepiolites were characterized by TG (SDT Q600 TA
Instruments). Samples of around 5 mg were heated in air (100 ml/min)
from 25 to 800 °C with a heating rate of 20 °C/min.

2.4.7. Melt rheology
The rheological measurements on PCL and nanocomposites’ melt at

100 °C were carried out on a Discovery Hybrid Rheometer HR2 (TA
Instruments) using oscillatory shear mode. Parallel plate geometry was
used with plate diameter of 25 mm and sample thickness of 1 mm. The
frequency applied in small amplitude oscillatory shear experiments was
0.1–100 rad/s with five points per decade on the logarithmic scale and
the strain amplitude for all samples was 0.5%, which was ascertained to
be within the linear viscoelastic region.

2.4.8. Dynamic mechanical analysis (DMA)
The DMA experiments on rectangular samples (40 × 12 × 1 mm3)

were performed on a Discovery Hybrid Rheometer HR2 (TA
Instruments) in torsion mode with a static pre-tension of 1 N. The
temperature sweep experiments were conducted from −120 to 60 °C
(with a step of 2.5 °C) at frequency of 1 Hz and strain amplitude (0.1%)
within the linear viscoelastic region.

3. Results and discussion

3.1. Sepiolite modification

The sepiolite was modified in two different ways: by covalent cou-
pling with (3-mercaptopropyl)trimethoxysilane and by ionic exchange
with protonated hexadecylamine. In Fig. 1 the powder XRD spectra of
unmodified and modified sepiolites are presented. The characteristic
reflections seen in native sepiolite arising from the planes (1 1 0),
(0 4 0) and (4 0 0) at 2θ= 7.2, 19.6 and 26.5° respectively were un-
altered in the spectra of the modified sepiolite. This indicates that the
crystal structure was not affected by the modification. The calculated
basal spacing of sepiolite from the position of (1 1 0) reflection was
1.2 nm and, as expected from the non-swelling clay, it did not change
with modification. The SEM images of the unmodified and modified
sepiolites (Fig. 1) shows that the sepiolite typical fibrous morphological
characteristics were maintained after the modification. Also it could be
noticed that in the organosepiolites some disaggregation of sepiolite
bundles into smaller aggregates with a fewer sepiolite needles occurred,

Fig. 1. XRD spectra (left) and SEM images (right) of native and modified sepiolites (magnification 50,000×).
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probably during the course of the modification procedure. A successful
ionic exchange by HDA was confirmed by thermogravimetric analysis
data in the air (not shown), from which it was calculated that around
12% of the modifier (based on the mass of SEP) was incorporated into
the nanofiller.

3.2. Structural and morphological characterization of nanocomposites

In order to characterize the crystalline structure of PCL in the na-
nocomposites, XRD analysis was performed. The nanocomposites from
all three series showed characteristic peak arising from the reflections
at (1 1 0) plane of sepiolite positioned at 7.5° 2θ (Fig. 2). The intensity
of this peak increased with increase in the sepiolite content, without a
change in its position. The diffraction pattern of PCL displayed reflec-
tions centered at 21, 22 and 24° arising from (1 1 0), (1 1 1) and (2 0 0)
planes. The PCL crystallizes in an α-form of PCL [35] and all nano-
composites retained the characteristic crystalline structure as con-
cluded from the presented diffractograms.

Optical microscopy was used to examine the surface morphology of
the nanocomposite films. In Fig. 3 images obtained by optical micro-
scopy of the surface of PCL and nanocomposites with 5 wt% of different
sepiolites are presented. The images of both sides (i.e. the one in the
contact with Petri glass and the other exposed to the air) of the pre-
pared nanocomposite films were taken. The morphology of the two
sides is different as reported before for polyester films obtained by so-
lution casting [36,37]. The side of nanocomposite film formed in con-
tact with glass is smooth, since the film touching the glass could not
crystallize in all three directions. Therefore optical imaging of this side
allowed observation of fine, lamellar spherulite structure. On the other
hand, the growth of spherulites in the polymer films on the side exposed

