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Abstract: This paper reports the surface treatment of layered double hydroxide (LDH) by using ionic
liquid (IL) composed of phosphonium cation combined with 2-ethylhexanoate (EHT) counter anion
as surfactant agent. Then, different amounts (1, 3, 5 and 7 wt %) of thermally stable organically
modified LDH (up to 350 °C) denoted LDH-EHT were incorporated into polycaprolactone (PCL)
matrix by mechanical milling. The influence of LDH-EHT loading has been investigated on the
physical properties, such as the thermal and barrier properties, as well as the morphologies of
the resulting nanocomposites. Thus, intercalated or microcomposite morphologies were obtained
depending on the LDH-EHT loading, leading to significant reduction of the diffusion coefficient
respect to water vapor. The modulation of barrier properties, using low functionalized filler amount,
is a very important aspect for materials in packaging applications.
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1. Introduction

In the last decade, layered double hydroxides (LDHs) have received great attention from industry
and academia. Their structure is similar to that of brucite where Mg atoms are octahedrally coordinated
to six oxygen atoms belonging to six groups of -OH; each -OH group is, in turn, shared by three
octahedral cations and points the hydrogen atom to the interlayer space. When cations of Mg(II)
are isomorphously replaced by cations of Al(IIl), the substitution generates positive charges that
are counterbalanced by the presence of counter ions, generally CO32~, CI~, and NO3~, located in
the interlamellar regions. The possibility to substitute these anions by ionic exchange procedures
makes the hydrotalcites ideal solids to be used as host of potentially active molecules having a
negative charge. LDHs have high level of purity and can be produced using simple procedures.
They have been used as active filler for polymers and biopolymers for their capability of hosting
active molecules [1-7], as catalysts for reactions [8,9], for the synthesis of polymers [10] and as
surfactant adsorbents [11]. The exchange of the counter ions between the layers is not easy, therefore
the modification of carbonated LDHs is generally carried out by calcination followed by immersion in
a medium containing anions to be intercalated [12,13]. Very recently, ionic liquids (ILs) are attracting
interest from several areas of basic and applied sciences, including chemistry, materials science,
chemical engineering, and environmental science [14]. They are organic salts with low melting points
(below 100 °C) based mainly on ammonium, imidazolium, pyridinium or phosphonium ILs combined
with different counter anions such as halides, tetrafluoroborate (BF4 ™), hexafluorophosphate (PF ™),
bistriflamide (TFSA), etc. ILs are considered as potentially environmentally friendly solvents having
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low volatility, low flammability, good chemical and thermal stabilities, and compatibility with organic
and inorganic materials [15]. These characteristics make them a class of very versatile compounds.
In fact, they have been used for organic synthesis [16], bio-processing operations, catalysis and gas
separation [17], and inhibitors for the corrosion of magnesium alloys [18]. Recently, ILs have also
been proposed as plasticizers, lubricants, structuring agents, or compatibilizing agents in several
polymers [19-24]. They can also be used to overcome the low thermal stability of ammonium salts
commonly used as organic modifiers of layered silicates, such as montmorillonites, that are used
to enhance compatibility and dispersion of inorganic phases in organic media [25-28]. The hybrid
organic-ionic nature of ILs and the ability to control their hydrophilic and lipophilic counterparts
through proper selection of the constituent ions give rise to a complex set of phenomena, creating an
area of study that is both fascinating and challenging. While attention has been devoted to ILs based on
quaternary nitrogen, studies related to ILs based on quaternary phosphorous cations are still few. It has
been demonstrated that some phosphonium based ILs have better properties than nitrogen-based
ILs, [29,30]. In fact, research on nanocomposites containing clay minerals modified with phosphonium
based ILs has recently increased [31-33]. In 2013, Bugatti et al. have developed a new method to
deposit ionic liquid-modified LDHs on PLA films previously treated by plasma treatment leading
to an increase of the water barrier properties of 30%. Recently, Kredatusova et al. have worked on
the surface treatment of LDH by phosphonium ILs and they have used an environmentally friendly
route based on microwave irradiation. Thus, they have demonstrated that the use of phosphonium
ILs as surfactant agents of LDH induced an exfoliation morphology in polycaprolactone matrix.
More recently, other authors have demonstrated that the incorporation of LDH-ILs into poly(butylene
adipate-co-terephthalate) matrix led to a significant increase of its mechanical performances, especially
of the stiffness without reducing the fracture behavior of the polymer matrix [34].

In a previous paper, we incorporated the LDH modified with trihexyl(tetradecyl)phosphonium
2-ethylhexanoate into a pectin matrix [35] for potential in biodegradable food packaging applications.
Pectins are natural materials with no melting point, but high degradation temperature, and with
high brittleness and poor elongation at break. These properties make them unable to be applied in
flexible packaging. Poly(e-caprolactone) (PCL) being a biodegradable polyester with low melting point
and very high elongation at break but low elastic modulus appears one of the best candidate to be
blended with pectins. The compatibilization between the two phases can be enhanced by the very
wide chemistry of ionic liquids; in addition, also LDH can be considered an interesting filler hosting
either ILs, either active molecules with peculiar functionalities. The aim of the present work is, then,
to investigate the potential of layered double hydroxide modified with a phosphonium ionic liquid
denoted trihexyltetradecylphosphonium 2-ethylhexanoate in PCL matrix for possible food packaging
applications. In addition, the influence of the amount of modified LDHs will be evaluated on the
morphologies but also in terms of thermal stability, surface analysis and barrier properties.

