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Abstract

In this work, biodegradable nanocomposites based on polycaprolactone (PCL) reinforced with 2.5, 5.0 and 7.5 wt.% of
two different clays, a commercial organo-clay (Cloisite 20A, C20A) and a laboratory modified bentonite with
tributylhexadecyl phosphonium bromide (bTBHP), were prepared by melt intercalation followed by compression
molding. The study contemplates the analysis of chemical (Infrared Spectrometry, FTIR), morphological (X-Ray
Diffractometry, XRD, Scanning Electron Microscopy, SEM, and Transmission Electron Microscopy, TEM), rheological,
thermal (Differential Scanning Calorimetry, DSC, and Thermogravimetrical Analysis, TGA) and mechanical properties
(tensile tests), which are important properties for packaging applications.

In previous works, we concluded that higher clay dispersion degree inside the PCL matrix is expected when clays with
large interlayer distance, strong hydrophobicity and strong processing stability are used. In the present work the opposite
result was obtained. Although the phosphonium treated clay (bTBHP) showed the largest interlayer distance (doo1),
strongest hydrophobicity and the best processing stability, the clay dispersion degree inside PCL was worse than in the
case of the alkylammonium treated clay (C20A). PCL/bTBHP nanocomposites showed weaker mechanical properties in
comparison with PCL/C20A ones, which is in accordance with the morphological analysis. On the other hand, the
thermal properties of the matrix were not substantially affected by clay incorporation in both nanocomposites. Copyright
© 2018 VBRI Press.
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A key factor in the preparation of nanocomposites
is to compatibilize the matrix and the filler, which will
affect the nanostructure of the resulting material. In
order to achieve the best properties it is necessary to
obtain a totally exfoliated structure, in which the
individual clay platelets are completely and uniformly
dispersed in the polymeric matrix. However, instead of
fully exfoliated structures, intercalated structures
(where the polymer chains are inserted between the

Introduction

The development of environmental friendly,
biodegradable, polymeric materials has attracted
extensive interest in the last decades due to the
pollution caused by the waste accumulation at the end
of the life cycle of traditional polymer products [1-4].
Polycaprolactone (PCL) is a chemically synthesized
aliphatic polyester which does not occur in nature but it

is fully biodegradable [5-6]. It has low glass transition
(-60 °C) and melting (60 °C) temperatures [7]. It can be
processed by conventional techniques such as
extrusion, injection molding, blow molding,
thermoforming and calendering. Although PCL has
been broadly used as matrix for the design of
biodegradable nanocomposites for medical and
packaging applications, in certain cases it is not
competitive enough compared with conventional
thermoplastics because some of its properties are
limited [8]. The performance of this polymer can be
greatly enhanced by the addition of a small amount
(typically less than 10 wt.%) of nanometer-size
inorganic fillers, such as layered silicates, producing
nanocomposites [1, 3, 5, 9-16].

Copyright © 2018 VBRI Press

platelets, increasing the interlayer distance, but without
separating them completely) or a mixture of both, are
generally achieved [17]. Hence, the characterization of
the clay morphology (dispersion and distribution) inside
the polymer matrix is crucial to understand these
materials.

Smectite clays have increasingly attracted research
interests for the preparation of polymer/clay
nanocomposites in the past decade. Two important
clays, due to environmental and economic relevance
and mechanical and chemical resistance, are bentonite
(bent) and montmorillonite (MMT). These smectite
clays of about 1 nm in thickness are the clays of choice
for polymer nanocomposite production [18]. As it was
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previously mentioned, the efficiency of the clays to
enhance the properties of the polymer matrix, depends
on the degree of the dispersion of the platelets. Because
most polymers are organophilic, the hydrophilic nature
of clays hinders the exfoliation of the silicate layers.
However, due to the rich intercalation and ion-exchange
chemistry of bent and MMT, they can be organically
modified in order to achieve a better compatibility with
the matrix. The interlayer ions can be easily exchanged
by organic ions, mainly ammonium or phosphonium
cations having aliphatic or aromatic short or long alkyl
chains, in order to produce an increment in the
interlayer spacing (dooz) and reduce the hydrophilicity
of the clay [19-22]. The resulting organo-modified
clays have less surface energy and they are more
compatible  with  hydrophobic  polymers, which
promotes interactions that facilitate the insertion of the
polymer chains inside the clay galleries under defined
processing conditions [19, 23].

