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ABSTRACT: The effect of addition of unmodified (CNaþ) and modified (C30B and C20A) montmorillonites on the performance of

polycaprolactone (PCL) based nanocomposites prepared by melt intercalation was studied. The study covers morphological and ther-

mal aspects, mechanical and barrier properties and also biodegradability, which are important for packaging applications. Particular

effort was made to find the main characteristics of the clays responsible for the final clay dispersion degree inside the nanocomposite.

The most hydrophobic reinforcement (demonstrated by water adsorption tests) also showed the strongest thermal stability (shown by

thermogravimetrical analysis) and the larger basal spacing (calculated by X-ray diffractometry (XRD)), which were the main charac-

teristics that led to the best clay dispersion degree inside the PCL matrix (demonstrated by XRD and Transmission Electron Micros-

copy (TEM)). The findings demonstrate that a biodegradable polymer/clay nanocomposite with enhanced mechanical, impact, and

barrier properties was obtained. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012

KEYWORDS: nanocomposites; clay; biodegradable; impact resistance; barrier

Received 1 September 2011; accepted 24 July 2012; published online
DOI: 10.1002/app.38425

INTRODUCTION

It is known that waste accumulation is actually a serious prob-

lem and, so that, the development of environmental friendly,

degradable, polymeric materials has attracted extensive interest.1

Within them, PCL is one of the best candidates.2 PCL is a

hydrophobic, biodegradable, and semicrystalline polyester. Its

crystallinity tends to decrease with increasing molecular

weight.2–5 Its melting point and glass transition temperature are

about 60�C and �60�C, respectively.6,7 PCL can be processed

using conventional plastics machinery2,8 and their properties

make them suitable for a number of potential applications from

agricultural usage to biomedical devices.9 Special interest is

focused on packaging applications which is the biggest industry

of disposable polymer products but until now, the relative high

price and the weak rigidity of the PCL have limited their large-

scale production as a substitute of traditional polymers.10 To

overcome the limitations of PCL, one of the cheapest environ-

mental friendly and efficient options is to incorporate nanofil-

lers, such us clays to produce nanocomposites. These hybrid

materials can exhibit high improvements on the mechanical,

barrier and thermal properties,8,11,12 and some others such as

the flammability,13 water adsorption,14 and creep resistance15

with the incorporation of small amounts of filler (usually less

than 10 wt %).8,11–15 Moreover, higher filler contents reduce the

price of the material, but it was demonstrated for several ther-

moplastic matrices that even when the silicate layers are exfoli-

ated or intercalated in the polymer matrix, the particles begins

to agglomerate at a clay content usually higher than 10 wt %,

which reduce the efficiency of the filler as reinforcement.1,8,16,17

Anyway, several procedures are widely known so far to incorpo-

rate layered silicate materials in a fine-dispersed manner into

polymer matrix materials.18 Chen et al.19 were able to prepare

intercalated PCL/clay nanocomposites with organo-modified

montmorillonite contents 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.

The most used nanoclay is the montmorillonite, a layered sili-

cate whose interlayer cations can be exchanged by organ-cations

in order to increase the interlayer spacing (d001) and to improve
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the polymer/clay compatibility allowing the easier intercalation

of the polymer chains in between the silicate layers.20

Huge efforts have been done in order to improve the final prop-

erties of polymer/clay nanocomposites18,21–26; concluding that

the enhancements are related with two main parameters: the

clay content and the clay dispersion degree inside the matrix.

PCL/clay nanocomposites with enhanced clay dispersion degree

as a function of the clay surface hydrophobicity and its initial

clay interlayer distance are expected to be obtained. Conversely,

several authors obtained the opposite tendencies.1,4,27 Janigov�a
et al.27 prepared PCL/clay nanocomposites by melt blending.