2. Experimental

2.1. Materials

Poly (e-caprolactone) (PCL) Mn 80,000 was supplied from Sigma Aldrich (Milano, Italy). It was
reduced in powder form in a mechanical mixer in presence of liquid nitrogen. A LDH (aluminum
magnesium hydroxy carbonate), denoted PURAL® MG 63 HT, was chosen as pristine anionic clay
and was provided by Sasol Performance Chemicals (Hamburg, Germany). The IL, coded as IL-EHT,
based on trihexyltetradecylphosphonium cation associated with 2-ethylhexanoate counter anion was
kindly provided by Cytec Industries Inc. (Thorold, ON, Canada).

2.2. LDH-Ionic Liquid Preparation

According to the literature, two steps are required: (i) calcination of the pristine LDH at 500 °C
for 24 h; and (ii) LDH and 2 AEC (anion exchange capacity) of phosphonium ILs dispersion in 200 mL
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of deionized water/tetrahydrofuran (THF) mixture (300/100 mL) [33,36,37]. The suspensions were
stirred and mixed at 60 °C for 24 h. The resulting precipitate was filtered and washed 5 times with
THE. The residual solvent was removed by evaporation under vacuum and finally, the treated LDH
was dried overnight at 80 °C. From the thermogravimetric analysis TGA (see inset of Figure 4) the
amount of physisorbed and intercalated water (25220 °C) is =15 wt %, the amount of carbonate anion
and IL (250-500 °C) is =225 wt % and the amount of LDH (>500 °C) into the LDH-EHT is =260 wt %.
The phosphonium ionic liquid used for the surface treatment and the following abbreviation used to
designate the LDH-IL are summarized in Table 1.

Table 1. Designation of the phosphonium ionic liquid (IL) used for the modification of LDH.

Ionic Liquid Chemical Structure Code
CeHiz 0
P@
. . 1IN 9
Trihexyl(tetradecyl)phosphonium 2-ethylhexanoate CeHi3 CisHag (3 EHT
CeH1s

2.3. Composite Films Preparation

The incorporation of the filler into PCL was achieved by High Energy Ball Milling (HEBM)
method. Powders composed of PCL and filler (vacuum dried for 24 h) were milled at different filler
loading (i.e., 1, 3, 5, and 7 wt %) at room temperature in a Retsch (Haan, Germany) centrifugal ball
mill (model S 100). The powders were milled in a cylindrical steel jar of 50 cm?® with 5 steel balls of
10 mm of diameter. The rotation speed used was 580 rpm. and the milling time was 60 min. The pure
PCL, taken as reference, was milled in the same experimental conditions of the composites. The milled
powders, were molded in a Carver laboratory press between two Teflon sheets, at 100 °C, followed by
a quick cooling at ambient temperature. Films 150 pm thick were obtained and analyzed.

2.4. Methods of Investigation

Wide-angle X-ray diffraction spectra (WAXD) were collected on a Bruker D8 Advance X-ray
diffractometer (Karlsruhe, Germany). A bent quartz monochromator was used to select the Cu
Koy radiation (k = 0.15406 nm) and run under operating conditions of 45 mA and 33 kV in Bragg-
Brentano geometry.

Transmission electron microscopy (TEM) was carried out using a Philips CM 120 field emission
scanning electron microscope (Philips, Eindhoven, The Netherlands) with an accelerating voltage
of 80 kV. The samples were cut using an ultramicrotome equipped with a diamond knife, to obtain
60-nm-thick ultrathin sections. Then, the sections were set on copper grids.

Thermo Gravimetric Analysis (TGA) was carried out with a Mettler TC-10 thermobalance (Novate
Milanese, Italy) from 25 °C to 600 °C at a heating rate of 10 °C/min under an air flow.

Differential scanning calorimetry (DSC) were carried out using by means of a DTA Mettler Toledo
(DSC 30, GmbH, Greifensee, Switzerland) under nitrogen atmosphere. The films were heated from
25 °C to 100 °C at a heating rate of 10 °C/min.

Fourier transform infrared (FTIR) absorption spectra were recorded by a Perkin-Elmer spectrometer
(Bruker Italia, Milano, Italy), model Vertex 70 (average of 32 scans, at a resolution of 4 cm—!). Composite
films, having the same thickness (22150 um) were analyzed. The LDH-P2 filler was analyzed in powder
form after preparing a KBr based tablet (~1 mg of filler sample and ~100 mg of KBr).

Diffusion coefficients were evaluated, using the microgravimetric method, at different vapor
activities (a = P/Py), where P is the actual pressure to which the sample was exposed, and Py the
saturation pressure at the test temperature. The penetrant was water vapor and the experiments were
conducted at 30 °C. The transport properties were measured with water vapor in a range of activities
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from 0.2 to 0.6. Measuring the increase of weight with time for the samples exposed to the vapor at
a given partial pressure, P, both the equilibrium value of the sorbed vapor, Ceq (g/100 g), and the
diffusion coefficient, D, were obtained.

Surface energies were determined with the sessile drop method using a Contact Angle System
OCA, Dataphysics® (DataPhysics Instruments GmbH, Filderstadt, Germany). From contact angle
measurements with water and diiodomethane as test liquids, the polar and dispersive components of
surface energy were determined using the Owens-Wendt theory [38].