A number of research articles have been reported
in the literature concerning the preparation and
properties of PCL/clay nanocomposites using different
commercially available organo-modified clay minerals.
Chen et al. [2] have prepared intercalated PCL/clay
nanocomposites with organo-modified montmorillonite
up to 30 wt.%. They also prepared microcomposites
with 58.5 wt % of natural montmorillonite and suggests
that it is not the largest clay loading that PCL with a
molecular weight of 80,000 can sustain. Janigova et al.
[24] have prepared PCL/clay nanocomposites by melt
blending. Natural montmorillonite (MMT) and two
montmorillonite clays modified with dimethyl, benzyl,
hydrogenated tallow, quaternary ammonium (2MBHT)
and dimethyl, dehydrogenated tallow, quaternary
ammonium (2M2HT) were used as fillers. It must be
mentioned that the supplier of these clays (Southern
clay products) recommends an initial screening for the
selection of their Cloisite® products relative to the
hydrophobicity/hydrophilicity hydrophobic/hydrophilic
nature of the system. The authors of this work
demonstrated by TEM and XRD lower dispersion
degree for PCL/Cloisite® 15A nanocomposites and
almost the same Young’s modulus than PCL/Cloisite
10A® nanocomposites. They did not analyze the effect
of the PCL/clay hydrophobicity/hydrophilicity nature
and the initial clay interlayer distance on these results
but it can be observed on the web page of the supplier
that Cloisite® 15A is more hydrophobic and has higher
interlayer distance than Cloisite 10A®, so, the results
were opposite as those expected. Zheng et al. [2, 25]
and Lepoittevin et al. [1] obtained similar results. They
have prepared PCL based nanocomposites by melt
blending using Cloisite® 30B and Cloisite® 15A [25];
and Cloisite® 30B and Cloisite® 25A [1], respectively,
as fillers. In both works they obtained the highest clay
dispersion  degree  with  PCL/Cloisite®  30B
nanocomposites and they did not find substantial
differences in the mechanical properties between the
different nanocomposites even when Cloisite® 15A and
Cloisite® 25A are more hydrophobic and have larger
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interlayer distance than Cloisite® 30B. Chen et al. [2]
prepared PCL/clay nanocomposites by melt processing.
They used natural sodium montmorillonite from
Blackhill Bentonite LLC and two montmorillonite clays
modified with benzyl-2-methyl-hydrogenated tallow
quaternary ammonium chloride (NHsMMT2) and 2-
methyl-2-hydrogenated tallow quaternary ammonium
chloride (NH:sMMT1) from Elementis Specialties,
which are the same modifiers as those used in Cloisite®
10A and Cloisite® 20A, respectively. It was proved by
XRD that the interlayer distance of NHsMMT2 was
lower than that of NHsMMT1. On the other hand, the
hydrophobicity/hydrophilicity nature of the system was
not analyzed but the available information about
Cloisite® 10A and Cloisite® 20A suggests that
NH:sMMTL is more suitable as filler of PCL than
NH:MMT2. Even so, the nanocomposites prepared
with NHsMMT2 showed the highest clay dispersion
degree and led to the greater enhancement of the
Young~ s modulus of the PCL at low filler loading.
Recently, Yahiaoui et al. [8] elaborated antimicrobial
PCL-based nanocomposite films by melt mixing
process using two quaternary ammonium-modified
montmorillonites.

In previous works, we tried to explain these
tendencies analyzing the effect of several commercial
organo-modified MMT [9, 26-27] and a laboratory
organo-modified bentonite [28] on the morphology and
mechanical properties of PCL/clay nanocomposites
prepared by melt intercalation and casting.
PCL/commercial organo-MMT nanocomposites films
were successfully prepared by melt intercalation in a
double screw extruder followed by compression
molding. The results suggested that the main
characteristics responsible for the final morphology and
properties of the PCL/clay nanocomposites are the
hydrophobic/hydrophilic nature of the system, the
initial basal spacing of the clay and the processing
stability of the clay organo-modifiers.

The aim of this work was to characterize and
compare morphological, thermal and mechanical
properties of PCL/clay nanocomposites prepared by
melt mixing. Two organically-modified clays were
used: a commercially organo-MMT, modified with a
quaternary ammonium salt (Cloisite 20A), and a
bentonite containing a quaternary alkylphosphonium
salt as modifier. This work attempts to deeper
understand the effect of processing and clay
characteristics on the morphology and final properties
of polymer/clay nanocomposites in order to contribute
with new tools to explain the dissimilar tendencies
found in the literature.