to the air was free from glass constrainment and 3D morphology could
be developed with rough film surface. The PCL crystallized in the form
of spherulites with characteristic lamella structure clearly observed in
the image of the PCL surface which was in the contact with glass during
solidification (Fig. 3A, right image). In Fig. 3A (left image) the surface
of the PCL film exposed to the air during solidification is presented,
where the morphology of the sample crystallized without constrains
from the glass wall could be observed. With the addition of the filler the
morphology was changed toward a higher number of smaller spher-
ulites, as a consequence of nucleation effect of the added sepiolites
(Fig. 3B). The spherulites fused together and their boundaries were not
clearly observable any more. It appeared that the spherulites in the
nanocomposites with unmodified sepiolites (PCL-SEP) had the smallest
diameter, while the biggest spherulites were found in nanocomposites
with silane modified sepiolites (PCL-SEPSI). Therefore, the highest
nucleating effect was observed for unmodified sepiolites. It could be
speculated that this was due to the poorest dispersion achieved with
unmodified sepiolites, where the micron size aggregates were effi-
ciently acting as nucleating agents. On the other hand the modified
sepiolites (SEP-SI and SEP-HDA), with better dispersion in the polymer
matrix, possessed less filler aggregates capable of acting as nucleating
agents. Since the boundaries of spherulites could not be clearly ob-
served it was not possible to quantitatively prove the proposed effect
and to make precise difference between the two different modified se-
piolites. Sepiolite aggregates of larger sizes (of the order of tens of
microns) were not detected by optical microscopy inspection of the
nanocomposites, which proved that the nanocomposites were success-
fully prepared.

In Fig. 4 representative images of cryo fractured surface of the na-
nocomposites are presented and compared to the PCL. The surface of

Fig. 2. XRD patterns of PCL and its nanocomposites with unmodified sepiolite (A), silane grafted (B) and HDA modified (C) sepiolite.
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PCL was smooth and showed that a brittle fracture has occurred. In the
image of nanocomposites with unmodified sepiolite (PCL-SEP3 in Fig. 4
and similar images of PCL-SEP1 and PCL-SEP5 given in the Supple-
mentary material) single sepiolite fibers or even bundles were not easily
observable. This was most likely a consequence of the poor dispersion
of the unmodified sepiolite, which preferentially stayed in the form of
bundles covered with a layer of polymer. The inset image with higher
magnification showed the appearance of sepiolite bundle found in the
PCL-SEP. In contrast, in the images of nanocomposites with modified
sepiolites a uniform distribution of sepiolite could be clearly seen
(bright spots in the SEM images). The content of finely distributed
submicron sepiolite fibers gradually increased as the amount of the
fillers increased up to 3 wt% of sepiolite, without detectable change in
the extent of the dispersion. For the nanocomposites with the highest
amount of modified sepiolites (PCL-SEPSI5 and PCL-SEPHDA5) the
content of bright spots was not as pronounced as expected. This could
be a consequence of some agglomeration occurring at higher content of
sepiolites. The difference in the distribution of sepiolite fibers between
PCL-SEPSI and PCL-SEPHDA could be hardly observed. The SEM ana-
lysis pointed to the better dispersion of the sepiolites modified with
organic molecules. The presence of organic modifier not only provided
better interaction between the polymer matrix and the filler, but also
played a role in the better dispersability of sepiolite in chloroform, thus
facilitating the enhanced dispersion in the matrix. However, from the
SEM analysis the difference in the state of dispersion between the two
different organomodified sepiolites could not be distinguished.

The dispersion of sepiolite into the PCL was further evidenced by
TEM, the results of which are presented in Fig. 5. In the case of the
samples with native sepiolite, aggregates were observed (dark spots in
the images of PCL-SEP3 and PCL-SEP5 in Fig. 5). For higher content of
sepiolite (PCL-SEP5) some separated sepiolite needles could also be
observed, however the aggregates were the dominant form in which the
filler existed in the PCL matrix. For the modified sepiolites a good
dispersion of sepiolite could be observed, with a large amount of in-
dividualized needles. Some larger aggregates could also be noticed,
especially for the nanocomposites with 5 wt% of organomodified se-
piolites. In the images taken at higher magnification, random dis-
tribution and overlap of the single sepiolite needles could also be ob-
served for the samples with organomodified sepiolites. On the contrary,

for the samples with unmodified sepiolites bundles of sepiolite needles
could be easily seen in the images taken at higher magnification, since
that was the dominant form in which the unmodified sepiolite was
present.