Natural montmorillonite and two montmorillonite clays modi-

fied 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 the clays (Southern clay prod-

ucts) recommends an initial screening for the selection of their

Cloisite
VR

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
VR

15A nanocomposites and almost the

same Young’s modulus than PCL/Cloisite 10A
VR

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 sup-

plier that Cloisite
VR

15A is more hydrophobic and has higher

interlayer distance than Cloisite 10A
VR

, so, the results were oppo-

site as those expected. The same tendencies were obtained by

Zheng et al.4 and Lepoittevin et al.1 for PCL based nanocompo-

sites prepared by melt blending using Cloisite
VR

30B and

Cloisite
VR

15A4; and Cloisite
VR

30B and Cloisite
VR

25A,1 respec-

tively, as fillers. In both works they obtained the highest clay

dispersion degree with PCL/Cloisite
VR

30B nanocomposites and

they did not find substantial differences in the mechanical prop-

erties between the different nanocomposites even when Cloisite
VR

15A and Cloisite
VR

25A are more hydrophobic and have larger

interlayer distance than Cloisite
VR

30B. Chen et al.28 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-hydrogen-

ated tallow quaternary ammonium chloride (NH4MMT2) and

2-methyl-2-hydrogenated tallow quaternary ammonium chloride

(NH4MMT1) from Elementis Specialties, which are the same

modifiers as those used in Cloisite
VR

10A and Cloisite
VR

20A,

respectively. It was proved by XRD that the interlayer distance

of NH4MMT2 was lower than that of NH4MMT1. On the

other hand, the hydrophobicity/hydrophilicity nature of the sys-

tem was not analyzed but the available information about

Cloisite
VR

10A and Cloisite
VR

20A suggests that NH4MMT1 is

more suitable as filler of PCL than NH4MMT2. Even so, the

nanocomposites prepared with NH4MMT2 showed the highest

clay dispersion degree and led to the greater enhancement of

the Younǵs modulus of the PCL at low filler loading. As a first

approach to understand these results, we analyzed previous

studies1,14,20,23,29 which concluded that the dispersion degree

achieved in the preparation of polymer/clay nanocomposites

depends not only on the initial clay basal spacing and the chem-

ical compatibility of the system, but also on the processing tech-

nique and conditions. A possible explanation for these results

can be found in the works carried out by VanderHart et al.30,31

who demonstrated by nuclear magnetic resonance (NMR) that

a considerable portion of the alkyl quaternary ammonium com-

pound (which was the organo-modifier of the clay) is removed

during the preparation of nylon 6 nanocomposites by melt mix-

ing. They concluded that the main reason for the degradation is

the combination of the temperature with shear forces developed

during mixing.

Based on the reviewed literature, we concluded that the degra-

dation of the clay organo-modifiers during melt blending is not

possible to be quantified and depends on several variables such

as the processing stability of the modifier itself, the matrix used,

the processing technique and the processing parameters used.

Furthermore, the clay loading after mixing (considered as the

sum of the weight of silicate layers and the residual weight of

the organo-modifier) can be lower than that weighed before the

process. Therefore, the hypothesis of this work is that the clay

that shows the highest interlayer distance and meets the optimal

filler/matrix hydrophobicity/hydrophilicity balance may lead or

not to the best dispersed nanocomposite with the most effi-

ciently enhanced properties depending on the processing stabil-

ity of the clay organo-modifiers. Thus, the aim of this article is

to demonstrate this hypothesis analyzing the effect of the clay

hydrophobicity, the initial clay interlayer distance and the

thermal stability of the clay organo-modifiers on the final clay

dispersion degree, thermal, tensile, barrier, and impact proper-

ties and the biodegradation in soil of PCL/clay nanocomposites.

For this purpose, natural montmorillonite and two modified

montmorillonite clays will be characterized by water absorption,

thermogravimetrical analysis and X-ray diffractometry.

EXPERIMENTAL

Materials

The matrix used in this work was a commercial polycaprolac-

tone (Mn 80,000), supplied by Sigma Aldrich. Three Cloisite
VR

clays commercially purchased from Southern Clay Products,

USA, were used as nanofillers. They were used as received. The

characteristics of the clays are shown in Table I.

Nanocomposites Preparation

Matrix and nanocomposites with 5 wt % of each filler were pre-

pared in a double-screw mini-extruder DSM Xplore 5&15 micro-

compounder using a temperature profile of: 60–90–120�C at a

rotating rate of 150 rpm; the residence time was 1 min. Then,

films were obtained by compression molding (100�C, 10 min

without pressure and 10 min at 50 bar, the molds were water-

cooled). The different compression molded films were named as

PCL for the neat matrix and PCL/CNaþ, PCL/C30B, and PCL/

C20A for the nanocomposites.

