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Abstract
Bionanocomposites based on polycaprolactone and halloysite clay nanotubes were prepared by melt blending procedure. The 
nanofiller content was systematically varied in a wide range (from 5 to 60 mass%). We studied the effect of halloysite Addition 
on the thermal properties of polycaprolactone by thermogravimetric analysis and differential scanning calorimetry. Both 
techniques evidenced that the thermal characteristics of the nanocomposites depend on the biopolymer/halloysite composition. 
We observed that the polymer degradation temperature is not affected by halloysite for concentrations up to 15 mass%, while 
a further addition of the clay nanotubes generated a decrease of the thermal stability of polycaprolactone. Similar results 
were detected for the polymer melting enthalpy in agreement with a reduction of the polycaprolactone crystallinity. On the 
other hand, the melting temperature of the polymer was not influenced by halloysite for all the investigated compositions. 
We studied the viscoelastic properties of the nanocomposites at variable temperatures by dynamic mechanical analysis. 
These experiments revealed that the presence of the nanotubes can preserve the elastic component of the polymer within 
a larger temperature range compared to native polycaprolactone. According to this observation, we can conclude that the 
addition of halloysite nanotubes to the synthetic and biodegradable polycaprolactone matrix is promising for obtaining 
bionanocomposite materials suitable for technological applications, such as absorption of pollutants for remediation and 
conservation of cultural heritage.
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Introduction

In recent decades, biodegradable polymers have attracted 
growing interest for the design of novel eco-friendly com-
posites to face urgent environmental issues [1, 2]. Polycap-
rolactone (PCL) is one of the most promising green and fully 
biodegradable polymers, although it is not produced from 
renewable raw materials, but derived from the distillation 
products of crude oil [3]. It is a thermoplastic and semicrys-
talline polymer belonging to the aliphatic polyester family, 
whose monomeric unit is ε-caprolactone (C6H10O2). PCL 
has a l melting point range of 58–64 °C depending on the 

degree of crystallization and molecular mass, while the glass 
transition temperature is ca. − 60 °C. The unique properties 
of the polymer have made it a popular material for several 
applications, such as tissue engineering, drug delivery and 
food packaging [4]. Nevertheless, it should be evidenced 
that the use of PCL is limited by its low thermal stability and 
poor mechanical strength [5]. Recent studies have reported 
that the combination of PCL with different types of fillers 
may improve its physicochemical properties conferring func-
tional properties to the composite material [6].

Halloysite nanotubes (HNTs) have been recently inves-
tigated for the preparation of PCL-based composite with 
appealing performances [4, 7]. Halloysite is a type of nat-
urally occurring clay mineral with a chemical composi-
tion similar to the most common kaolinite, except for the 
presence of the water molecules (typically two) hosted 
between the adjacent alumina and silica layers [8]. Due to 
the rolling of aluminosilicate sheets, halloysite nanotubes 
possess a unique spiral-like morphology [9]. Halloysite 
nanotubes are composed by ca. 15 aluminosilicate layers. 
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The external surface is composed of siloxane (Si–O–Si) 
groups, while the inner one consists of a gibbsite-like 
array of aluminol (Al–OH) groups. The different surface 
chemistry was exploited for the selective functionalization 
of halloysite by ionic molecules (surfactants, polymers, 
proteins) driving to obtain functional nanomaterials suit-
able for several purposes, including pharmaceutics [10, 
11], cosmetics [12] and catalysis [13]. Generally, hal-
loysite possesses a length in the range of 0.2–1.5 µm, 
while the inner and outer diameters of the tubes are 10–30 
and 40–70 nm, respectively. It should be noted that the 
sizes and the polydispersity of halloysite depend on the 
extraction site and purification processes [14, 15].

Due to their morphology and surface characteristics, 
halloysite nanotubes were successfully employed as 
catalytic supports [16–18] and reinforcement nanofillers 
for polymeric matrix [19–23]. Remarkably, halloysite is a 
biocompatible and non-toxic nanomaterial as evidenced 
by both in vitro and in vivo tests [24–26]. On this basis, 
HNTs can be used for biomedical applications, such as 
tissue engineering [27, 28] and controlled delivery of 
active molecules [29–33].