3. Results and Discussion

3.1. Morphologies of PCL/LDH Nanocomposites

Figure 1 shows the TEM micrographs evaluated on all composites. Two types of morphologies
have been observed. For PCL containing 1 and 3 wt % of LDH-EHT, a homogenous dispersion of LDH
has been obtained with the presence of small tactoids. When enlargements at 500 and 200 nm have
been performed, the majority of tactoids have sizes less than 500 nm combined with the presence of few
individual platelets. In the opposite, an increase of the amount of LDH-EHT (5 and 7 wt %) induced the
formation of agglomerates but also a less homogeneous dispersion. In both cases, a microcomposite
morphology is obtained for PCL containing 1, 3, 5 and 7 wt % of LDH-EHT.

Figure 2 reports the XRD spectra of PCL film and composites filled with LDH-EHT at different
loading. The inset reports the spectrum of the LDH-EHT. In a previous work, we have observed
by XRD that the surface treatment of LDH by phosphonium ILs highlighted only one diffraction
peak at 20 = 11.6° corresponding to a basal spacing of 7.7 A [33]. This result showed no influence
of the intercalation of IL between clay layers and corresponded to the basal spacing of the pristine
LDH. According to the literature, the absorption of the carbonate anions takes place during the
surface treatment [33]. In addition, these results can be explained by the presence of short alkyl
chains (< 12 carbons) on the anion leading to a planar configuration such as monolayer type. Indeed,
Lagaly and Weiss have demonstrated on MMT that the surfactant chain length plays a key role
on the different arrangements of organic salts between the clay layers [39,40]. In this work, the
2-ethylhexanoate counter anion is only composed of six carbons and one carbonyl bond (C=0). The
carbonate anion also has only one carbonyl bond, and if IL-EHT assumes a planar configuration, no
difference can be observed by XRD. The neat PCL matrix and the resulting nanocomposites containing
different amounts of LDH-EHT i.e., 1, 3, 5 and 7 wt % exhibit different diffraction peaks. In fact, the
diffraction peaks observed at 20 = 21.2°, 21.8° and 23.5°, corresponding to basal spacing of 4.2 A,
4.1A, and 3.8 A, respectively, are attributed to the crystallinity of the polycaprolactone, whereas the
diffraction peak observed at 20 = 11.6° is characteristic of the basal spacing of the pristine LDH,
suggesting an aggregation of the LDH-EHT into the polymer matrix. These results clearly confirm the
morphologies obtained by transmission electron microscopy (Figure 1).
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Figure 1. TEM micrographs of: (a) PCL + 1% LDH-EHT; (b) PCL + 3% LDH-EHT; (c) PCL + 5%
LDH-EHT; and (d) PCL + 7% LDH-EHT.
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Figure 2. XRD spectra of: PCL (a); PCL/1% LDH-EHT (b); PCL/3% LDH-EHT (c); PCL/5% LDH-EHT
(d); and PCL/7% LDH-EHT (e). Inset reports the XRD spectrum of LDH-EHT.
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Figure 3A reports the FTIR spectra, in the range 530-580 cm !, of PCL and composites at different
filler loading, evaluated on films having the same thickness (150 um). The inset reports the spectrum
of pure LDH-EHT. In this range, PCL does not show any peak, while, for LDH, the band at 553 cmlis
assigned to translation modes of the hydroxyl groups mainly influenced by the trivalent aluminum [41].
Figure 3B reports the absorbance at 553 cm~! as function of filler amount. It is evident that the
absorbance at 553 cm~! is linear with the filler loading, making this technique a useful tool for
quantitative analysis.
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Figure 3. (A) FTIR spectra, in the range 530-580 cm ™1, of: PCL (a); PCL/1% LDH-EHT (b); PCL/3%
LDH-EHT (c); PCL/5% LDH-EHT (d); and PCL/7% LDH-EHT (e). The inset reports the spectrum of
pure LDH-EHT. (B) Absorbance at 553 cm ™! as a function of LDH-EHT (wt %).

3.2. Thermal Properties of PCL/LDH Nanocomposites

Figure 4 reports the TGA analysis evaluated on all the PCL composites. PCL is also reported for
comparison. The inset of Figure 4 reports the TGA of the hybrid LDH-EHT.

The use of IL-EHT as surfactant agent of LDH generated different TGA profile of pristine LDH
with the formation of two degradation peaks at 317 °C and 398 °C compared to 310 °C and 430 °C
for LDH intercalated by carbonate counter anion. These results suggested the combined presence of
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carbonate and 2-ethylhexanoate counter anions which confirm XRD results. These results are consistent
with the study where Kredatusova et al. showed by FTIR and XPS the presence of this IL onto the clay
surface but also into the clay layers [33].
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Figure 4. TGA analysis in air evaluated: PCL (a); PCL/1% LDH-EHT (b); PCL/3% LDH-EHT (c);
PCL/5% LDH-EHT (d); and PCL/7% LDH-EHT (e). The inset reports the TGA on LDH-EHT.

The degradation of PCL occurs in two steps: The first one implies a statistical rupture of the
polyester chains via ester pyrolysis reaction with production of 5-hexenoic acid, H,O and COs.
The second step leads to the formation of e-caprolactone (cyclic monomer) as result of an unzipping
depolymerization process [42]. The first degradation step is slightly anticipated in the composites, and
the second step occurs around the temperature of degradation of unfilled PCL. This can be due either
to the presence of LDH-EHT which starts to decompose at a lower temperature, or to the decrease
of molecular weight of PCL for the milling treatment [43]. To better demonstrate this assumption,
we submitted the PCL to the same milling processing of the composites and evaluated the Mw, by GPC
analysis. We found a decreasing of Mw from 195 KDa of the unmilled PCL to 120 KDa of milled
material. Table 2 reports the Tjgy, and T5pe, of weight loss for all samples. In addition, different
authors have demonstrated that the presence of water between LDH layers combined to the formation
of metal oxides during the heating of hydrotalcite could accelerate the degradation of the polymer
matrix [44,45]. In addition, the low thermal stability of the IL-EHT physisorbed on the LDH (around
340 °C) can also be explained an advanced degradation of the polymer matrix and highlighted by
Xanthos et al. on a PLA matrix [46].