Experimental

Materials

PCL provided by Sigma Aldrich (Mn 80,000, Mn/Mw
< 2, Glass Transition -60 °C, Melting Temperature
60 °C, Density 1.145 g/mL at 25 °C) was used as
matrix. Cloisite® 20A (C20A, Southern Clay Products)
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and bentonite (bent, Minarmco S.A.) were used as
fillers. The bentonite used in this study consisted
predominantly of montmorillonite as evidenced by
X-ray diffraction (XRD) analysis [29]. It contained
quartz and feldspar as major impurities, as well as
traces of gypsum and sepiolite. The basal spacing of
bent was 1.3 nm and its cation exchange capacity
(CEC) was 0.939 meqg.g* [29]. The bentonite was
organo-modified with tributylhexadecylphosphonium
bromide (TBHP) (Sigma Aldrich). All these
commercial chemicals were used as received without
further purification.

Material synthesis

Modification of bentonite with TBHP [29]. Firstly, 2.5 g
of bentonite were dispersed in 100 ml of deionised
water. Then, an aqueous solution of the corresponding
concentration of TBHP (0.9 times the CEC of the
bentonite) was added to the suspension. The mixture
was stirred for 4 hours at 70 °C. After that, the
suspension was filtered through a Buchner Funnel and
washed several times with deionesed water until free of
bromide. The wet organoclay, named bTBHP, was
frozen for 24 hours and then lyophilized at 100 mTorr
and —50 °C for 72 hours using a VirTis 2KBTES-55
freeze dryer.

Preparation of nanocomposites

Neat polymer and nanocomposites with 2.5, 5.0 and
75 wt% of each clay were prepared by melt-
intercalation followed by compression-moulding.
An intensive Brabender type mixer with two
counter-rotating roller rotors was wused. Mixing
temperature was 100 °C; speed of rotation was 150
r.p.m. and mixing time was 10 minutes. Compression
moulding was carried out to prepare sheets in a
hydraulic press for 10 minutes at 100 °C. The thickness
of the sheets was between 0.3-0.5 mm.

The samples will be referred as xbTBHP and
XC20A, being x the wt.% content of bTBHP and C20A,
respectively, in the nanocomposites.

Characterization of organoclays and nanocomposites

X-Ray diffractometry (XRD) of clay powders and
nanocomposites was performed using a PANalytical
X'Pert PRO diffractometer equipped with CuKa
radiation (1=1.5406 A) operating at 40 kV and 40 mA,
at a scanning speed of 1 °/min. The basal spacing
distances (doo1) of the clays were calculated from the 20
values using the Bragg’s equation.

Thermogravimetric Analysis (TGA) measurements
were carried out by using a TA Auto-MTGA Q500 Hi-
Res. The samples were heated from 30 °C to 900 °C
with a heating rate of 10 °C/min under air atmosphere.
Tests were performed for neat organoclays, in order to
measure the organic content, calculated as the weight
change between 200 and 500 °C. Derivative
thermogravimetrical analysis (DTGA) was performed
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to calculate the temperatures for the maximum thermal
degradation rate (Tp) of the clay organomodifiers; and
to measure the temperature corresponding to 5 wt. % of
mass loss (Tasw) and the residual mass at 900 °C for the
nanocomposites.

Infrared Spectroscopy (FTIR) spectra of pristine
PCL and the nanocomposites were obtained on a
Perkin—Elmer Spectrophotometer model Spectrum 100
in attenuated total reflection (ATR) mode. Spectra,
averaged over 16 scans, were taken in the range of
4000-600 cm™ with a resolution of 4 cm™. It is
important to note that the spectra of both sides of all the
films displayed the same number of peaks at identical
positions with the same relative intensities.

Water absorption tests were carried out at 90 %
relative humidity (RH) (simulated from a water solution
of 34 wt. % of glycerin). Before tests, all the samples
were dried under vacuum until constant weight.
Samples were weighted at prefixed times and the
absorption at each time was calculated as:

M, (%) M =Mo 409 @
IVIO
were Mt is the mass of the sample at a time t and Mo is
the initial mass of the sample (dried).