3.3. Melt rheology

Melt rheology was used to further study the state of dispersion of the
filler in the polymer matrix. The storage modulus and complex viscosity
frequency dependence for PCL and nanocomposite melts at 100 °C are
presented in Fig. 6.

The low frequency response of the storage modulus ismore sensitive
than the loss modulus to the addition of the filler. In the case of network
formation from finely dispersed fillers, the liquid like response (char-
acterized by ∼ω2 scaling of storage modulus) changs to solid like re-
sponse, i.e. plateau in storage modulus dependence in the low fre-
quency region appears, accompanied by prevailing of elastic over
viscous response (G′ > G″) [38,39]. For all three series a gradual in-
crease of the storage modulus with increase in filler content was ob-
served, though it was more pronounced for the nanocomposites with
modified sepiolites. What is usually observed in polymer filled systems
is an increase of the viscosity with filler addition, followed by more
pronounced shear thinning behavior. For the unmodified sepiolites a
moderate increase of the viscosity was observed with increase in the
SEP content, which leveled off at 3 wt% of SEP. For the lowest amount
of SEP viscosity was even lower for the nanocomposite compared to the
neat PCL. This unusual behavior was also observed in a few nano-
composite systems [40,41]. For the present filler-polymer system, if
weak interactions are assumed, it is reasonable to presume that the not
so well dispersed sepiolite caused entanglements disruption, thus low-
ering the viscosity of the melt. For higher sepiolite loadings the ex-
pected increase due to hydrodynamic effect was observed. For the na-
nocomposites with SEP-HDA a steady increase in the viscosity was
observed with increase in the filler content accompanied by slow and
moderate disappearance of the Newtonian plateau in the low frequency
region for the higher amounts of SEP-HDA. In comparison to the SEP
containing nanocomposite the ones with SEP-HDA appeared to have
better dispersion of sepiolite. The nanocomposites with SEP-SI experi-
enced the most significant change in viscosity. Not only the highest

Fig. 3. Optical microscopy images of (A) PCL surface (air side left and glass side right) and (B) its nanocomposites surface with 5 wt% of different sepiolites (only air side is reported).
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viscosity was recorded for PCL-SEPSI5, but also the most pronounced
shear thinning, together with a disappearance of the Newtonian pla-
teau, was observed for this sample. However, the change of the rheo-
logical parameters was not as gradual in this series as in the series with
SEP-HDA. According to some analysis a formation of nanofiller network
can be tracked thorough the analysis of Cole-Cole diagrams where the
real and imaginary parts of some complex viscoelastic function, such as
complex dynamic viscosity, are plotted against each other [7,42,43]. In
case of homogenous polymer melt usually an arc or semicircle is ob-
served implying the existence of relaxation time spectrum of the same
origin. When there is constrain imposed by formed network, which will
induce different relaxation times, a second semicircle or a tail will ap-
pear. In Fig. 7 Cole-Cole plots for PCL and nanocomposites with 5 wt%
of different sepiolites are presented.

The PCL melt showed a single arc, which was indicative of relaxa-
tion spectrum of the homogenous melt. While the nanocomposites with
unmodified and HDA treated sepiolite also showed single arc with just a
hint of appearance of a tail, the nanocomposites with silane grafted
sepiolite clearly showed an upward turn with rigid tail in the high

viscosity region. This suggested the presence of large number of single
sepiolite needles, which affected the long-range motion of the polymer
matrix. The overall structure of the nanocoposites is quite complex and
includes larger aggregates, bundles and single needles, the last two even
might be involved in a network formation. The present set of experi-
mental observations pointed to the better dispersion of organomodified
hydrophobic sepiolites which was promoted by mediation of the hy-
drophobic solvent used for the preparation of the nanocomposites.