Table 2. Temperature at 10% and 50% of weight loss, extracted from TGA analysis (Figure 4).

Sample T10%weight loss O Ts50%weight loss O
PCL 327 385
PCL + 1% LDH-EHT 320 359
PCL + 3% LDH-EHT 315 343
PCL + 5% LDH-EHT 317 348

PCL + 7% LDH-EHT 307 344
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3.3. Surface Analysis and Transport Properties of PCL/LDH Nanocomposites

According to the literature, it is well-known that the presence of ionic liquids into polymer matrix
has a significant influence on the hydrophobic behavior of the polymer materials [21,24]. In a previous
work, Livi et al. have demonstrated that the incorporation of only 2 wt % of ILs into PBAT matrix
generated a significant increase of the water barrier properties due to the hydrophobic nature of
phosphonium ionic liquids determined by Coutinho et al. [47,48]. In other works, the same authors
have also demonstrated that the use of ILs as additives of epoxy networks induced a significant
decrease of the polar component leading to more hydrophobic networks [49]. Thus, to determine the
impact of the LDH-EHT on the surface energies of the polymer nanocomposites, the contact angles and
surface energy on the neat polycaprolactone and the resulting nanocomposites containing 1, 3, 5 and
7 wt % of LDH-EHT determined by the sessile drop method are summarized in Table 3. Whatever the
amount of LDH-EHT introduced into PCL matrix, similar values of surface energies were obtained
between 30.8 and 33.5 mN/m. However, differences were observed concerning the values of the
polar components. In fact, the incorporation of 1 and 3 wt % of organically modified LDH induced
decreases in the polar component from 5 mN/m (neat PCL) to 0.4 mN/m (1 wt % LDH-EHT) and
0.8 mN/m (3 wt % LDH-EHT). These results confirm the presence of IL-EHT in the surface of LDHs
and a homogeneous dispersion of the LDH-EHT, as seen on TEM micrographs (Figure 1). According to
the literature, this decrease of the polar component is explained by the hydrophobic nature of IL-EHT
functionalized by long alkyl chains [49,50]. Thus, different authors have demonstrated that the use of
phosphonium IL as additives or surfactant agents of layered silicates such as montmorillonite (MMT)
induced a significant reduction of the polar component [24]. Then, for PCL containing 5 and 7 wt % of
the LDH-EHT, an increase in the polar component is observed (0.4 mN/m to 3.3 mN/m). These results
can be explained by an increase of the amount of LDH-EHT. In fact, we have previously demonstrated
by TGA that LDH-EHT contained 15 wt % of physisorbed and intercalated water. Consequently, an
increase in the modified clays resulted in a slight decrease in the hydrophobicity of the PCL matrix
through the polar component.

Table 3. Polar and dispersive components of the surface energy on the neat PCL and the resulting
nanocomposites, from contact angles with water and diiodomethane at room temperature.

° ° Surface Ener Dispersive Polar Component
Sample Owater () Ocnyr, ) (mN/m) & Componint (mN/m) (mN/rf\)
PCL 77 £3 62+04 30.8 26.1 47
PCL + 1% LDH-EHT 113+ 11 62+24 31.6 31.2 04
PCL + 3% LDH-EHT 106 £ 3 52+1.8 33.1 323 0.8
PCL + 5% LDH-EHT 87 +t4 49 £0.5 33.2 31.0 22
PCL + 7% LDH-EHT 8 +3 50+ 3.6 33.5 30.2 33

The transport phenomena of small molecular weight molecules, such as water vapor, through
polymeric multiphase systems are strictly influenced by the texture of the materials. In the case of
composites, the dispersed phase is expected to play a significant role for the diffusion of the penetrating
molecules [26]. Figure 5A reports the diffusion coefficient, D (cm?/s), as function of Ceq (g/100 g) of
water vapour for PCL and the analyzed composites. A linear dependence of the diffusion with respect
the equilibrium water sorption can be observed for all samples. It is, then, possible to extrapolate the
thermodynamic diffusion coefficient, Dy, using the following empirical equation:

D = Dy exp (v Ceq) )