Methods

XRD patterns of clays and nanocomposites were recorded by a

PW1710 diffractometer equipped with an X-ray generator (k ¼
0.154060 nm). Samples were scanned in 2y ranges from 3� to

60� by a step of 0.035�. The interlayer spacing of clays was cal-

culated before and after mixing by means of the Bragg’s Law.
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This parameter was named d001
initial (before melt blending) and

d001
final (after melt blending).

Water absorption tests of the clays were carried out at 90% RH

(simulated from a solution of 34 wt % of glycerin). Before tests,

all the samples were dried under vacuum until constant weight.

Samples were weighed at prefixed times and the absorption at

each time was calculated as:

Mt ð%Þ ¼ Mt �M0

M0

� 100 (1)

where Mt is the mass of the sample at a time t and M0 is the

initial mass of the sample (dried).

Thermogravimetric analysis (TGA) was carried out in a Shi-

madzu TGA-50 from 30 to 1000�C at 10�C/min. Tests in nitro-

gen atmosphere were done for clays alone, in order to calculate

the content of water and the content of organo-modifiers (Table

I); and for nanocomposites, to estimate the clay content inside

the nanocomposites. The content of water within the filler was

calculated from the residual mass of the clays at 120�C. The

content of organo-modifiers was calculated from the residual

mass of the clays at 900�C correcting for the water content. The

clay amount inside the nanocomposites was calculated from the

residual mass of the composites at 900�C correcting for the

residual mass of the neat matrix and for the weight loss of the

clays at the same temperature. Then, tests in air atmosphere

were performed for the clays in order to determine the degrada-

tion temperature of the organic modifiers in conditions similar

to those used for melt blending.

Transmission electron microscope (TEM) micrographs of the

nanocomposites were taken by a JEOL JEN 1220 operated at

100 kV in the bright field mode. Ultrathin sections (�50 nm)

of the samples were cut at �120�C using a Leica UCT ultrami-

crotome equipped with a diamond knife.

Tensile tests were performed in a universal testing machine

Lloyd Instruments LR30K at a constant crosshead speed of 50

mm/min. Before tests, all specimens were preconditioned at

65% RH (relative humidity) at room temperature. Four samples

of each material were tested.

Differential Scanning Calorimetry (DSC) tests were performed

in a Shimadzu DSC-50 from 25 to 100�C at a heating rate of

10�C/min under nitrogen atmosphere (ASTM D3417-83).

The degree of crystallinity was calculated from the following

equation:

Xcrð%Þ ¼ DHf

wPCL � DH100

� 100 (2)

where DHf is the experimental heat of fusion, wPCL the PCL

weight fraction and DH100 is the heat of fusion of 100% crystal-

line PCL (136.1 J/g32).

The same equipment was used to calculate the glass transition

temperature (Tg) of the neat matrix and nanocomposites. The

tests were carried out from �105 to 100�C at 10�C/min under

nitrogen atmosphere. The lower temperature was reached cool-

ing the DSC chamber with liquid nitrogen. The Tg value was

calculated following the midpoint method of the ASTM D-

3418-99 standard.

Impact tests; puncture tests were conducted on 30-mm-diame-

ter samples cut out from molded film. These tests were per-

formed in a falling weight Fractovis Ceast at 1 m/s. From these

tests, load–displacement curves were obtained. The total energy

required to fully penetrate the specimen, Etot, was calculated as

the total area under the load–displacement curve normalized by

the sample thickness.

Water Vapor Transmission (WVT) was determined by following

the ASTM E96-00 recommendations by using the Desiccant

Method (CaCl2). The films were preconditioned in a chamber

at 68% RH at room temperature until reaching equilibrium

conditions (2 days). A fan was used to maintain the air contin-

uously circulated throughout the chamber in order to ensure

uniform conditions at all test locations. After that, dehydrated

Calcium Chloride (CaCl2) was placed in the low chamber of an

acrylic cup sealed by the samples. Thus, the corresponding RHs

were 0% inside the cup and 68% outside of the cup. The RH

difference promotes a pressure gradient for the vapor transmis-

sion. The weights of the assembled cups were recorded every

12 h for 10 days. Weight versus time was plotted for each

Table I. Characteristic of Clays Used as Nanofillers

Clay Organic modifier
Modifier
content (wt %)

