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ABSTRACT: The properties of nanocomposites of poly(e-caprolattone) (PCL) were studied, the pristine PCL was implemented with

the introduction of electrospun fibers of polyhydroxybutyrate (PHB), containing a cationic (Cloisite) or an anionic (Perkalite)

clay. These multicomponent composites containing a very low amount of clay confined in fibers are different from usual nanocom-

posite materials containing clay dispersed in the polymer matrix, which are produced by solvent casting or melt extrusion. To ana-

lyze the influence of the different fillers on the final composite, a preliminary study on PHB cast films and fibers prepared from

the same solution was carried out, and then a thorough analysis was accomplished of the behavior of these particular nanocompo-

sites PCL/PHB fibers/clay to elucidate the effects of the filled electrospun fibers on the PCL matrix. The structure and morphology

of the samples were characterized by wide-angle X-ray diffraction and small angle X-ray scattering; differential scanning calorime-

try and thermogravimetric analysis were used to understand the influence of the fillers on the thermal behavior and stability;

mechanical properties were evaluated and biodegradation studies were carried out. The PHB electrospun fibers and the

fractured surface of the final composites were examined by scanning electron microscopy. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2015, 132, 42342.
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INTRODUCTION

Although designed and tested for decades, biodegradable poly-

mers are gaining importance as possible substitutes for synthetic

plastics, especially for environmental reasons, due to the possi-

bility that artifacts made from them are subjected to biodegra-

dation—natural or bacterial—which gives rise to products

harmless or even beneficial to the environment. It is a consider-

able advantage since the main problem of traditional plastic

materials derives from the fact that the final products are inde-

structible by natural and hardly disposable.

In fact, biopolymers are a class of materials that are extremely

interesting because it is possible to get them from renewable

resources; furthermore, their physicochemical properties can be

modified respond to multiple application needs.

Among the biocompatible and biodegradable polymeric materi-

als, the class that has attracted most interest is that of aliphatic

polyesters, whose applications include conventional sectors such

as agriculture, packaging, fibers, and biomedical areas.

The polyhydroxyalkanoates (PHAs) are a group of biodegrad-

able and biocompatible polyesters1,2 synthesized by a large num-

ber of intracellular bacteria (e.g., Alcaligenes eutrophus or

Bacillus megaterium) for which they constitute an important

energy supply. The monomer composition of PHAs is deter-

mined by the relative concentration of carbon sources available

or by the conditions in which fermentation takes place. More

than a hundred different types of monomers are known, each

of which has a specific structure.1

The most important of the PHAs is polyhydroxybutyrate

(PHB),3–10 a semicrystalline thermoplastic polyester identified in

1926 by the Institute Lemoigne Pasteaur as a constituent of the

microorganism Bacillus megaterium.3 PHB possesses a remark-

able crystallization rate, high degree of crystallinity (55–80%),

high melting temperature (Tm � 1808C), and a glass transition

under room temperature (Tg � 48C); however, its brittle behav-

ior and lack of melt stability have seriously restricted its use.4

Another polymer of great interest, even though it is a synthetic

one, is poly(e-caprolattone) (PCL); it is a linear semicrystalline

Additional Supporting Information may be found in the online version of this article.
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polyester, characterized by a low glass transition temperature

(Tg 2608C) and produced by ring-opening polymerization of e-

caprolactone.

It is biocompatible and biodegradable, either through hydrolytic

or enzymatic cleavage along the macromolecular chain. Its

potential uses are currently being examined in biodegradable

packaging materials,11 in pharmaceutical controlled release sys-

tems, and other medical applications.

It can therefore be understood that as is now widely used for syn-

thetic plastics, one thinks of the enhancement of the properties of

PHB4,12–15 and PCL16–29 by preparation of nanocomposites, trying

to modulate the characteristic of biodegradability of the material

and enhance its mechanical properties, thermal stability, gas barrier

properties, electrical properties, and also the biodegradation rate.