Differential ~ Scanning  Calorimetry  (DSC)
measurements were performed in a TA Instruments
model Q2000 calorimeter, operating from 25 to 100 °C
at a heating rate of 10 °C/min under nitrogen
atmosphere (ASTM D3417-83). The degree of
crystallinity (Xcr) of each sample was calculated from
the following equation, with the assumption that the
heat of fusion is proportional to the crystalline content:

X (%) __ A o0 @
pcL X AMlygo
where AH: is the experimental heat of fusion, wPCL is
the PCL weight fraction and AHxqo is the heat of fusion
of 100 % crystalline PCL and its value is 136.1 J/g [30].
The melting temperature (Tm) of each sample was also
obtained.

Tensile tests were performed with a universal
testing machine Instron 3369 at a constant crosshead
speed of 50 mm/min. Samples were prepared according
to the ASTM D882-91 standard. Tests were carried out
at room temperature. At least five specimens were
tested for each sample.

Rheological tests were conducted in an Anton Paar
rheometer under nitrogen atmosphere. Plate-plate
geometry with a plate diameter of 25 mm was used.
Samples were inserted and heated up to 80 °C. Low
shear amplitude (2 %) was used in order to avoid the
destruction of any stabilized clay structure and to work
in the lineal viscoelastic regime. Data were taken for
shear rates (y) in the range of 0.002 t010 s*. The melt
rheology curves were fitted to the power law expression
for y in the range of 0.002-0.030 s:

. (nRh)
n=Ag7 ©)
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where the Rh subscript represents a rheology parameter,
n is the complex viscosity; Arn a preexponential
factor; y the shear rate and ngrn the shear thinning
exponent. In the double logarithmic plot a linear zone at
low shear rates (y up to 0.030 s for our both test
conditions and polymer/clay system) can be seen. The
nrn parameter was calculated from the slope of this
region [31].

Scanning electron microscopy (SEM)
measurements were conducted on a JEOL JSM-6460
LV equipment. The samples were fractured in liquid
nitrogen, and then were sputter-coated with a thin layer
of gold palladium alloy prior to SEM observation.

Transmission Electron Microscopy (TEM) was
performed at JEOL CX Il using an acceleration voltage
of 80 kV, to observe the dispersion of clay platelets
within the polymer matrix.

Results and discussion

Physicochemical and structural characterization of
the organoclays

The organic treatment of the clay is one of the key
factors that influences the nanostructure of composite
materials, as it is essential for dispersing the normally
hydrophilic clay inside a hydrophobic polymer matrix
[32]. Table 1 shows the chemical structure of both
alkylammonium and alkylphosphonium cations and
summarizes the equilibrium water uptake percentage
measured in a 90 % RH environment (Ma4), the
interlaminar spacing (doo1) calculated by XRD, the
organic content and the temperature for the maximum
degradation rate (Tp) assessed by performing
thermogravimetric analysis of both organo-modified
clays used in this work.

Table 1. Characteristics of the organoclays used as reinforcement of
PCL.

2018, 9(11), 796-804

Chemical Organic
door Maan  Tp
Clay structure of the ~ Content m) (%) ©C)
organic modifier (%)
HaC
bTBHP e~ crycryucH, 29 251 273 388
HaC
G
C20A HyG—N"=HT 41 242 372 303
|
HT

HT: hydrogenated tallow (65% C18; 30% C16; 5% C14)

Regarding XRD  characterization, C20A
organoclay exhibits almost identical interlaminar
spacing compared to the bTBHP organoclay. Hence, in
both clays, the polymer chains could have enough space
to enter between the clay platelets, which is important
in order to obtain a well dispersed nanocomposite [26].
On the other hand, the bTBHP organoclay presents
lower organic content than C20A, which suggests that
the phosphonium salt was more effective improving the
clay interlayer distance.

Copyright © 2018 VBRI Press
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The moisture absorption after 24 hours at an
environment with 90 % RH provides information about
the bulk polarity of the organoclay, which is important
to evaluate the compatibility with the host polymer
matrix [26]. Taking into account that PCL is a
hydrophobic polymer, both organoclays are good
candidates for the preparation of PCL nanocomposites
because of their low moisture content (in the same
conditions pristine montmorillonite and bentonite
absorb 12.9 and 19.7 % moisture respectively [27-28]).