3.4. Thermal properties and thermal stability

The presence of filler can affect the thermal properties and degree of
crystallinity, which in turn can have an impact on the processing and
different properties like mechanical or barrier. In nanocomposites with
modified nanosilicate melting temperatures and degrees of crystallinity
can decrease, increase or they may not even be affected by the filler,
therefore they have to be studied for each polymer/filler/preparation
method system separately [3,44]. In the DSC thermograms of the na-
nocomposites with SEP (not shown) a single endothermic peak was

Fig. 4. SEM images of cryo-fractured surface of PCL and its nanocomposites (magnification 5000× and for the inset 50,000×).
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observed from which the melting temperatures and heats of fusion were
determined (Table 1). When compared to the PCL, all prepared nano-
composites had a higher melting temperature. In the series with un-
modified sepiolite the increase in the melting temperature followed the
increase in the filler content. In both series of organomodified sepiolites
the sample with the highest amount of modified sepiolite had the
lowest melting temperature in the series. Thus the positive increment in
the melting temperature was the highest for the highest loading in the
case of unmodified sepiolite and for the lowest loading in the case of
modified sepiolite. The increased melting temperature could be con-
nected to the more perfect or thicker lamella formed during the growth
of the spherulites.

The enthalpies of fusion (Table 1) determined from DSC thermo-
grams were used to calculate the degree of crystallinity. All of the na-
nocomposite samples had lower degree of crystallinity (Xc

DSC) than
PCL. The degree of crystallinity calculated from XRD the patterns
(Xc

XRD) showed the same tendency, although with more scattering of
the results. The degree of crystallinity of PCL phase (Xc(PCL)DSC),
showing the fraction of PCL matrix crystallized in the nanocomposites,
was lower in comparison to the one of PCL (48.4%) for all of the
samples. The nanocomposites with SEP showed the highest depletion of
Xc (36.8–43.2%), followed by the PCL-SEPHDA nanocomposites
(42.2–44.5%) and the nanocomposites of PCL-SEPSI series had negli-
gibly lower Xc (around 47%) compared to PCL. So far investigated
nanocomposites, with different sepiolites and various crystallizable
polyester matrices, exhibited increased [28,31], decreased [29,30,32]
or almost unaltered [17] degree of crystallinity in a reference to the
neat matrix. It may be assumed that in the case of sepiolites the dis-
persion was not as effective as in the case of other fillers leading to
decrease in the degree of crystallinity more often. The presence of filler
aggregates, besides having a nucleating effect [45], as revealed by

spherulite appearance in optical microscopy images, also hindered the
crystallization by making a barrier to the crystal front growth. Since the
highest amount of aggregates was present in nanocomposites with un-
modified SEP (as revealed by SEM and TEM) the decrease in degree of
crystallinity was the most prominent in this series. The samples with
PCL-SEPSI most likely had the smallest amount of aggregates having the
ability to interfere with the crystallization of the matrix.

The thermal stability was investigated by nonisothermal degrada-
tion experiments conducted in air. The obtained TG curves for each of
the three nanocomposites series are presented in Fig. 8 and compared to
the one recorded for PCL.

As expected the presence of sepiolite did not affect the mechanism
of degradation of the polymer matrix. A slight difference in the thermal
stability, as judged from the characteristic temperatures at which
samples lost specified mass, was observed for different nanocomposites
(Table 1). The temperatures at 2 wt% and 50 wt% mass loss for nano-
composites with unmodified sepiolites were lower compared to neat
PCL implying lower thermal stability of the polymer matrix in the
presence of sepiolite. With increase in the sepiolite content the thermal
stability of PCL-SEP in the beginning stages was slightly improved. The
nanocomposites with higher amount of modified sepiolites had slightly
better thermal stability in the initial stages of the degradation. How-
ever, in the latter stages of the degradation, increased stability was
observed only for nanocomposite PCL-SEPSI5. It is vary often found
that the thermal stability of different polymer matrices is increased in
the presence of clay fillers [32,46]. This is ascribed to the barrier effect
of finely dispersed clay toward escape of volatile products or to the
diffusion of oxygen, as well as to the char formation which has a role of
insulator. However, there are also reports on the reduced thermal sta-
bility in the presence of clay filler [17,23,47] as a consequence of its
action through heat accumulation, catalytic activity of released metallic