The thermodynamic diffusion coefficient is related to the fractional free volume and the tortuosity
of the pathway. Dy was extrapolated for all the samples according to Equation (1). The log Dy versus
filler loading is reported in Figure 5B. It is evident a significant decrease of the thermodynamic diffusion
coefficient, even with 1 wt % of filler, a smooth decreasing going from 1 wt % to 3 wt % and a quite
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linear decreasing up to 7 wt % of filler loading. In XRD analysis, it was observed that the crystalline
form of PCL is the same of the composites, and the degree of crystallinity, evaluated by DSC analysis,
and here not reported is almost the same in unfilled sample and composites and ranges between 47%
and 52%. The decreasing of the diffusion cannot be ascribed, then, to an increasing of crystallinity
degree. The presence of the filler increases to a large extent the tortuosity of the pathway, leading
to a decreasing in the diffusion. It is worth noticing that, already at 1 wt % of filler, the diffusion
decreases of more than one order of magnitude. We have also attributed these results to the presence
of IL into LDH. In fact, Coutinho et al. have investigated the effect of water on imidazolium and
phosphonium ionic liquids combined with different counter anions [48,51]. For a small amount of
water, the authors have highlighted a migration of the water to the near surface of IL inducing the
formation of hydrogen bonding’s with the counter anion. Oppositely, the use of extra water led to the
formation of water clusters generating an increase of the surface tension of the neat ILs. By sessile drop
method, we have observed an increase of the polar component from 3 wt % of LDH-EHT incorporated
in the PCL matrix. Based on these different results and the obtained diffusion coefficients, we can
suggest that the presence of only 1 wt % of IL modified-LDH in the polymer matrix can capture/slow
water molecules through hydrogen-bonding interactions with the counter anion of IL-EHT. However,
an increase in the amount of LDH-EHT containing up to 15 wt % of water generates a progressive
formation of water clusters thus reducing the effect of the ionic liquid in favor of the dispersion of
LDH, especially from 3 wt % to 5 wt % where the formation of well-dispersed aggregates into PCL
matrix helps to increase the tortuosity of the pathway.

67 B)
212
Q
E =17
£
g
5-8.2
o0
S
=
-8.7
-9.2 T T T T T
0.00 0.20 0.40 0.60 0.80 0 1 3 3 1 5 7
Ceq(g/100g) Filler loading (wt%)

Figure 5. (A) The diffusion coefficient, D (cm?2/s), as function of Ceq (g/100 g) of water vapor for: PCL
(®); PCL/1% LDH-EHT (‘) ; PCL/3% LDH-EHT (M); PCL/5% LDH-EHT (A); and PCL/7% LDH-EHT
(':II}'), and (B) the log Dy as function of filler (LDH-EHT) loading (wt %).

4. Concluding Remarks

In this work, thermally stable organically modified hydrotalcite were prepared by using one
phosphonium ionic liquid as modifier agent and were used as nanoparticles in PCL matrix. Then,
different amounts of the LDH-EHT (1, 3, 5, 7 wt %) were introduced and their influence was
investigated on the morphologies and the final properties of the polymer matrix. Two tendencies were
observed in function of the quantity of LDH-EHT. For PCL containing 1 and 3 wt % of treated LDH,
a homogeneous dispersion was obtained with the presence of small tactoids leading to a significant
decrease of the diffusion coefficient of water vapor, as well as a significant decrease of the polar
component from 5 mN/m to 0.4 mN/m. Oppositely, an increase in the amount of LDH induced
a microcomposite morphology characterized by the formation of large agglomerates. Moreover,
whatever the amount of LDH-EHT incorporated into PCL matrix, a reduction of the thermal stability
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of the PCL nanocomposites was demonstrated. In summary, the use of small quantities of LDH has a
significant impact on the water barrier properties of the polymer matrix opening up new potential
prospects in food packaging.

Acknowledgments: This work was supported by the project “High Performing Advanced Material Platform
for Active and Intelligent Food Packaging: Cronogard™” (H2020-SMEINST-2-2016-2017). Grant agreement
No. 783696.

Author Contributions: Giuliana Gorrasi and Sebastien Livi conceived the paper and designed the experiments.
Luanda Chaves Lins and Valeria Bugatti performed the experiments. All Authors analyzed the data.
Giuliana Gorrasi and Sebastien Livi wrote the manuscript.

Conflicts of Interest: Authors declare no conflict of interest.

References

1. Costantino, U.; Ambrogi, V.; Perioli, L.; Nocchetti, M. Hydrotalcite-like compounds: Versatile layered hosts
of molecular anions with biological activity. Microporous Mesoporous Mater. 2008, 107, 149-160. [CrossRef]

2. Costantino, U.; Bugatti, V.; Gorrasi, G.; Montanari, F; Nocchetti, M.; Tammaro, L.; Vittoria, V. New Polymeric
Composites Based on Poly(e-caprolactone) and Layered Double Hydroxides Containing Antimicrobial
Species. ACS Appl. Mater. Interfaces 2009, 16, 668—677. [CrossRef] [PubMed]

3. Bugatti, V.; Costantino, U.; Gorrasi, G.; Nocchetti, M.; Tammaro, L.; Vittoria, V. Nano-hybrid incorporation
into poly(e-caprolactone) for multifunctional applications: Mechanical and barrier Properties. Eur. Polym. J.
2010, 46, 418-427. [CrossRef]

4. Bugatti, V,; Gorrasi, G.; Montanari, F.; Nocchetti, M.; Tammaro, L.; Vittoria, V. Modified layered double
hydroxides in polycaprolactone as a tunable delivery system: In vitro release of antimicrobial benzoate
derivatives. Appl. Clay Sci. 2011, 52, 34-40. [CrossRef]

5. Gorrasi, G.; Bugatti, V.; Vittoria, V. Pectins filled with LDH-antimicrobial molecules: Preparation,
characterization and physical properties. Carbohydr. Polym. 2012, 89, 132-137. [CrossRef] [PubMed]

6. Gorrasi, G.; Bugatti, V. Edible bio-nano-hybrid coatings for food protection based on pectins and
LDH-salicylate: Preparation and analysis of physical properties. LWT Food Sci. Technol. 2016, 68, 139-145.
[CrossRef]

7.  Gorrasi, G.; Bugatti, V. Mechanical dispersion of layered double hydroxides hosting active molecules in
Polyethylene: Analysis of structure and physical properties. Appl. Clay Sci. 2016, 132, 2—6. [CrossRef]