Specific
gravity (g/cm3) d001

initial (Å) M24 (%)
Water
content (%)c

Montmorillonite (CNaþ) None – 2.86 14.0 13.0 9.9

Closite 30B (C30B) a 28 1.98 18.8 4.4 2.2

Cloisite 20A (C20A)
b

40 1.77 24.2 3.7 1.8

aT is Tallow (�65% C18; �30% C16; �5% C14), bHT is Hydrogenated Tallow (�65% C18; �30% C16; �5% C14), cCalculated from thermogravi-
metrical analysis.
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sample and fitted by linear regression in order to calculate the

slope of the resulting line. Water vapor permeability values were

reported as WVP g � m=Pa � s � m2ð Þ which is calculated as

follows:

WVP ¼ DW
Dt

� y � A � p2 � p1ð Þ½ ��1
(3)

where DW=Dt is the calculated slope (weight of water absorbed

by the cup/time interval, g/s); y is the film thickness, A is the

exposed area of the film and p2 – p1 is the vapor pressure differ-

ence across the film, which is calculated on the basis of the RH

and temperature inside and outside the cup. Three samples of

each material were tested in order to ensure the reproducibility

of the results.

Indoor soil burial experiments were carried out as reported by

Di Franco et al.33 Basically, a series of plastic boxes (30 cm �
15 cm � 10 cm) were used as soil containers. Natural micro-

flora present in soil (Pinocha type) was used as the degrading

medium. Several specimens (rectangular shape, 10 mm � 20

mm � 0.3–0.5 mm) of PCL and nanocomposites obtained from

films were put into cups made of an aluminum mesh to permit

the access of microorganisms and moisture and the easy re-

trieval of the degraded samples. The specimens into the holders

were buried at a depth of 8 cm from the surface in order to

ensure the aerobic degradation. The average room temperature

was 20�C and relative humidity was kept around 40% by adding

distilled water. Samples were removed from the soil at specific

intervals (t), carefully cleansed with distilled water and superfi-

cially dried. After that, samples were dried under vacuum at

35�C until constant weight. The specimens were weighed on an

analytical balance in order to determine the average weight loss

(%WL):

WL ¼ w0 � wt

w0

� 100 (4)

where w0 is the initial mass and wt is the remaining mass at

time t. All results are the average of two replicates.

RESULTS AND DISCUSSIONS

Clays Characterization

In this section, the main factors that control the final clay dis-

persion degree in the nanocomposites will be analyzed. Table I

shows the interlayer distance (d001
initial) of the nanoclays calcu-

lated by XRD. The highest value was found for the C20A clay.

It is supposed that the higher the d001
initial value, easier the

intercalation of the polymer chains into the silicate layers.18

Another main factor is the hydrophobic/hydrophilic nature of

the system. The PCL matrix is hydrophobic with a very low

degree of polarity; around 6%,34 therefore it is expected higher

interaction with the less hydrophilic filler, as is also suggested

by the clay supplier. In this work, the degree of polarity of the

clays was compared by moisture absorption tests, which pro-

vides information about the surface and bulk hydrophilicity of

the material. Figure 1 shows the results of water absorption as a

function of time (Mt) and Table I resumes the values after 24 h

(M24). It can be seen in Figure 1 that the unmodified clay

(CNaþ) reached the equilibrium at longer times than the modi-

fied ones (C30B and C20A). It can be attributed to the lower

interlayer distance of CNaþ that delays the access of the water

molecules into the galleries. On the other hand, the water con-

tent at equilibrium (M24) was substantially higher for CNaþ
than for C30B and C20A due to the lower water affinity of the

organo-modifiers in comparison with the sodium cations of

CNaþ. Comparing the two organo-modified clays, both reached

the equilibrium at the same time but C20A presented the lowest

M24 value. It can be attributed to the OH-groups of the C30B

organo-modifiers that can easily form hydrogen bonds with the

water molecules. From these results, it can be concluded that

C20A is the most hydrophobic clay and so it is a potential can-

didate as reinforcement of hydrophobic polyesters such as PCL.