Fig. 5. TEM microphotographs of nanocomposites with 3 and 5 wt% of unmodified and modified sepiolites at different magnification (6000× and 40,000×).
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derivates, water or hydroxyl groups on its surface. In the case of or-
ganomodified sepiolites the effect on thermal degradation could be
positive through the improved dispersion accompanied with increased
tortuosity for the volatile products and oxygen and negative through
acceleration of the degradation by the catalytic effect of the organic
modifier degradation, especially in the case of amine modifiers. In the
present case it could be assumed that the thermal stability was im-
proved for the nanocomposites with organomodified sepiolites through
increase in the dispersion state. Also for the nanocomposites with SEP-
SI the possible decomposition accelerating effect [48] from hydroxyl
groups present in the bare SEP was minimized through modification

reaction of hydroxyl groups and silane. For the composites with SEP-
HDA the slightly lower thermal stability in the initial stages compared
to PCL-SEPSI might be a consequence of the catalytic action of more
thermo-labile modifier degradation products.

3.5. Dynamic mechanical analysis

The mechanical properties of nanocomposites and temperature
transitions were evaluated by dynamic mechanical analysis in tem-
perature sweeps with fixed frequency (1 Hz) and deformation within
linear viscoelastic range. The storage modulus, loss modulus and loss

Fig. 6. Frequency dependence of storage modulus, G′, and complex dynamic viscosity, η*, for PCL and three series of nanocomposites at 100 °C.

Fig. 7. Cole-Cole plots of complex viscosity components for PCL and its nanocomposites
with 5 wt% of different sepiolites at 100 °C.
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factor temperature dependences are presented in Figs. 9 and 10. The
PCL as well as all nanocomposites showed typical storage modulus
dependence for viscoelastic polymer which, with temperature increase,
went from glassy to rubbery state passing through glass transition re-
gion.

From the obtained curves, the values of storage modulus in the
glassy (−90 °C) and rubbery (30 °C) region were compared (Table 2).
An increase in the storage modulus was observed for the nanocompo-
sites compared to the neat matrix due to the reinforcement effect of the
present rigid filler. The degrees of crystallinity calculated from DSC and
XRD data (Table 1) were lower for the nanocomposites in comparison
to neat matrix, which showed that the observed reinforcement could be
ascribed exclusively to the presence of sepiolites. The increase in the
storage modulus for the highest amount of unmodified sepiolite was

found to be 10%, for silane grafted sepiolite 32% and for HDA modified
sepiolite 50%. The increase was more intense in the rubbery than in
glassy region, which is a common behavior of filled polymer systems.
The filler rigidity does not change with the change in the temperature,
and its full contribution as reinforcing agent is most prominent in the
rubbery plateau, when the mobility of the polymer matrix is increased
above glass transition temperature. Form the values of storage modulus
in the glassy (G′g) and rubbery (G′r) state, the coefficient of reinforce-
ment was calculated for all the composites (COMP) by using the fol-
lowing equation [49,50]:

= ′ ′ ′ ′C G G G G( / ) /( / )g r g rCOMP PCL (1)

The smaller values of C mean higher effectiveness of the filler. The
lowest values of C were obtained for nanocomposites with HDA

Table 1
Thermal properties, degree of crystallinity and TG mass loss temperatures.

Sample Tm, °C ΔHm, J/g Xc
DSC,% wPCL, wt.% Xc(PCL)DSC,% Xc

XRD,% T2%, oC T50%, oC

PCL 65.3 65.8 48.4 100.0 48.4 55.8 286 415
PCL-SEP1 65.8 55.3 40.6 98.8 41.1 53.7 264 395
PCL- SEP3 66.4 48.4 35.5 96.5 36.8 51.0 282 398
PCL- SEP5 68.1 55.3 40.6 94.2 43.2 47.8 275 408
PCL-SEPSI1 67.6 63.6 46.7 98.5 47.4 46.7 285 398
PCL-SEPSI3 67.4 61.3 45.0 95.6 47.1 59.6 300 411
PCL-SEPSI5 66.6 59.3 43.6 92.7 47.0 52.5 287 416
PCL-SEPHDA1 67.7 59.9 44.0 98.8 44.5 57.8 276 407
PCL-SEPHDA3 67.5 55.3 40.6 96.3 42.2 48.8 296 403
PCL-SEPHDA5 65.8 55.4 40.7 93.9 43.3 53.0 297 405