In some recent articles, it is already reported the preparation of

nanocomposites of PCL via the introduction, into the polymeric

matrix, of nylon fibers obtained by electrospinning,30,31 with the

intent of improving the mechanical properties and tuning the

biodegradation rate of the nanocomposite; in this article, we

want to extend the study to multicomponent composites of

PCL filled with fibers of PHB, in which a cationic (Cloisite) or

an anionic (Perkalite) clay is introduced.

The purpose of this article is to verify if the new multicompo-

nent composites can have biodegradation behavior and thermal

and mechanical properties different than those of the traditional

composites prepared by solvent casting.

In particular, it is interesting to investigate if a filler consisting

of PHB, a biodegradable polymer with better thermal properties

than the matrix of PCL, can improve the thermal properties

and the biodegradation rate of the composite.

The further addition of a very low percentage of clay (which

represents the nondegradable part of the final composite) has

the purpose of enhancing mechanical properties.

To have a clear understanding of the influence of the different

fillers on the final composite, a preliminary study on PHB cast

films and fibers (prepared from the same solution) was carried

out, then a thorough analysis of the behavior of the nanocom-

posite PCL/PHB fibers/clay was accomplished.

The structure and morphology of the samples were character-

ized by wide-angle X-ray diffraction (WAXD) and small angle

X-ray scattering (SAXS). Biodegradation studies were then car-

ried out with respect to time and the influence of the structure

on the degradation of nanocomposites was studied by WAXD.

Differential scanning calorimetry (DSC) and thermogravimetric

analysis (TGA) was used to understand the influence of fillers

on thermal behavior and stability.

The PHB electrospun fibers and the fractured surface of the

final composites were examined by scanning electron micros-

copy (SEM).

EXPERIMENTAL

PHB in the form of powder was purchased from Sigma Aldrich

(Milano/Italy) and used as received. This natural-origin polymer

is reported by the producer to have Tm 5 1728C.

Weight average molecular weight (Mw) and number average

molecular weight (Mn) were determined by gel permeation

chromatography (GPC) to be, respectively, 242,920 g/mol and

227,900 g/mol. GPC measurements were obtained with a GPC

chromatograph Agilent 1260 Infinity equipped with a Phenom-

enex Phenogel 5 MXM and with a refractive index detector,

chloroform was used as solvent at 308C.32

PCL in the form of pellets was purchased from Sigma Aldrich

(Milano/Italy) and used as received; according to the supplier,

the weight average molecular weight (Mw) and number average

molecular weight (Mn) were, respectively, 48,000–90,000 and

40,000–50,000 g/mol.

The multicomponent composites were prepared using PCL as

matrix and the fibers of PHB containing two organoclays

as filler.

The first clay was the most widely used cationic one, Cloisite

20A (Southern Clay Products), and the other was the organi-

cally modified layered double hydroxide Perkalite (Akzo Nobel),

an anionic clay. Cloisite 20A is a commercial montmorillonite

organomodified by ion-exchange with dimethyl dehydrogenated

tallow quaternary ammonium salt. Perkalite is a synthetic

hydrotalcite clay, treated with a proprietary composition of ani-

onic surfactants.33

A 8 wt % PHB solution in chloroform/dimethylformamide (90/

10, wt/wt) was prepared; the percentage of PHB was chosen,

after testing solutions at 6 and 10%, as the most suitable to

obtain electrospun fibers.

The solution was then divided into five parts, the first was used

as obtained and the others were added, respectively, with 2 and

5% Cloisite and with 2 and 5% Perkalite. From these solutions,

cast films and fibers were prepared whose characteristics are

shown in Table I.

The films of nanocomposite and of neat PHB were prepared

by a solvent casting method and the entire procedure was car-

ried out in a crystallizer to obtain a greater surface area.