Even so, as was previously explained in the introduction, the

processing stability of the organic-modifiers of the clays can be

decisive to obtain the expected clay morphology when the

nanocomposites are prepared by means of intense shear and

temperature, as those involved in a twin-screw extruder.35 Fig-

ure 2(a, b) shows the residual mass of clay as a function of tem-

perature and the DTGA analysis in air atmosphere, respectively.

The peaks shown in Figure 2(b) indicate the maximum speed

of thermal degradation. It can be observed from Figure 2(a)

that the clay CNaþ has a steep drop in residual mass in the

range of 50–120�C due to evaporation of water from the sam-

ple, showing that this reinforcement has the greater hydrophilic

character (as was also shown in Figure 1). Table I summarizes

the water content of each clay calculated from TGA. It can be

observed that the values are consistent with those from the

water adsorption tests: as stronger the hydrophilicity, higher the

water content is. It can be noted from Figure 2(b) that the ini-

tial degradation temperature (Tinitial) and the temperature at the

maximum speed of thermal degradation (Tpeak) of the organic-

modifiers were 150 and 265�C for C30B, and 190 and 307�C

for C20A. Table I shows that the content of organic-modifier on

the total mass of clay is 28 wt % for C30B and 40 wt % for

C20A, therefore, it is crucial to consider their degradation dur-

ing processing because if it happens, not only the final disper-

sion degree of the clay inside the nanocomposite can be

affected, but also the final clay content inside the matrix which

Figure 1. Water absorption of the clays as a function of time.
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can be lower than that introduced in the extruder. In our case,

the processing temperature of the extruder barrel did not exceed

120�C, but it is well known that the shear forces developed in

the mixer, together with the high viscosity of the polymer,

increase the melt temperature by viscous dissipation; therefore,

the clay modifiers may have degraded in different proportions,

depending on the characteristics of each one.

In conclusion, the C20A clay showed the highest hydrophobic-

ity, the larger interlayer distance and the strongest thermal

stability, therefore, based on the hypothesis of this work, PCL/

C20A nanocomposites prepared by melt mixing should show

the best clay dispersion degree, and hence, improved mechanical

and barrier properties.

Nanocomposites Characterization

Morphology. The degree of dispersion of the clay inside the

matrix was studied by XRD and TEM. Figure 3 shows the XRD

patterns for the nanocomposites. In the case of PCL/CNaþ and

PCL/C30B the peak corresponding to the clay interlayer distance

was identified. In the case of PCL/C30B this peak shifted to

lower angles than that of PCL/CNaþ which indicates a higher

extent of intercalation of the polymer chains into the C30B gal-

leries. On the other hand, for PCL/C20A the peak disappeared

indicating that the interlayer distance of the intercalated layers

is so long that the resolution of the equipment is not enough to

identify it, or that the nanocomposite does not present ordering

anymore (exfoliation). From the 2.y values of the basal peaks

and using the Bragg’s Law, the interlayer distance of the clays

inside the nanocomposites (d001
final) was calculated. Using the

d001
initial and d001

final values the increment of the interlayer dis-

tance can be calculated by the following equation:

Dd001 ¼ ðdfinal
001 � dinitial

001 Þ=dinitial
001 � 100 (5)

This parameter can be thought as a quantitative measure of the

efficiency of the intercalation of the polymer chains between the

Figure 2. Thermogravimetrical analysis of the clays: (a) residual mass as a

function of temperature (TGA); (b) derivative of the residual mass as a

function of temperature (DTGA).

Figure 3. XRD patterns for the PCL/clay nanocomposites.

Table II. Parameters Obtained from Morphological Analysis (XRD) and Mechanical, Impact, Thermal, and Permeability Measurements for the Neat

Matrix and Their Nanocomposites

Material d001final (Å)
Dd001

(%)
Modulus
(MPa)

Strength
(MPa)

Elongation at
break (%)