8.  Choudary, B.M.; Lakshmi, M.K.; Venkat, C.R.R.; Koteswara, K.R.; Figueras, F. The first example of Michael
addition catalyzed by modified Mg—Al hydrotalcite. . Mol. Catal. A Chem. 1999, 146, 279-284. [CrossRef]

9. Guida, A.; Lhouty, M.H.; Tichit, D.; Figueras, E; Geneste, P. Hydrotalcites as base catalysts. Kinetics of
Claisen-Schmidt condensation, intramolecular condensation of acetonylacetone and synthesis of chalcone.
Appl. Catal. A Gen. 1997, 164, 251-264. [CrossRef]

10. El-Toufaili, FA.; Ahmadniana, F.; Dinse, A.; Feix, G.; Reichert, K.-H. Studies on hydrotalcite-catalyzed
synthesis of poly(ethylene terephthalate). Macromol. Mater. Eng. 2006, 291, 1136-1143. [CrossRef]

11. Pavan, P.C.; Crepaldi, E.L.; Valim, J.B. Sorption of anionic surfactants on layered double hydroxides. . Colloid
Interface Sci. 2000, 229, 346-352. [CrossRef] [PubMed]

12.  Crepaldi, E.L.; Tronto, J.; Cardoso, L.P,; Valim, ].B. Sorption of terephthalate anions by calcined and uncalcined
hydrotalcite-like compounds. Colloids Surf. A Physicochem. Eng. Asp. 2002, 211, 103-114. [CrossRef]

13. lyi, N.; Matsumoto, T.; Kaneko, Y.; Kitamura, K. Deintercalation of carbonate ions from a hydrotalcite like
compound: Enhanced decarbonation using acid—salt mixed solution. Chem. Mater. 2004, 16, 2926-2932.
[CrossRef]

14. Lei, Z.; Chen, B.; Koo, Y.; MacFarlane, D.R. Introduction: Ionic Liquids. Chem. Rev. 2017, 117, 6633-6635.
[CrossRef] [PubMed]

15. Huddleston, J.G.; Visseer, A.E.; Reichert, M.W.; Willauer, H.D.; Broker, G.A.; Rogers, R.D. Characterization
and comparison of hydrophilic and hydrophobic room temperature ionic liquids incorporating the
imidazolium cation. Green Chem. 2001, 3, 156-164. [CrossRef]

16. Weyershausen, B.; Lehmann, K. Industrial application of ionic liquids as performance additives. Green Chem.
2005, 7, 15-19. [CrossRef]


http://dx.doi.org/10.1016/j.micromeso.2007.02.005
http://dx.doi.org/10.1021/am8001988
http://www.ncbi.nlm.nih.gov/pubmed/20355989
http://dx.doi.org/10.1016/j.eurpolymj.2009.11.003
http://dx.doi.org/10.1016/j.clay.2011.01.025
http://dx.doi.org/10.1016/j.carbpol.2012.02.061
http://www.ncbi.nlm.nih.gov/pubmed/24750614
http://dx.doi.org/10.1016/j.lwt.2016.01.038
http://dx.doi.org/10.1016/j.clay.2016.03.011
http://dx.doi.org/10.1016/S1381-1169(99)00099-0
http://dx.doi.org/10.1016/S0926-860X(97)00175-0
http://dx.doi.org/10.1002/mame.200600122
http://dx.doi.org/10.1006/jcis.2000.7031
http://www.ncbi.nlm.nih.gov/pubmed/10985813
http://dx.doi.org/10.1016/S0927-7757(02)00233-9
http://dx.doi.org/10.1021/cm049579g
http://dx.doi.org/10.1021/acs.chemrev.7b00246
http://www.ncbi.nlm.nih.gov/pubmed/28535681
http://dx.doi.org/10.1039/b103275p
http://dx.doi.org/10.1039/b411357h

Polymers 2018, 10, 44 11 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhao, H.; Malhotra, S.V. Applications of ionic liquids in organic synthesis. Aldrichim. Acta 2002, 35, 75-83.
[CrossRef]

Howlett, P.C.; Zhang, S.; Macfarlane, D.R.; Forsyth, M. An investigation of a phosphinate-based ionic liquid
for corrosion protection of magnesium alloy AZ31. Aust. J. Chem. 2007, 60, 43—46. [CrossRef]

Rahman, M.; Brazel, C.S. Effectiveness of phosphonium, ammonium and imidazolium based ionic liquids
as plasticizers for poly(vinyl chloride): Thermal and ultraviolet stability. In Polymer Preprints (American
Chemical Society; Division of Polymer Chemistry), Proceedings of the 227th ACS National Meeting, Anaheim, CA,
USA, 28 March-1 April 2004; American Chemical Society: Washington, DC, USA; Volume 45, pp. 301-302.
Park, K.; Xanthos, M. A study on the degradation of polylactic acid in the presence of phosphonium ionic
liquids. Polym. Degrad. Stab. 2009, 94, 834-844. [CrossRef]

Livi, S.; Bugatti, V.; Soares, B.G.; Duchet-Rumeau, J. Structuration of ionic liquids in a poly(butylene-adipate-
co-terephtalate) matrix: Influence on the water vapour permeability and mechanical properties. Green Chem.
2014, 16, 3758-3762. [CrossRef]

Livi, S.; Pham, T.N.; Gérard, J.-F.; Duchet-Rumeau, J. Polymer and Ionic Liquids: A successful wedding.
Macromol. Chem. Phys. 2015, 216, 359-368. [CrossRef]