Table I. Samples Composition

Sample Type of samples Organoclay

PHBp Powder /

PCLp Pellet /

PHBcf Cast film /

PHBcf2CL Cast film 2% cloisite

PHBcf5CL Cast film 5% cloisite

PHBcf2PK Cast film 2% perkalite

PHBcf5PK Cast film 5% perkalite

PHBfb Fiber /

PHBfb2CL Fiber 2% cloisite

PHBfb5CL Fiber 5% cloisite

PHBfb2PK Fiber 2% perkalite

PHBfb5PK Fiber 5% perkalite
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The solution was stirred and heated at about 508C for 2 h and

the film was obtained by removal of the solvent.

PCL pellets were compression molded into films by the applica-

tion of heat and pressure in a press (Alfredo Carrea, Genova,

Italy), the polymer was melted at 908C and then left inside the

press until cooling to room temperature. Films of 0.5 mm

thickness were obtained.

Preparation of sandwiched samples was made by impregnation

of the electrospun fibers mat with the molten PCL, by compres-

sion molding.30,31,34 The PHB nanofiber mat was sandwiched

between PCL films at 908C, PCL was melted and percolated

between the voids in the mat, constituting a continuous phase

in which the fibers were dispersed.

A neat PCL sample and five composites, differing by formula-

tion (Table II), were prepared in order to evaluate the effect of

PHB fibers, containing different percentage of the two types of

clay, on the morphology and performance of the composite

materials.

To determine the actual percentage of clay in the samples, ther-

mogravimetric analysis was carried out, the results of which

have confirmed that the percentages of residual material found

in the different samples are consistent with those used for the

preparation thereof.

Electrospinning

Electrospinning was carried out by processing the solution of

neat PHB and the others added with clay with an applied volt-

age of 16 kV and tip to collector distance of 20 cm. Just after

electrospinning, polymer nanofibers were placed under vacuum

to remove residual solvent.

The morphology of electrospun polymer fibers was observed by

polarized optical mircoscopy POM and SEM.

Wide-Angle X-ray Diffraction

WAXD patterns were recorded in the diffraction angular range

1.5–408 2h by a Philips X’Pert PRO diffractometer, working in

the reflection geometry and equipped with a graphite mono-

chromator on the diffracted beam (CuKa radiation).

Transmission patterns were recorded in the diffraction range of

5–408 2h by a diffractometer GD 2000 (Ital Structures) working

in a Seeman–Bohlin geometry and with a quartz crystal mono-

chromator on the primary beam (CuKa1 radiation).

The application of the least-squares fit procedure elaborated by

Hindeleh and Johnson35 gave the degree of crystallinity by

weight which is then transformed in to the degree of crystallin-

ity by volume (UWAXD) when a comparison is needed.

Small Angle X-ray Scattering

The SAXS measurements were performed in an MBraun system

by utilizing CuKa radiation from a Philips PW1830 X-ray gen-

erator. The patterns were recorded by a position sensitive detec-

tor in the scattering angular range 0.1–5.08 2h and corrected for

the blank scattering. A constant continuous background scatter-

ing36 was subtracted and the obtained intensity values ~I (s) were

smoothed, in the tail region, with the aid of the s~I (s) versus 1/

s2 plot.37 Then Vonk’s desmearing procedure38 was applied and

the one-dimensional scattering function was obtained using the

Lorentz correction: I1(s) 5 4ps2I (s), where I1(s) is the one-

dimensional scattering function and I(s) is the desmeared inten-

sity function.

The sum of the average thicknesses of the crystalline and amor-

phous layers was determined as the Bragg identity period (or

long period) D of the function I1(s).

SAXS Data Analysis

The evaluation of the SAXS patterns according to some theoret-

ical distribution models39 was carried out referring to the Hose-

mann model,40 which assumes the presence of lamellar stacks

having an infinite side dimension. This assumption takes into

account a monodimensional electron density change along the

normal direction to the lamellae.

The fitting procedure39 of the calculated one-dimensional scat-

tering function with the experimental one allows to optimize

the values of the thicknesses and distributions of the crystalline

and amorphous layers, the long period and the crystallinity,

along with their distribution, associated to lamellar stacks.