Literature reports that the addition of HNTs may confer 
enhanced mechanical properties, thermal stability and anti-
flammability characteristics to polymer matrices likely 
polyethylene, polypropylene, nylons, epoxy resin and 
rubbers with appealing perspective in several applications 
[7]. As reported in recent literature [34, 35], the HNTs-
mediated modification of PCLs affects the properties of the 
bionanocomposites.

The combination of halloysite and PCL was explored to 
obtain composite materials for decontamination purposes, 
such as the removal of pollutants from soil and water 
[36, 37]. On the other hand, the efficiency of PCL/HNTs 
composites for the absorption of pollutants in gas phase was 
not completely investigated [38].

Here, we investigated PCL/HNTs composites prepared 
by melt blending. The halloysite content was changed up 
to 60 mass%, which represents the largest HNTs content 
to obtain homogeneous materials. Then, we studied the 
influence of halloysite on the thermal and mechanical 
properties of PCL by using several thermal analysis 
methods, including thermogravimetry, differential scanning 
calorimetry and dynamic mechanical analysis. These 
techniques are suitable to investigate inorganic [39–41] and 
organic [42, 43] materials as well as composites [44–47]. 
Additionally, we examined the influence of HNTs on the 
PCL crystallization behavior by both differential scanning 
calorimetry and XRD spectroscopy. Within cultural heritage 
applications, this study represents a starting step to develop 
green composite materials with thermomechanical properties 
suitable as sorbents of gaseous pollutants allowing the 
preservation of artworks.

Experimental

Materials

Halloysite nanotubes (HNTs) are from I-Minerals Inc (USA, 
Idaho, USA). Polycaprolactone (PCL, average molecular 
mass of ca. 14,000  g  mol−1, melting point: about 60°, 
density: 1.146 g mL–1 at 25 °C) is a Sigma-Aldrich product 
(St. Louis, MO, USA), in the form of flakes. Both products 
were used without any purification.

Preparation of PCL/HNTs nanocomposites

PCL/HNTs composites were prepared by melt blending 
procedure. To this purpose, different concentrations of 
HNT powder were physically mixed with PCL in molten 
state (Table 1) within a ceramic mortar. The blends were 
heated repeatedly inside the stove (at a temperature of ca. 
80 °C for 1 h) to melt the polymer and manually stirred for 
15 min until the nanotubes were fully dispersed within the 
PCL matrix.

Finally, the hybrid materials were stored in a desiccator 
at 25 °C. These materials last at least for 12 months. We 
prepared nanocomposites at variable composition with 
HNTs content ranging from 5 to 60 mass%. Table 1 reports 
the amounts of both components (PCL and HNTs) mixed for 
the preparation of the nanocomposites.

Figure 1 shows scanning electron microscopy (SEM) 
images of pristine PCL and PCL filled with 60 mass% 
HNTs. We observed that the presence of halloysite induces 
an increase of the surface roughness proving the HNTs 
embedding within the polymer matrix.

Methods

Thermogravimetric analyses (TGA) were carried out by 
using Q5000 IR instrument (TA Instruments, Milan, Italy) 
under nitrogen flows of 25 and 10 cm3 min−1 for the sam-
ple and the balance, respectively. The samples (ca. 5 mg) 
were heated from 20 to 800 °C using a scanning rate of 
20 °C min−1. The temperature calibration was carried out by 

Table 1   Amounts of PCL and HNTs used for the preparation of the 
composites

Sample Mass PCL/g Mass HNTs/g

PCL 5.00 0
PCL/HNTs 5 mass% 5.00 0.26
PCL/HNTs 15 mass% 5.00 0.88
PCL/HNTs 35 mass% 5.00 2.69
PCL/HNTs 50 mass% 5.00 5.00
PCL/HNTs 60 mass% 5.00 7.5
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means of the Curie temperatures of standards (nickel, cobalt 
and their alloys) [48].