Fig. 8. TG curves obtained in air atmosphere for PCL and its nanocomposites.
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modified sepiolites which also followed a decreasing trend with in-
crease in the filler content. The reinforcement achieved by using a
nanofiller depends on the level of dispersion, the size and aspect ratio of
the nanofiller and interfacial interaction established with the matrix. As
judged from the melt rheology of nanocomposites the best dispersion of
sepiolite was achieved for silane grafted sepiolite. The reinforcement
attained by silane grafted sepiolite was much higher compared to
moderate reinforcement obtained by unmodified sepiolite, which was
due to the better dispersion state. However, the best performance was
achieved by SEP-HDA. This high reinforcement of the HDA modified
sepiolite was not only consequence of the dispersion state, but also of
the better interaction between the filler and the matrix.

For all of the tested nanocomposites the loss modulus (Fig. 9) and
tan δ (Fig. 10) temperature dependences were found to be similar. In
the curves of loss modulus temperature dependence the most prominent
difference between the three nanocomposite series was observed at
temperatures near the melting of PCL. In this temperature region, a
small peak, not so pronounced for PCL, became more distinct for the
nanocomposites, especially for the PCL-SEPHDA series. The origin of
this peak was probably from the relaxations in the PCL crystallites near
the melting temperature and could indicate a collapse in the interaction
between PCL and sepiolites [51].

The glass transition temperature was determined as the maximum in
the tan δ curve. The Tg values of all samples were lower compared to
PCL. This indicated the absence of formation of rigid amorphous phase
with reduced mobility of polymer segments, which is often noticed for
nanocomposites. Stronger interaction between PCL and sepiolite would
produce a constrainment onto the certain fraction of the polymer chains
with an opposite shift in tan δ peak, usually accompanied with decrease

in the height and area under this peak. In Table 2. the values of the
height and area of tan δ peak, (tan δ)max and (tan δ)area, respectively are
listed. It was observed that only in the SEPHDA series a small, yet
continuous decrease in these values existed. This behavior indicated the
better interaction between the SEP-HDA modified sepiolite and PCL in
comparison to other sepiolites.

4. Conclusion

Nanocomposites of PCL and needle-like sepiolites were prepared
under mild conditions through solvent casting. The organomodification
of sepiolites was performed by grafting with short (3-mercaptopropyl)
trimethoxysilane and by ionic exchange with long hexadecylamine in
order to promote its dispersion in the hydrophobic PCL matrix. The
state of dispersion as well as overall performance of the nanocomposites
were found to be different for those with unmodified and organomo-
dified sepiolites. The morphological characterization revealed a better
dispersion of organomodified sepiolites. Also, the melt rheology data
showed increased rheological parameters for nanocomposites with
modified sepiolites and indicated that the best dispersion was achieved
for silane treated sepiolite. In presence of sepiolites the melting tem-
peratures of PCL matrix were increased while the degree of crystallinity
was lower. It was found that the presence of native sepiolite reduced the
thermal stability of PCL. The deterioration of the thermal stability was
retarded for the organomodified sepiolites, as a consequence of better
dispersion which provided a higher tortuosity for the volatile products.
The mechanical performance of the nanocomposites was improved as
the results from the dynamic mechanical analysis showed. The highest
reinforcement was achieved for the sepiolites modified with

Fig. 9. Storage and loss modulus temperature dependences of nanocomposites at 1 Hz.
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hexadecylamine with long alkyl chain, which could be ascribed to the
favorable interactions which could be established with the polyester
matrix having a repeating unit with long aliphatic part.

The results presented in this study showed that the organomodifi-
cation of sepiolites promoted the dispersion of nanofiller in the PCL
matrix and could be used and further developed for preparation of
improved biodegradable materials.
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