Polarized Optical Microscopy

POM analysis was performed by a Leica DM4000 M microscope

equipped with a Leica DFC camera.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) pictures were obtained by

an XL30 scanning electron microscope (Philips). All considered

specimens were gold coated.

Thermal Analysis

DSC measurements were carried out by a model 2920 calorime-

ter (TA Instruments) operating under N2 atmosphere. The sam-

ples, weighing about 5 mg, were closed in aluminum pans.

A heating rate of 108C/min up to 2008C was set in order to

observe the polymer melting peak for the fibers of PHB and the

sandwiched samples.

Indium of high purity was used for calibrating the DSC temper-

ature and enthalpy scales. Thermogravimetric analysis (TGA)

was performed with a TA Instrument SDT 2960 simultaneous

TG/DSC system. The scans were recorded at a heating rate of

108C/min in a temperature range from 30 to 6008C. Experi-

ments were done under air.

The onset of the degradation was calculated as the intersection

between the starting mass line and the line of maximum gradi-

ent tangent to the TG curve, the temperature corresponding to

Table II. Sandwiched Composites

Sample
Type of
fiber

Fiber
content

Organoclay
content

PCL / / /

PCL/PHB PHBfb 3.5% /

PCL/PHB_2CL PHBfb2CL 3.5% 2% cloisite

PCL/PHB_5CL PHBfb5CL 3.5% 5% cloisite

PCL/PHB_2PK PHBfb2PK 3.5% 2% perkalite

PCL/PHB_5PK PHBfb5PK 3.5% 5% perkalite
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the maximum of the derivative of the TG curve with respect to

temperature was indicated as the degradation temperature

(Tdeg).

Mechanical Properties

The tensile properties of the sandwiched samples (dimensions

30 3 10 3 1 mm) were measured using an Instron Model 3345

mechanical tester at room temperature.

The cross-head speed was 5 mm/min and five samples were

tested for each composition. The stress and the strain at yield

and break and Young’s modulus were measured with relative

errors of max 4%.

Biodegradation Studies

Biodegradation studies were carried out in an all-purpose gar-

dening soil (pH 5 7.0, used as purchased from a gardening

shop) kept moist at 100% relative humidity. The structure of

the composite samples was evaluated before, during, and after

degradation. The samples were taken out every 20 days until

the end of the experiments and the percentage of weight loss

was regarded as the measure of biodegradation.

A particular care was taken not to disperse small fragments that

could arise during the handling of the samples which preceded

the mass measurements.

RESULTS AND DISCUSSION

In this work, we have characterized PHB in the form of cast

films and fibers and finally the sandwiched composites, con-

sisting of PCL matrix and PHB fibers filled with Cloisite or

Perkalite. The preparation of the composites is an original

way to add nanoparticles in a polymer matrix, without pre-

paring the samples from solution or by extrusion; in this

case, the nanofillers remain confined within the fibers

because the melting temperature of PHB is higher than that

of PCL.

Since the amount of PHB fibers is 3.5% in PCL and that of clay

2 or 5% in the fibers, it is easy to establish that the total per-

centage of nanofillers in the final composite is very low.

PHB Films by Solvent Casting and Electrospun Nanofibers

The preparation of the samples in the form of cast film was

used in particular for the study of the phenomenon of biode-

gradation of PHB, with and without clay, prepared by solution,

because the morphology of the samples, produced in the form

of fiber, makes especially difficult the collection of fragments in

which the sample is divided after the stay in soil and then it

prevents a correct analysis of the weight loss during the biode-

gradation process.

The characterization of films and fibers allows also to highlight the

difference between the two macroscopic morphologies from the

point of view of the influence of clay on the structure of PHB.