Micro differential scanning calorimetry (μ-DSC) was 
conducted by micro-DSC III 106 (Setaram, Lyon, France) 
under nitrogen atmosphere. Samples of ca. 5 mg were heated 
from 25 to 80 °C using scanning rate of 1 °C min−1.

The analysis of the μ-DSC peak allowed us to determine 
the temperature (Tm) and the enthalpy (ΔHm) of PCL 
melting process. Specifically, Tm was estimated from the 
temperature at the minimum of the peak. On the other hand, 
ΔHm was calculated by integrating the area under the μ 
-DSC peak.

Differential scanning calorimetry (DSC) experiments 
were conducted to investigate the influence of HNTs on the 
kinetics of PCL crystallization process. DSC measurements 
were performed by using DSC 250 instrument (TA 
Instruments, Milan, Italy) under nitrogen atmosphere. 
Samples of ca. 5 mg were heated at 90 °C and kept for 5 min 
to eliminate any previous thermal history; then, the samples 
were cooled down to 0 °C using different scanning rates 5, 
10, 15, 20 and 25 °C min−1).

X-ray diffraction (XRD) analyses were also employed to 
determine the crystallinity degree of PCL/HNT composites, 
using a Rigaku (MiniFlex, Tokyo, Japan) diffractometer with 
monochromatic Cu Kα radiation source, including a nickel 
filter. The patterns were recorded in the range 2–70° with a 
rate of 20° min−1 and a step of 0.02°. The voltage was 40 kV, 
and the current was 15 mA. The samples were prepared by 
melting the composites and forming tablets of appropriate 
size to fit the instrument’s sample stage.

Dynamic mechanical analysis (DMA) was performed by 
DMA Q800 (TA Instruments, Milan, Italy). The experiments 
were conducted in the oscillatory regime by using a shear 
sandwich clamp on samples with a surface of 1 cm2 and a 
thickness comprised between 0.4 and 1.4 mm. We studied 
the effect of the temperature on the storage and loss moduli 
of PCL-based materials by heating up the samples from 30 
to 80 °C with a scanning rate of 2 °C min−1. As reported 
elsewhere for polymer/HNTs composites [45], the oscillation 

frequency and the applied strain were set at 1 Hz and 0.5%, 
respectively.

Scanning electron microscopy (SEM) analyses were 
performed by a Desktop SEM Phenom PRO X PHENOM 
microscope using a magnification range of 160 × to 
350.000 × and a voltage range between 4.8 and 20.5 kV. 
Each sample was preliminarily coated with a 3 nm thick 
layer of gold to prevent charging effects under the electron 
beam.

Results and discussion

Thermal stability of PCL/HNTs nanocomposites

The effect of HNTs addition on the PCL thermal stability 
was investigated by thermogravimetric measurements. Fig-
ure 2 shows the thermogravimetric (TG) and differential 
thermogravimetric (DTG) curves of native PCL and PCL/
HNTs composites at variable composition. The thermogravi-
metric curve for the nanocomposite with the largest HNTs 
content (60 mass%) is presented in Supporting Information.

As shown in Fig. 2, we detected an increase of the residual 
matter at the highest investigated temperature (800 °C) 
after the addition of halloysite within the PCL matrix. This 
effect is related to the inorganic nature of halloysite, which 
is thermally more resistant at high temperatures respect to 
PCL that is completely degraded at 600 °C.

In Table 2, the MR800 values for all samples are reported. 
Clearly, we estimated that MR800 is proportional to the HNT 
content of the composites.