Another important parameter is the thermal
stability of the organoclay [27]. The thermal stability of
alkylammonium treated organoclays, characterized by
the Tp values, is in the range of processing temperatures
of several traditional polymers. Several studies are
focused on the improvement of the thermal stability of
organophillic clays which could be useful in the
preparation of thermoplastic/clay nanocomposites by
melt blending [33-35]. Phosphonium salts behave
differently than their ammonium counterparts because
of the greater steric tolerance of the phosphorus atom
and the participation of its low-lying d-orbitals in the
processes of making and breaking chemical bonds [21].
That is why bTBHP has a remarkable better thermal
stability than C20A. In the present work, the processing
temperature does not exceed 120 °C, thus, the thermal
stability of both organoclays is adequate for the
preparation of the PCL nanocomposites. However, it is
important to remark that the shear forces developed in
the mixing process, together with the high viscosity of
the molten polymer, may cause an increase in the melt
temperature by viscous dissipation; therefore, the clay
modifiers may degrade, both thermal and mechanically,
in some extent [27].

Characterization of PCL/organoclay nanocomposites
chemical and morphological characterization

The XRD patterns of neat organoclays and PCL/clay
nanocomposite samples are shown in Fig. 1. As it was
previously mentioned, bTBHP and C20A show a 001
diffraction peak corresponding to an interlaminar
spacing of 2.51 and 2.42 nm, respectively. All the
prepared PCL nanocomposites containing clays with
different chemical treatments, exhibited an increase of
the d-value of the clay compared to the pure
organoclays, which is an indication of intercalation of
the polymer chains between the clay platelets [15]. This
in turns indicates that regardless the organoclay
concentration, PCL chains have intercalated into the
layers of the bTBHP and C20A modified silicates [8].
The highest doo1 Value was observed at the highest clay
content of each nanocomposite type. This result
suggests that both clays do not agglomerate at 7.5 wt.%
inside the PCL matrix in the processing conditions used
in this work. The extent of intercalation cannot be
quantified by this technique but it must be noted that
the doo1 values of C20A are 7%, 2% and 3% higher than
bTBHP ones at 2.5 wt.%, 5.0 wt%, and 7.5 wt.% of
clay content, respectively, suggesting highest clay
dispersion degree for the C20A nanocomposites. Other
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characterization techniques were also used to analyze
clay morphology.
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Fig. 1. XRD spectra of PCL based nanocomposites.

Several authors have found that the melt rheology of a
polymeric matrix is strongly influenced by the
incorporation of nanoparticles [36-40]. Thus, melt
rheology can be useful to compare the clay dispersion
degree of polymer/clay nanocomposites. This method
has the advantages that the information obtained is
representative of the whole sample instead of small
zones of it and samples do not need to be specially
conditioned [41]. Exfoliated or well-dispersed
nanocomposites, including intercalated structures,
increase the probability of edge to face and edge to
edge interactions of the silicate platelets to occur, thus,
it may build and mechanically stabilize mesoscale
structures known as card-house [31, 40]. These
structures promote a pseudo-solid like rheological
behavior at low shear rates which results in pronounced
shear thinning behavior in that zone of the melt
rheological curves [31, 40]. It has been reported [31,
42-44] that the ngn parameter (See €q.3) increases as a
function of the clay dispersion degree. Wagener et
al. [31] have proposed ngn as a semi-quantitative
measure of the clay dispersion degree of clay inside the
sample. Semi-quantitative measure means that the
average number of nanoplatelets per tactoid for a given
nanocomposite cannot be calculated from ngrn [26].

Neat PCL
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Even so, good correlation between ngy studied by melt
rheology and clay dispersion degree analyzed by XRD
and TEM for different polymer/clay nanocomposites
was found by several authors [26, 30-31]. Fig. 2 shows
the melt rheology curves and resumes the values of the
Nnrn  parameter of the neat matrix and their
nanocomposites. All nanocomposites showed a
pronounced shear thinning behavior at shear rates in the
range of 0.002-0.030 s®. On the other hand, the
obtained ngrn values are in accordance with those
reported in a previous work for similar polymer/clay
systems [26]. The tendencies found for the ngn values
are in accordance with the XRD results, the C20A
nanocomposites displayed higher ngn values than the
bTBHP ones at the same clay content. This result
confirms the improved clay dispersion degree of C20A
inside the PCL matrix.