For the calculation of the degree of crystallinity of cast film

samples, WAXD patterns were recorded in the diffraction angu-

lar range 10–408 2h. The diffraction patterns of the samples

exhibit the typical pattern of PHB and significant changes to

the profile of the matrix were not detected. The results obtained

are reported in Supporting Information, Table 1S.

The results show the same trend for both clays: while the nano-

composites with 2% clay show an increase, those loaded with

5% show a decrease of crystallinity. The phenomenon can be

justified by the fact that the fillers normally exert a double effect

on the crystallization of the polymer matrices. On one hand,

they act as nucleating agents, favoring the formation of nuclei

of crystallization and so increasing the rate of crystallization.

On the other hand, however, the presence of the inorganic par-

ticles interferes with the movement of the macromolecular

chains, acting as a hindrance to their regular alignment.41

WAXD analysis allows to identify the clay basal peaks in the small

angle region where they appear (2.5–3.58 2h), corresponding to

angular values of the interlayer space characteristic of the clay

crystallographic planes 001 (Supporting Information, Figure 1S).

A comparison between the diffraction spectra of neat clays and

cast films allows to establish a shift of the basal peak 001 toward

smaller angles (Figure 1), although it is possible to determine

the interlayer space only for nanocomposites loaded with 5%;

in fact, the basal peak in those loaded with 2% is too weak.

The obtained results are reported in Table III.

The increase in the interlayer space detected in the samples con-

taining the 5% filler, compared to that of the neat clay, indicates

that during the preparation of the solution, a phenomenon of

intercalation occurs, due to the good affinity between the poly-

mer and the clay, and the splitting of the layers of clay persists

during the cast film formation.

Figure 1. WAXD traces of cast film composites and of neat Perkalite in

the angular region of the basal peaks of clay.

Table III. Calculated Interlayer Space of Neat Clays and Film

Nanocomposites

Sample 2h
Interlayer
space (Å)

cloisite 3.5 25.2

perkalite 2.6 34

PHBcf5CL 2.4 36.8

PHBcf5PK 2.2 40.1
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SAXS was used to investigate the semicrystalline framework of

the material on the scale of lamellar stacks. SAXS experimental

patterns can be seen in Figure 2 and were fitted according to

the method,39 which was proved42–44 to reliably determine the

morphological parameters, relating to the lamellar stacks, that

are shown in Table IV.

It was not possible to apply the fitting procedure to the sample

PHB2CL because its SAXS pattern was too poor.

From the comparison of the data reported in Supporting Infor-

mation, Table 1S and Table IV, it is possible to point out that

USAXS is always a little bit larger than UWAXD.

Actually the different values of crystallinity obtained with the

two techniques are due to the fact that by WAXD analysis, it is

possible to detect all the regions contributing to the semicrystal-

line framework, including the amorphous phase located outside

the lamellar stacks, while SAXS analysis allows to consider only

the crystallinity related to the morphology of the lamellar

stacks.45

It is possible to observe that the number of lamellae per stack is

low as well as the lamellar thickness; therefore, it can be con-

cluded that the preparation of cast films hinders the formation

of extended lamellar stacks and leads to the formation of thin

lamellae.

All the loaded cast films retain the same long period; besides

PHB2PK shows a broadening of the SAXS signal. This indicates

that, for this sample, the lamellar stacks are less homogeneous

in size and morphology; it is so possible to assume that the for-

mation of thin lamellae is even more evident for PHB2CL,

resulting in an SAXS peak of low intensity and large broadening

such as to make impossible an accurate determination of both

size and distribution of the lamellae and indicating a disruption

of the order of the lamellar stacks.

To test biodegradability, PHB cast films were placed inside an

all-purpose gardening soil (pH 5 7.0) kept moist at 100% rela-

tive humidity for a period of about 2 months.

The soil was not added with other organic substances or micro-

organisms in order to keep the degradation media as similar as

possible to the ground which is located in home gardens, it is

already well known that microbial degradation46 speeds up the

rate of degradation, especially when there is a cationic clay as

Cloisite in the polymer; in fact, the presence of microorganisms

is a precondition for starting the subsequent hydrolysis and

biodegradation.