TG curves of native HNTs (see Supporting Information) 
showed two main stages of mass loss. The initial mass loss 
up to ca. 150 °C is due to the release of water molecules 
physically adsorbed onto the HNTs, while the mass loss 
occurring at higher temperature (in the range between ca. 
400 and 600 °C) is related to interlayer water molecules 
typical of the halloysite clay structure [11, 49]. As con-
cerns pristine PCL and PCL/HNTs nanocomposites, the 

Fig. 1   SEM images of PCL and 
PCL/HNTs nanocomposite with 
halloysite content of 60 mass%
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thermogravimetric curves showed the main mass loss in 
the range between ca. 200 and 420 °C due to the thermal 
decomposition of the polymer. Accordingly, we estimated 
the PCL thermal stability by the analysis of the thermo-
gravimetric data within the mentioned degradation inter-
val. Specifically, we calculated the PCL degradation tem-
perature from the minima of the DTG peaks. The obtained 
results (Table 3) evidenced that the effect of HNTs on 
the polymer degradation temperature depends on the hal-
loysite concentration.

In particular, we detected that the thermal stability of the 
polymer is not significantly affected for HNTs ≤ 15 mass%, 
while further addition of halloysite induced a relevant 
decrease of the PCL degradation temperature. According 
to the literature [21], the reduction of the polymer thermal 
stability could be attributed to the formation of HNT 
clusters within the polymeric matrix promoting the phase 
separation in the nanocomposite materials. Namely, we can 
hypothesize that the percolation threshold for the HNTs 
aggregation was achieved and the specific interactions 
between the nanotubes are predominant compared to 
the polymer/halloysite interactions. It should be noted 
that the DTG curves of the nanocomposites exhibited a 
broad peak centered at ca. 500 °C due to the removal of 
the interlayer water molecules of halloysite. The thermal 
stability of PCL/HNTs nanocomposites was evaluated also 
by the determination of the temperatures at 5 and 50% mass 
losses (TML5% and TML5%) from the quantitative analysis of 
TG curves. The obtained results are reported in Table 3. 
According to the previous considerations, both TML5% and 
TML50% are significantly decreased for HNTs > 15%. It 
should be noted that TML50% is much higher for the sample 
with HNTs = 60% because the percentage of inorganic filler 
is predominant to the organic polymer.

Effect of halloysite addition on PCL melting

DSC experiments were carried out on PCL/HNTs nano-
composites to investigate the effect of halloysite addition 
on the polymer melting process. Figure 3 shows the μ-DSC 
curves for native PCL and nanocomposites with variable 
HNTs contents (15 and 50 mass%), while Supporting Infor-
mation shows the μ-DSC curve for the nanocomposite with 
the largest HNTs concentration (60 mass%). As a general 
observation, we detected an endothermic signal that reflects 
the melting of the polymer.

The analysis of the DSC peak allowed us to determine 
the temperature (Tm) and the enthalpy (ΔHm) of PCL 
melting process. Specifically, Tm was estimated from the 
temperature at the minimum, while ΔHm was calculated 
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Fig. 2   Thermogravimetric (top) and differential thermogravimetric 
(bottom) curves of native PCL and PCL/HNTs nanocomposites with 
halloysite contents of 15 and 50 mass%

Table 2   Residual mass at 800  °C for PCL, HNTs and PCL/HNTs 
nanocomposites with variable composition

Sample MR800/
mass%

PCL 0
PCL/HNTs 5 mass% 4.01
PCL/HNTs 15 mass% 12.22
PCL/HNTs 35 mass% 29.85
PCL/HNTs 50 mass% 42.75
PCL/HNTs 60 mass% 50.83
HNTs 84.15

Table 3   PCL degradation temperatures obtained from the minima of 
the DTG peaks in the range 200–420  °C and temperatures at 5 and 
50% mass losses

Halloysite 
content/mass%

PCL degradation 
temperature/°C

TML5% /°C TML50% /°C

0 416 289 405
5 412 291 399
15 417 303 404
35 397 284 394
50 341 274 482
60 300 272 757
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from the integration of peak. Table 2 collects Tm and ΔHm 
values for native PCL and PCL/HNTs nanocomposites. 
These parameters for native PCL and PCL/HNTs 
nanocomposites are reported in Table 4. It should be noted 
that the enthalpy data are expressed as Joule per gram of 
PCL.