—ea— Neat PCL
——2.5bTBHP
—e—2.5C20A
— = 5bTBHP
—e— 5C20A
——T7.5bTBHP
—#—7.5C20A

10000 +

Complex Viscosity (Pa*s)

1000 -

0,01 0,1 1 10
Shear Rate (1/s)

Fig. 2. Melt rheology curves of neat PCL and PCL/clay
nanocomposites.

Fig. 3 (a-c) shows the SEM/TEM micrographs of
the pure PCL and their 5 wt. % nanocomposites. In the
case of 5C20A, no evidence of clay agglomeration is
observed. Small bumps with an average diameter of
200 = 20 nm, whose can be associated to clay
agglomerates, were found in the 5bTBHP
nanocomposite (Fig. 3c). These results are in
accordance with  XRD and melt rheology
characterization.

5bTBHP

Fig.3. SEM and TEM micrographs of the pure matrix and PCL/organoclay nanocomposites.
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Fig. 4. FTIR spectra of PCL matrix and nanocomposites with
different contents of organoclays: (a) C20A and (b) bTBHP.

Fig. 4 shows the FTIR spectra PCL/C20A (a) and
PCL/bTBHP (b) nanocomposites compared with pure
PCL and organoclay. Regarding pure PCL matrix,
typical infrared peaks are observed [45], including 2943
cm?®  (asymmetric CH, stretching), 2866 cm*
(symmetric CH, stretching), 1721 cm™ (carbonyl
stretching), 1294 cm™ (backbone C-O and C-C
stretching in the crystalline phase), 1240 cm?
(asymmetric COC stretching), 1190 cm?® (OC-O
stretching), and 1157 cm™ (C-O and C—C stretching in
the amorphous phase). Characteristic absorption bands

2018, 9(11), 796-804
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of clay particles are observed at 3621 cm (structural
OH groups), 2926 and 2856 cm™ (asymmetric and
symmetric stretching vibrations C-H of CH, of the
alkyl chain), 1658 cm™ (OH stretching of free water
adsorbed by the clay), 993 cm? (Si-O-Si in plane

vibrations) [46]; 917 cm™' (Al-O-H stretching
vibration), 879 cm™ (Mg-O-H vibration) [47].
Concerning PCL/bTBHP and PCL/C20A

nanocomposites, the presence of clay is evidenced by a
peak that appears at around 1026 cm™. It can be noted
that this peak is more notorious for higher contents of
both organo-clays. The interactions between PCL and
the organoclay in the nanocomposites are evidenced in
different zones of FTIR spectra: the C=O stretches,
which appear at 1721 cm for pristine PCL, shifted to
1737 cm?, 1734 cm* and 1728 cm™ for 2.5, 5 and 7.5
wt.% C20A samples. Besides, the overlapped peaks at
1190 cm? and 1157 cm? also shift towards higher
values, especially for the lowest content of C20A.
These data imply the existence of hydrogen bonding
interactions between PCL and the hydroxyl group in the
organoclays. In general terms, the interactions are more
evident for PCL/C20A samples than for PCL/bTHBP
ones. This is also in accordance with the results
obtained by XRD and rheology tests and the
observations from SEM/TEM images.

Better clay dispersion degree for the C20A
nanocomposites than bTBHP ones was not expected
since the latter showed the strongest hydrophobicity,
largest initial basal spacing and the strongest thermal
stability, which are factors that should promote clay
dispersion degree inside the PCL hydrophobic matrix
mixed by melt blending. This behavior can be attributed
to the highest organic content of the C20A clay.
Therefore, it can be concluded that the balance between
basal spacing, hydrophobicity, thermal stability and
organic content of the neat clays, and the processing
route will control the final clay dispersion degree of the
nanocomposites.

In Table 2, it can be noticed that both organoclays
did not significantly affect the Tm of pure PCL,
whereas the crystallinity degree of PCL slightly
increased when the organoclays were added. This
observation suggests that the presence of the clay
platelets may act as nucleating sites for the PCL
crystallization [8].

Table 2. Thermal and mechanical properties of PCL matrix and nanocomposites with different clay contents.