Etot

(J/m)
Xcr

(%)
Tg

(�C)
WVP
[g/(s.m.Pa)]a10�11

PCL – – 233 6 7 15.0 6 0.3 1906 6 82 926 72 �63 2.03 6 0.10

PCL/CNaþ 14.1 21 240 6 8 15.8 6 1.3 1345 6 123 1095 68 �64 1.79 6 0.06

PCL/C30B 33.1 79 303 6 28 14.0 6 0.2 1212 6 38 1197 72 �63 1.30 6 0.03

PCL/C20A 43.3a – 331 6 30 14.1 6 0.9 1430 6 35 1259 71 �63 1.21 6 0.10

aConservative value. It was calculated based on the Dd001 for PCL/C30B using eq. (5).
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silicate layers. The d001
final and Dd001 values are reported in Ta-

ble II. The position of the 2y diffraction peak for PCL/C20A

was calculated by means of eq. (5) and the Bragg’s Law in the

hypothetical case that this nanocomposite shows the same Dd001

value as that of PCL/C30B. The position was 2y ¼ 2.1� but it

can be seen in Figure 3 that no peak is present for PCL/C20A

at that position, marked with a black dot in the figure, which

confirms that the value of Dd001 of PCL/C20A was even greater

than that of PCL/C30B. A conservative value for d001
final was

calculated for PCL/C20A by means of eq. (5) using the Dd001

value of PCL/C30B (Table II). Figure 4(a–c) shows the TEM

pictures for the nanocomposites. This technique can be used in

order to observe the clay platelets structure; which are distin-

guished by the dark zones. Agglomerates (400–1000 nm) to-

gether with intercalated zones are present in the case of PCL/

CNaþ, whereas more intercalation is observed for PCL/C30B

and even higher dispersion can be concluded for PCL/C20A, in

accordance with XRD results.

Mechanical Properties. Table II summarizes the mechanical

properties of the matrix and their nanocomposites. All the clays

enhanced the Younǵs modulus of the neat matrix while the ten-

sile strength remained almost constant and the elongation at

break decreased in the range of 25–36% in all cases. Such detri-

ment on the elongation at break is not important taking into

account that the value for the pure PCL was around 1900%

while the values for commodities such as polypropylene, poly-

styrene, and polyethylene are around 50%.36 Therefore, the

main issue of the PCL (its low rigidity) was overcome maintain-

ing the tensile strength and elongation at break at acceptable

values. Figure 5 shows the Younǵs modulus as a function of the

clay dispersion degree represented by d001
final. It can be observed

an increasing trend of the Younǵs modulus as a function of the

clay dispersion degree which has been also demonstrated by sev-

eral works regarding PCL/clay nanocomposites.1,27,28 The

Younǵs modulus values are also consistent with those reported

by Lepoittevin et al.1 for PCL/CNaþ and PCL/C30B. The degree

of crystallinity (Xcr) of the matrix is a property that also influ-

ences the mechanical properties of the material. Therefore, it is

important to analyze the effect of the nanoclays on Xcr. Table II

shows the crystallinity degree for PCL and their nanocompo-

sites. For each material, the dispersion in values was negligible

(less than 1%). It can be seen that the different materials have

almost the same Xcr value which indicates that it had not any

effect on the mechanical properties tendencies. Labidi et al.37

found a similar results for PCL reinforced with three different

modified clays.

Impact Behavior

Figure 6 shows the load-displacement curves obtained from

impact tests of PCL and the nanocomposites PCL/CNaþ, PCL/

C30B, and PCL/C20A.

It can be observed that in all cases the curves increase with dis-

placement until a peak, which delimits an area known as the

energy required to initiate a crack. After this point, it can be

seen (also in all the curves) that although the load begins to

decrease with displacement, it does not abruptly, showing that

energy is absorbed during the crack propagation. The area after

Figure 4. Transmission electron microscopy (TEM) micrographs of PCL

based nanocomposites: (a) PCL/CNaþ; (b) PCL/C30B, and (c) PCL/

C20A.
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the peak is known as the energy required to propagate a crack