We observed that the PCL melting temperature is 
slightly affected by halloysite addition within the whole 
investigated concentrations. Compared to native PCL, 
the nanocomposites exhibited larger melting enthalpy for 
HNTs ≤ 15 mass%, while a further addition of halloysite 
caused a ΔHm reduction. These results could be inter-
preted by considering the effect of halloysite on the PCL 
crystallinity (χPCL), which was calculated as

where ∆Hm
* (135 J g−1) is the melting enthalpy of totally 

crystalline PCL [50].

(1)cPCL = 100
(

ΔHm∕ΔH
∗
m

)

Figure 4 shows the dependence of PCL crystallinity on 
the halloysite concentration of the nanocomposites.

The peculiar effect of halloysite on the PCL crystal-
linity is strongly affected by the nanofiller concentration 
of the nanocomposites. We detected that HNTs cause 
an increase of the PCL crystalline degree within a low 
filler regime indicating that the clay nanotubes can act 
as nucleating sites within the polymeric matrix enhanc-
ing the crystallization kinetics [51]. Similar results were 
observed for polylactide filled with layered silicates [52]. 
In contrast, the nanocomposites with a larger HNTs con-
tent (≥ 35 mass%) evidenced a decrease of the PCL crys-
tallinity that could be attributed to the reduction of the 
mobility of the polymeric chains [51]. It should be noted 
that literature evidenced that the peculiar effect of hal-
loysite on the PCL crystallinity depends on the specific 
composition of the nanocomposites as well as their prepa-
ration protocol [7, 51]. Contrary to our study, literature 
reports thermal investigations of PCL/HNTs nanocom-
posites within a low nanofiller regime. As example, Lee 
et. al. [7] explored the thermal characteristics of nano-
composites with HNTs content up to 10 mass% highlight-
ing that the addition of halloysite induces a reduction of 
PCL crystallinity, influence of halloysite.

Effect of halloysite addition on PCL crystallization

DSC experiments under cooling ramps at different scan-
ning rates were performed on native PCL and PCL-based 
nanocomposites with the smallest (5 mass%) and the largest 
(60 mass%) halloysite concentrations. As shown in Fig. 5, 
the PCL crystallization is evidenced by exothermic peaks, 
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Fig. 3   μ -DSC curves (determined by heating ramp at 1 °C min−1) of 
native PCL and PCL/HNTs nanocomposites with halloysite concen-
trations of 15 and 50 mass%

Table 4   Temperature and enthalpy of PCL melting for nanocompos-
ites with variable halloysite content

Halloysite content/
mass%

Melting temperature/°C Melting 
enthalpy/J 
gPCL

−1

0 57.3 68.0
5 57.4 72.0
15 57.1 75.4
35 55.4 69.3
50 55.3 64.4
60 55.0 55.9
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Fig. 4   Dependence of PCL crystallinity on the halloysite content of 
the nanocomposites
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which are shifted to lower temperatures by increasing the 
cooling rate.

As reported for PLA/HNTs nanocomposites [53], the 
analysis of DSC curves allowed us to estimate the crystal-
lization half-time (t1/2), which is the time to achieve 50% 
relative polymer crystallinity, according to Eq. 2

where T0 is the temperature at which the cooling process 
begins, and T is the temperature at the maximum peak of 
the process. β corresponds to the scanning rate used for the 
analysis. We calculated t1/2 values of ca. 51, 45 and 58 s 
for PCL, PCL/HNT 5 mass% and PCL/HNT 60 mass%, 
respectively. These results indicated that the addition of 
small amounts of HNTs enhances the PCL crystallization 
kinetics, while an opposite effect was observed for the 
nanocomposite with the largest halloysite content. These 
observations agree with Fig.  4, which shows that the 
nanotubes act as nucleating agents for HNTs ≤ 15 mass%, 
while a further addition of halloysite generates a significant 
reduction of the polymer crystallinity. A similar correlation 
between polymer crystallinity and crystallization half-time 
is reported for PLA/HNTs nanocomposites [53].