Clay PCL/C20A PCL/bTBHP
content | xcr | Tm |RESidual Tdsw E o & Xcr | Tm | Residual Tds% E c €
wt.%) | (%) | (C) Qljf)s ©C) | (MPa) | (MPa) | (%) | (%) | (°C) r?;f)s ©C) | (MPa) | (MPa) | (%)
0o |e15|621| 01 | 324 igg’.'g 1%%* J_}(Z% 615|621 | 01 | 324 igg’_'g 1%_291' 377%
25 |634|600 | 19 |[308 | 251 | 180x ] T 657 610 | 16 | 334 | 3000 | 105 ) SB2%
50 |643|615| 36 | 310 ili%% 1%2* 85’36* 650 | 607 | 35 | 333 fi‘i‘i 171'_9; 2‘%1
75 |e47|601| 53 | 317 %_?71.'57 151‘%* 41277; 636 | 610 | 53 | 323 3132283 12‘%* 757541
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Fig. 5. DTGA curves of PCL matrix and nanocomposites with
different contents of organoclay: (a) C20A,; (b) bTBHP.

Regarding the thermal stability, it can be noticed in
Fig. 5 that PCL degrades in two stages. According to
the literature, the first step, near 380 °C, corresponds
to the random cleavage of the polyester chains
via cis-elimination, followed by the unzipping
depolymerization process near 400 °C [48].

Moreover, from the observation of the Tgse values
in Table 2 and the DTGA curves in Fig. 5, it can be
deduced that the thermal degradation of PCL is affected
by the presence of both organoclays. Regardless the
type of organoclay, it can be noticed that all the
nanocomposites degrade in only one step. Besides, the
variations in the chemical composition of the
organoclays was determinant for the degradation
process observed in both composites. On the one hand,
it is clear that the addition of quaternary
alkylammonium modified clay within the PCL matrix,
causes a reduction of the degradation temperature of the
nanocomposites for all the clay loadings. This
detrimental effect may be attributed to the fact that the
layered silicates catalyze the PCL pyrolysis due to the
presence of Lewis acidic sites formed by the
degradation of the organic modifier [49]. On the other
hand, in Fig. 5 b it can be noticed that the PCL/bTBHP
nanocomposites exhibit slightly better thermal stability
compared to pristine PCL. This can be attributed to the
nature of the organic modifiers [21], which is in
accordance with the thermal stability of clay alone
reported in Table 1 and with the dispersion of each clay
inside PCL matrix previously described in Figs.1 to 3.
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(b) bTBHP.

Mechanical properties

The tensile stress—strain curves for the pristine PCL and
the nanocomposites are shown in Fig. 6 a (for the
PCL/C20A nanocomposites) and b (for the
PCL/bTBHP nanocomposites), and the values of
Young's modulus (E), tensile strength (o) and strain at
break (&) are given in Table 2.

PCL/C20A  nanocomposites showed higher
Young's modulus and tensile strength than
PCL/bTBHP ones at the same clay content. The
opposite trend was observed for the elongation at break.
These results are a consequence of the improved clay
dispersion degree obtained with the PCL/C20A
nanocomposites; the correlation between clay
dispersion degree and mechanical properties was
widely demonstrated in the literature [1, 9-10, 15, 26].
The bTBHP organoclay showed the strongest
hydrophobicity, the highest interlayer distance and the
strongest processing stability, so better bTBHP
dispersion inside the hydrophobic PCL matrix was
expected but the opposite trend was observed; C20A
showed better dispersion inside the PCL and hence
improved mechanical properties. This result was
attributed to the higher organic content of C20A.

802



Research Article

Conclusion

In the present work, the effect of the type of clay
modifier on the structure and properties of
polycaprolactone (PCL)/organoclay nanocomposites
was studied. Two organoclays were compared: a
commercially available montmorillonite organoclay,
C20A and a laboratory modified bentonite bTBHP. The
bTBHP  organo-clay  showed the  strongest
hydrophobicity, the highest interlayer distance and the
strongest thermal stability. Even so, PCL/bTBHP
nanocomposites displayed poor clay dispersion degree
and hence lower Young’s modulus and tensile strength
than the PCL/C20A ones. The Young’s modulus of the
PCL increased 62% after the incorporation of 7.5 wt.%
of C20A, while the tensile strength and elongation at
break did not change significantly. The results showed
that the hydrophobicity, the interlayer distance and the
processing stability of the clays are not enough to
predict polymer/clay compatibility. In this case, the
higher organic content of C20A can be controlling the
final clay dispersion degree. Therefore, a balance
between basal spacing, hydrophobicity, thermal
stability and organic content of the neat clays, including
the processing route, will control the final clay
dispersion degree of the nanocomposites.
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