(Eprop). This behavior is typical for polymers that exhibit a duc-

tile failure mechanism.38 Table II summarizes the total energy

values, Etot, of PCL and nanocomposites. The incorporation of

all clays increased the fracture energy, suggesting that the clay

provides mechanisms of damage that absorb energy during the

impact fracture39. It can be observed from Figure 7 an increas-

ing trend of Etot as a function of the clay dispersion degree, the

latter represented by d001
final. Sun et al.39 have extensively

reviewed the energy absorption mechanisms for polymer nano-

composites including several examples of polymer/clay nano-

composites concluding that when the dimensions of the

strengthening particles approach the nanometer scale, the

energy absorption mechanisms are more efficient and the corre-

sponding properties of the compounds are different than those

reinforced with equal amounts of macro and micro reinforce-

ments. The main reason for these observations lies on the struc-

ture of the polymer/nanofiller interphase which is thicker and

has higher shear strength than in conventional composites. So

that, for a given volume fraction, the large specific surface area

of nanofillers, and the high nanofiller/matrix tensile strength ra-

tio lead to greater pull-out energy and fracture energy for nano-

composites compared with conventional microfiller reinforced

composites, but effective methods for avoiding nanofiller clus-

tering are needed to maximize nanocomposites performance. In

the case of PCL/clay nanocomposites, the only work found in

the literature regarding this topic was the study reported by

Lepoittevin et al.1 who, conversely to the hypothesis above men-

tioned, showed that the Izod impact strength of the PCL is

reduced as a function of the filler content when it is blended

with natural and organo-modified montmorillonites (Cloisite
VR

Naþ, Cloisite
VR

30B and Cloisite
VR

25A). The effect was more no-

torious for the nanocomposite that showed the highest clay dis-

persion degree, in contrast to the results reported in this work.

According to Galeski40 changes in the glass transition tempera-

ture, Tg, and the degree of crystallinity, Xcr, of the matrix also

influence the impact behavior of polymeric materials. It can be

seen in Table II that the values of the different nanocomposites

were in the range of �63.5�C 6 0.5�C and 70% 6 2% for Tg

and Xcr, respectively. These parameters did not significantly

change by the incorporation of the clays; therefore, it can be

assumed that the Tg and Xcr values of the matrix had not any

effect on the impact properties tendencies.

Permeability Tests. The polymer/clay nanocomposites are effec-

tive for use as barrier materials for packaging in the food indus-

try where the gas permeability determines the particular appli-

cation of the material.41 Incorporating small amounts of clay to

the matrix (<5% by weight) have demonstrated improvements

in gas barrier properties to various polymers such as polyi-

mide,42,43 polycaprolactone,44 and polyvinyl alcohol.45 Table II

summarizes the results of the water vapor permeability tests for

PCL and its nanocomposites PCL/CNaþ, PCL/C30B, and PCL/

C20A. It can be seen that the water vapor permeability

decreased when CNaþ was incorporated to the PCL matrix. In

addition, the changes became more pronounced for modified

clays (C30B and C20A). The decreasing trend of WVP as a

function of the degree of dispersion is clear in Figure 8. It has

Figure 5. Younǵs modulus as a function of d001
final for PCL and their

nanocomposites.

Figure 6. Load-displacement curves obtained in dart drop impact tests

for the PCL and their nanocomposites.

Figure 7. Impact energy as a function of d001
final for PCL and their

nanocomposites.
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been widely demonstrated that a high degree of dispersion of

clay in a polymer matrix, including PCL, further improves the

barrier properties compared with conventional microcompo-

sites.41–45 In addition, we demonstrated in this work that this

conclusion is also related with the initial basal spacing of the

clay, the hydrophobic/hydrophilic nature of the system and the

processing stability of the clay organo-modifiers, which were

optimized using C20A as filler.

Biodegradation (Burial in Soil). Table III shows photographs

of samples from environmental degradation (Pinocha type soil,

room temperature, 40% RH) at different times for the pure ma-

trix and nanocomposites reinforced with CNaþ, C30B, and

C20A. It can be seen that from the 6th month the weight loss

values increased considerably. At that time some fragments of

the samples were separated from the specimens by the action of

the advanced process of biodegradation and they could not be

recovered for weighing. Therefore, the evolution of weight loss

as a function of time was plot up to 5 months in Figure 9.

From this figure it is not possible to identify the dependence of

the weight loss as a function of time with any characteristic of

the clay (such as the hydrophobicity, initial basal spacing or

Figure 8. Water vapor permeability as a function of d001
final for PCL and

their nanocomposites.