Livi, S.; Bugatti, V.; Marechal, M.; Soares, B.G.; Duchet-Rumeau, ].; Barra, GM.O.; Gérard, J.-F.
Ionic Liquids-Lignin combination: An innovative way to improve mechanical behaviour and water vapour
permeability of eco-designed biodegradable polymer blends. RSC Adv. 2015, 5, 1989-1998. [CrossRef]
Lins, L.; Livi, S.; Duchet-Rumeau, J.; Gérard, J.-F. Phosphonium ionic liquids as new compatibilizing agents
of biopolymer blends composed of poly(butylene-adipate-co-terephtalate) /poly(lactid acid) (PBAT/PLA).
RSC Adv. 2015, 5, 59082-59092. [CrossRef]

Livi, S.; Duchet-Rumeau, J.; Pham, T.N.; Gérard, J.-F. A comparative study on different ionic liquids used
as surfactants: Effect on thermal and mechanical properties of high density polyethylene nanocomposites.
J. Colloid Interface Sci. 2010, 349, 424-433. [CrossRef] [PubMed]

Livi, S.; Duchet-Rumeau, J.; Gérard, J.-F. Supercritical CO,—Ionic liquids mixtures for modification of
organoclays. J. Colloid Interface Sci. 2011, 353, 225-230. [CrossRef] [PubMed]

Livi, S.; Duchet-Rumeau, J.; Pham, T.N.; Gérard, J.-F. Synthesis and physical properties of new surfactants
based on ionic liquids: Improvement of thermal stability and mechanical behaviour of high density
polyethylene nanocomposites. J. Colloid Interface Sci. 2011, 354, 555-562. [CrossRef] [PubMed]

Livi, S.; Dufour, C.; Gaumont, A.-C.; Levillain, J. Influence of the structure of the onium iodide salts on the
properties of modified montmorillonite. J. Appl. Polym. Sci. 2013, 127, 4015-4026. [CrossRef]

Bonnet, L.G.; Kariuki, B.M. Ionic liquids: Synthesis and characterization of triphenylphosphonium tosylates.
Eur. J. Inorg. Chem. 2006, 2, 437-446. [CrossRef]

Bradaric, C.J.; Downard, A.; Kennedy, C.; Robertson, A.].; Zhou, Y. Industrial preparation of phosphonium
ionic liquids. Green Chem. 2003, 5, 143-152. [CrossRef]

Ha, J.U.; Xanthos, M. Functionalization of nanoclays with ionic liquids for polypropylene composites.
Polym. Compos. 2008, 30, 534-542. [CrossRef]

Calderon, J.U.; Lennox, B.; Kamal, M.R. Polystyrene/phosphonium orgarnoclay nanocomposites by melt
compounding. Int. Polym. Process. 2008, 1, 119-128. [CrossRef]

Kredatusova, J.; Benes, H.; Livi, S.; P-Georgievski, O.; Ecorchard, P; Pavlova, E.; Bogdal, D. Influence of ionic
liquid-modified LDH on microwave-assisted polymerization of e-caprolactone. Polymer 2016, 100, 86-94.
[CrossRef]

Livi, S.; Lins, L.; Peter, J.; Benes, H.; Kredatusova, J.; Donato, R.K.; Pruvost, S. Ionic Liquids as Surfactants for
Layered Double Hydroxide Fillers: Effect on the Final Properties of Poly(butylene adipate-co-terephthalate).
Nanomaterials 2017, 7. [CrossRef] [PubMed]

Lins, L.C.; Bugatti, V.; Livi, S.; Gorrasi, G. Phosphonium ionic liquid as interfacial agent of layered double
hydroxide: Application to a pectin matrix. Carbohydr. Polym. 2018, 182, 142-148. [CrossRef] [PubMed]
Livi, S.; Bugatti, V.; Estevez, L.; Duchet-Rumeau, J.; Giannelis, E.P. Synthesis and physical properties of
Layered Double Hydroxide based on Ionic Liquids: Application to a Polylactide matrix. J. Colloid Interface Sci.
2012, 388, 123-129. [CrossRef] [PubMed]

Livi, S.; Bugatti, V.; Hayrapeytan, S.; Wang, Y.; Estevez, L.; Vittoria, V.; Giannelis, E.P. Deposition of LDH on
plasma treated polylactid acid to reduce water permeability. |. Colloid Interface Sci. 2013, 396, 47-52.


http://dx.doi.org/10.1016/S0003-2670(01)01543-4
http://dx.doi.org/10.1071/CH06340
http://dx.doi.org/10.1016/j.polymdegradstab.2009.01.030
http://dx.doi.org/10.1039/C4GC00969J
http://dx.doi.org/10.1002/macp.201400425
http://dx.doi.org/10.1039/C4RA11919C
http://dx.doi.org/10.1039/C5RA10241C
http://dx.doi.org/10.1016/j.jcis.2009.09.036
http://www.ncbi.nlm.nih.gov/pubmed/20576271
http://dx.doi.org/10.1016/j.jcis.2010.09.049
http://www.ncbi.nlm.nih.gov/pubmed/20950819
http://dx.doi.org/10.1016/j.jcis.2010.10.058
http://www.ncbi.nlm.nih.gov/pubmed/21084097
http://dx.doi.org/10.1002/app.37937
http://dx.doi.org/10.1002/ejic.200500769
http://dx.doi.org/10.1039/b209734f
http://dx.doi.org/10.1002/pc.20583
http://dx.doi.org/10.3139/217.2103
http://dx.doi.org/10.1016/j.polymer.2016.08.014
http://dx.doi.org/10.3390/nano7100297
http://www.ncbi.nlm.nih.gov/pubmed/28956811
http://dx.doi.org/10.1016/j.carbpol.2017.10.101
http://www.ncbi.nlm.nih.gov/pubmed/29279108
http://dx.doi.org/10.1016/j.jcis.2012.08.031
http://www.ncbi.nlm.nih.gov/pubmed/22999461