Furthermore, the analysis of DSC curves at different 
cooling rates (Fig.  5) allowed us to determine the 
crystallization activation energy (Ea) by using the Kissinger 
method, which can be expressed as

where Tp corresponds to the temperature at crystallization 
peak, while R is the gas constant.

According to Eq. 3, ln(β/T2
p) vs 1/Tp (Kissinger plots) 

should be described by linear functions with a slope 
dependent on the activation energy of the crystallization 
process. Our experimental data (Fig. 6) were successfully 
fitted by Eq. 3 providing Ea values of − 198, − 201 and 
− 190 kJ mol−1 for PCL, PCL/HNTs 5 mass% and PCL/
HNTs 60 mass%, respectively. Based on these results, we 
can state that the addition of small amounts of halloysite 
induced an enhancement of PCL crystallization kinetics. 
Namely, the nanotubes favored the heterogeneous nuclea-
tion of the polymer. This finding agrees with increase of 
PCL crystallinity determined by the analysis of melting 
process (Fig. 4) as well as with the t1/2 reduction. On the 
other hand, PCL/HNTs nanocomposites with a large hal-
loysite amount (60 mass%) exhibited the highest Ea value, 
which means that the polymer crystallization process was 
slowed down compared with pristine PCL. The reduction 
of the PCL crystallization kinetics could be attributed to the 
restriction of the PCL chains mobility generating a decrease 
of the polymer crystallinity (Fig. 4). Similar results were 
detected for PCL filled with bioactive glass powders [54] 
and PLA nanofibrils [55].

The effect of HNT content on the crystallization of PCL was 
further investigated by X-ray diffraction. The X-ray patterns of 
pure PCL and HNTs and composites with halloysite concentra-
tions of 5 and 60 mass% are shown in Fig. 7.
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PCL showed two sharp peaks at 2θ = 21.9° and 24.2° 
which are related to (1 1 0) and (2 0 0) diffraction planes, 
respectively [56]. Moreover, there was a relatively weak 
peak positioned at 2θ = 16°. These peaks are characteristic 
of PCL polymer and indicate its semicrystalline nature [56]. 
Three typical XRD peaks for HNT appeared at 2θ = 11.9°, 
19.40° and 24° according to the reflection planes (001), 
(020) and (002) [15]. The presence of (002) reflection peak 
at 2θ = 24° and the absence of a peak at 2θ = 8.76° indicate 
the dehydrated state of HNTs [57]. The diffractogram of 
the sample with 5% HNT revealed a profile similar to that 

of the neat PCL. Only a few HNT peaks were distinguish-
able due to the low proportion of HNT in the matrix. At 
high filler content (60 mass%), peaks of HNT could be read-
ily observed. The XRD diffractograms showed that as the 
HNT concentration increased, the intensity of the PCL peaks 
decreased, while the intensity of the HNT peaks increased. 
No significant shifts of the position of the diffraction peak 
related to (110) and (200) planes in PCL were observed in 
the XRD patterns when HNT was incorporated into the poly-
mer matrix. Consequently, the interplanar spacing of both 
planes almost remained unchanged with HNTs contents of 
5 and 60 mass%, according to the Bragg law. It should be 
noted that, with the addition of the HNTs, the peaks of PCL 
and HNT overlapped in the XRD diffractograms, making it 
not possible to determine quantitatively the degree of crys-
tallinity of the polymer.

Viscoelastic properties of PCL/HNTs nanocomposites

Viscoelastic properties of PCL/HNTs composites at vari-
able temperatures were studied by DMA experiments per-
formed during a heating ramp. As examples, Fig. 8 shows 
the dependence of tan (δ) on the temperature for native PCL 
and PCL/HNTs nanocomposites with halloysite contents of 
15 and 35 mass%. It should be noted that tan (δ) represents 
the ratio between the loss (G’’) and the storage (G’) moduli. 
DMA data for the nanocomposite with the largest HNTs 
amount (60 mass%) are reported in Supporting Information.

As shown in Table 5, the addition of halloysite gener-
ated a decrease of tan (δ) at 30 °C highlighting that the 
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nanocomposites possess an improved stored energy capac-
ity with respect to native PCL.