Table III. Optical Photographs of Biodegradation in Soil as a Function of Time for the Matrix and Their Nanocomposites

Material Initial 2 months 4 months 6 months 8 months

PCL WL ¼ 0.0% WL ¼ 2.0% WL ¼ 9.0% WL ¼ 22.0%

PCL/CNaþ WL ¼ 0.0% WL ¼ 2.6% WL ¼ 10.8% WL ¼ 41.5%

PCL/C30B WL ¼ 0.0% WL ¼ 0.9% WL ¼ 2.5% WL ¼ 15.3%

PCL/C20A WL ¼ 0.0% WL ¼ 1.1% WL ¼ 3.4% WL ¼ 51.9%

Figure 9. Weight loss as a function of time from biodegradation in soil

tests for PCL and their nanocomposites.
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processing stability) nor the nanocomposite (such as the clay

dispersion degree). Even so, in the case of the C30B nanocom-

posite, the results are in accordance with the work by Fukush-

ima et al.46 whom observed that the incorporation of C30B

slows the rate of degradation of the polymer attributing this

fact to the presence of the reinforcement that can hinder the

access of the microorganisms to attack the ester groups

of PCL. On the other hand, Wu et al.47 have found

that the presence of unmodified montmorillonite nanoparticles

delay the biodegradation process in composting of the PCL and

more as a function of filler content, while the opposite result was

obtained in this work as can be observed for the CNaþ nano-

composite in Figure 9. In addition, Ratto et al.48 have found that

several modified clays accelerate the process of degradation in

soil of the PCL while in our case the C20A clay did not show

any effect on the biodegradation process of PCL. On the other

hand, Singh et al.49 studied the biodegradability of pure PCL and

its nanocomposites with two organo-modified clays including

Cloisite C30B under controlled conditions in enzyme, pure

microorganism (fungi), compost and Ganges water, finding that

the rate of biodegradation dramatically increases by clay incorpo-

ration as a result of varying crystallinity and depolymerase activ-

ity at different pH arising out of clay incorporation in the matrix.

They also found that the biodegradation rate depends strongly

on the media used and that the presence of microorganism is a

precondition to initiate biodegradation of PCL. Finally, they pro-

posed that the biodegradation rate can be fine-tuned either by

the incorporation of nanoclays (to increase the biodegradation

rate) or changing the processing conditions to increase the crys-

tallinity of the matrix (to decrease the biodegradation rate). The

findings and conclusions of all these works are subject to precise

experimental data and they are consistent with the stages of the

degradation process for PCL but they show dissimilar results for

similar PCL/clay systems which in some cases may arise from dif-

ferent preparation processes. In our case, more experimental

work is needed to deeply understand the biodegradation process

of the systems studied but the aim of this work was to analyze

the effect of the nanoclays on this process focusing on disposable

packaging applications for which long service life is needed but

short degradation times in landfill burial sites are desired. The

long service life can be guaranteed from the results obtained by

Singh et al.,49 who found that the presence of microorganisms

(usually not present in service) is a precondition to initiate bio-

degradation of PCL, while short degradation times of samples

buried in soil where shown in this work.

CONCLUSIONS

PCL/clay nanocomposites films were successfully prepared by

melt intercalation in a double screw extruder followed by com-

pression molding. The results obtained suggest that the main

characteristics responsible on the final morphology and proper-

ties of the PCL/clay nanocomposites are the hydrophobic/hydro-

philic nature of the system, the initial basal spacing of the clay

and the processing stability of the clay organo-modifiers. It was

experimentally demonstrated that C20A meets the optimal

combination of these parameters for preparing PCL based

nanocomposites. As a consequence of this result, PCL/C20A

nanocomposites displayed the best clay dispersion degree and

showed improvements in several properties strategically studied

focusing in packaging applications: the Younǵs modulus

increased 42%, the total energy absorbed in puncture impact

tests increased 36% and the water vapor permeability decreased

40%. Moreover, it was demonstrated that the biodegradation

behavior in soil of this nanocomposite makes it a potential

candidate for the replacement of commodities in disposable

polymer packaging applications. In future works we plan to

chemically modify Argentinian bentonite clays with more stable

cations expecting to obtain a cheaper product with stronger

processing stability than C20A. The morphology and final prop-

erties of PCL based nanocomposites reinforced with these fillers

will be analyzed studying also the effect of clay content.
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