Polymers 2018, 10, 44 12 of 12

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Owens, D.K.; Wendt, R.C. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci. 1969, 13,
1741-1747. [CrossRef]

Lagaly, G.; Fernandez Gonzalez, M.; Weiss, A. Problems in Layer-Charge Determination of Montmorillonites.
Clay Miner. 1976, 11, 173-187. [CrossRef]

Favre, H.; Lagaly, G. Organo-bentonites with quaternary alkylammonium ions. Clay Miner. 1991, 26, 19-32.
[CrossRef]

Kloprogge, ].T.; Frost, R.L. Fourier Transform Infrared and Raman Spectroscopic Study of the Local Structure
of Mg-, Ni-, and Co-Hydrotalcites. J. Solid State Chern. 1999, 146, 506-515. [CrossRef]

Persenaire, O.; Alexandre, M.; Degée, P.; Dubois, P. Mechanisms and Kinetics of Thermal Degradation of
Poly(e-caprolactone). Biomacromolecules 2001, 2, 288-294. [CrossRef] [PubMed]

Sorrentino, A.; Gorrasi, G.; Tortora, M.; Vittoria, V.; Costantino, U.; Marmottini, F.; Padella, F. Incorporation
of Mg-Al hydrotalcite into a biodegradable Poly(e-caprolactone) by high energy ball milling. Polymer 2005,
46, 1601-1608. [CrossRef]

Fan, Y.; Nishida, H.; Mori, T.; Shirai, Y.; Endo, T. Thermal degradation of poly(L-lactide): Effect of alkali earth
metal oxides for selective L,L-lactide formation. Polymer 2004, 45, 1197-1205. [CrossRef]

Motoyama, T.; Tsukegi, T.; Shirai, Y.; Nishida, H.; Endo, T. Effects of MgO catalyst on depolymerization of
poly-L-lactic acid to L,L-lactide. Polym. Degrad. Stab. 2007, 92, 1350-1358. [CrossRef]

Ha, ].U.; Xanthos, M. Novel modifiers for layered double hydroxides and their effects on the properties of
polylactic acid composites. Appl. Clay Sci. 2010, 47, 303-310. [CrossRef]

Carvalho, PJ.; Neves, CM.S.S.; Coutinho, J.A.PJ. Surface tensions of bis (trifluoromethylsulfonyl) imide
anion-based ionic liquids. J. Chem. Eng. Data 2010, 55, 3807-3812. [CrossRef]

Almeida, H.EED.; Lopes-da-Silva, J.A.; Freire, M.G.; Coutinho, J.A.P. Surface tension and refractive index of
pure and water-saturated tetradecyltrihexylphosphonium-based ionic liquids. J. Chem. Thermodyn. 2013, 57,
372-379. [CrossRef]

Nguyen, TK.L.; Livi, S.; Soares, B.G.; Benes, H.; Gérard, ].-F.; Duchet-Rumeau, J. Toughening of epoxy/ionic
liquid networks with thermoplastics based on poly(2.6-dimethyl-1,4-phenylene ether) PPE. ACS Sustain.
Chem. Eng. 2017, 5, 1153-1164. [CrossRef]

Koros, W.J.; Burgess, S.K.; Chen, Z. Polymer Transport Properties. Encycl. Polym. Sci. Technol. 2015.
[CrossRef]

Freire, M.G.; Carvalho, PJ.; Fernandes, A.M.; Marrucho, .M.; Queimada, A.J.; Coutinho, J. Surface tensions
of imidazolium based ionic liquids: Anion, cation, temperature and water effect. J. Colloid Interface Sci. 2007,
314, 621-630. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/app.1969.070130815
http://dx.doi.org/10.1180/claymin.1976.011.3.01
http://dx.doi.org/10.1180/claymin.1991.026.1.03
http://dx.doi.org/10.1006/jssc.1999.8413
http://dx.doi.org/10.1021/bm0056310
http://www.ncbi.nlm.nih.gov/pubmed/11749185
http://dx.doi.org/10.1016/j.polymer.2004.12.018
http://dx.doi.org/10.1016/j.polymer.2003.12.058
http://dx.doi.org/10.1016/j.polymdegradstab.2007.03.014
http://dx.doi.org/10.1016/j.clay.2009.11.033
http://dx.doi.org/10.1021/je100253m
http://dx.doi.org/10.1016/j.jct.2012.09.004
http://dx.doi.org/10.1021/acssuschemeng.6b02479
http://dx.doi.org/10.1002/0471440264.pst376.pub2
http://dx.doi.org/10.1016/j.jcis.2007.06.003
http://www.ncbi.nlm.nih.gov/pubmed/17604038
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Materials 
	LDH-Ionic Liquid Preparation 
	Composite Films Preparation 
	Methods of Investigation 

	Results and Discussion 
	Morphologies of PCL/LDH Nanocomposites 
	Thermal Properties of PCL/LDH Nanocomposites 
	Surface Analysis and Transport Properties of PCL/LDH Nanocomposites 

	Concluding Remarks 
	References