Regarding the viscoelastic response to temperature vari-
ations, we observed a sharp tan (δ) increase in the interval 
between ca. 50 and 70 °C for all the investigated materials. This 
change reflects an enhancement of the viscous component of the 
PCL-based materials. Interestingly, we observed that the effect 
of HNTs on the tan (δ) versus temperature trend is dependent 
on the specific halloysite concentration of the PCL-based nano-
composites. For HNTs ≤ 15 mass%, the tan (δ) enhancement is 
shifted to lower temperatures compared to native PCL, while 
an opposite effect was observed for larger halloysite concen-
trations. The latter indicates that the elastic properties are pre-
served at higher temperatures for PCL-based nanocomposites 
with high filler contents. Namely, the addition of large amounts 
of HNTs preserves the energy storage capacity of PCL over a 
wide temperature range. This finding cannot be ascribed to the 
effects of HNTs on the PCL melting temperature in agreement 
with DSC results (Table 4). We can hypothesize that the clay 
nanotubes can create an inorganic skeleton within the poly-
meric matrix preserving the mechanical behavior of a solid-
like material in a larger temperature range. This hypothesis was 
confirmed by macroscopic experiments (Fig. 9), which showed 
that native PCL kept at 60 °C (above the melting temperature) 

for 600 s loses completely its shape, while the composite with 
HNTs = 50 mass% did not evidence the collapse of its structure. 
Similar findings were detected for beeswax filled with halloysite 
clay nanotubes [45].

Conclusions

We successfully prepared nanocomposites based on poly-
caprolactone (PCL) and halloysite clay nanotubes (HNTs) 
by using the melt blending procedures. The obtained mate-
rials were characterized by thermal analysis techniques 
(thermogravimetry, differential scanning calorimetry and 
dynamic mechanical analysis) to investigate the effect of 
the HNTs concentration on the thermal properties and 
viscoelastic behavior of PCL. Within a low filler regime 
(HNTs ≤ 15 mass%), we observed that the degradation tem-
perature is not altered by the halloysite addition. In contrast, 
the PCL thermal stability was significantly decreases for hal-
loysite contents ≥ 35 mass%, which could be considered as 
the percolation threshold for the HNTs aggregation. Interest-
ingly, differential scanning calorimetry evidenced that hal-
loysite nanotubes (≤ 15 mass%) can act as nucleating sites 
for the PCL crystallization, while a reduction of the polymer 
crystallinity was detected for nanocomposites containing larger 
HNTs amounts. According to these TGA and DSC results, we 
observed that the viscoelastic properties of PCL/HNTs nano-
composites are strongly dependent by their composition. We 
observed that large amounts of HNTs preserve the energy stor-
age capacity of PCL over a wide temperature range compared to 
native polymers. This finding can be attributed to the formation 
of an inorganic skeleton based on HNTs within the polymeric 
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Fig. 8   Tan (δ) as a function of the temperature for PCL/HNTs at vari-
able halloysite concentration

Table 5   Tan (δ) at 25 °C for 
PCL-based nanocomposites 
with variable HNTs contents

Halloysite 
content/
mass%

tan(δ) at 30 °C

0 0.276
5 0.067
15 0.081
35 0.092
50 0.011
60 0.013

HNTs = 0 mass% HNTs = 50 mass%

0 s

T = 60 °C

600 s

Fig. 9   Photos of cylinders (diameter of ca. 0.5 cm) based on PCL and 
PCL/HNTs composite with filler content of 50 mass%. The samples 
were kept at 60 °C for 600 s. The brownish color of PCL filled with 
HNTs is due to the presence of iron impurities in the halloysite sam-
ple
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matrix that can extend the mechanical behavior of a solid-like 
material in a wider temperature range. In conclusion, we can 
state that PCL filled with a very large HNTs content (> 15%) 
might be promising as absorbent materials with thermomechani-
cal resistance useful for applications within cultural heritage.
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