The composites were weighed at 0, 20, and 40 days and only at

the beginning and the end of the study period were analyzed by

WAXD to assess the degree of crystallinity. It was not possible

to record WAXD spectra at 20 days because the samples had

undergone a considerable embrittelment and superficial altera-

tion such as not to make them suitable for WAXD analysis and,

therefore, it was necessary to grind the samples, an operation

that was carried out only after 40 days when the crushing of the

samples was such that it could no longer be sure, if repositioned

in soil, to be able to collect all the fragments after a further

period of time.

The obtained results are reported in Supporting Information,

Table 2S.

All the samples show morphological alterations and a decrease

in mass and crystallinity. The cast films, which show the most

evident results are PHB2CL and PHB5CL, the samples contain-

ing Perkalite suffer a reduced degradative action; in fact, they

show weight loss lower than that of neat PHB. All the films evi-

dence a crystalline decrease, however, the samples containing

Cloisite have a significant weight loss but a small decrement of

crystallinity. On the contrary, samples with Perkalite do not

show high degradability but have a large crystallinity decrement;

this points out that the degradation process takes place primar-

ily in the crystalline regions and then spreads over the amor-

phous ones, so there is a rapid decrease in the crystallinity

degree when the weight loss is still moderate.

To understand the results obtained from the study of the biode-

gradation process, it is appropriate to discuss the effects of the

type and amount of clay used to prepare the cast films.

It is well known that cationic clays, such as Cloisite,47–49 may

have both a barrier effect which improves the thermal stability

and a catalytic effect that promotes the degradation of the poly-

mer matrix, because these clays possess the catalytic sites of Al

Lewis acids that facilitate hydrolytic fragmentation, this is not

true for the anionic clays like Perkalite and this fact is consistent

with the results obtained for the nanocomposites analyzed.

The hydrolytic fragmentation process is directly correlated to

the weight loss; it is exactly this phenomenon that causes the

Figure 2. SAXS patterns (dotted lines) of cast film composites. Traces cal-

culated during the fitting procedure (solid lines) are also shown.

Table IV. Morphological Parameters of Lamellar Stacks, Obtained by

SAXS Analysis of Cast Films

Sample N
C
(Å)

A
(Å)

D
(Å)

USAXS

(%) rC/C rD/D

PHBcf 5 60 9 70 58 0.43 0.30

PHBcf5CL 7 58 11 69 57 0.34 0.30

PHBcf2PK 5 63 8 71 61 0.54 0.39

PHBcf5PK 5 57 13 70 55 0.47 0.33
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degradation and therefore the weight loss which makes the sam-

ple more fragile and likely to break.

The different amount of clay is instead responsible for a higher

thermal stability if compared to the same nanocomposite con-

taining 5% filler. It has been reported in the literature50 that a

low percentage of clay has an amplification of the barrier effect

because its dispersion improves.

This also explains the decrease of biodegradability of PHBCL2

with respect to PHBCL5; on the contrary for the nanocompo-

sites containing Perkalite, there is no noticeable effect on the

biodegradability due to the different percentage of filler; this is

probably due to the fact that the absence of catalytic sites of Al

Lewis acids is the predominant reason of the low efficiency of

Perkalite on the rate of biodegradation.

The study of electrospun fibers prepared from the same solution

used to obtain the films, started determining the degree of crys-

tallinity of PHB by DSC measurements because WAXD spectra

were too poor. The thermograms are shown in Figure 3 and the

results in Supporting Information, Table 3S.

In this case, the crystallization that occurs quickly during the

electrospinning process prevents the clay to act as a nucleating

agent, as in the case of cast films, and the effect of hindrance

overrides to the regular organization of macromolecules. The

results show a decrease of crystallinity for the fibers loaded with

clay, more evident in those containing 5% nanofiller.

It was possible to determine the lamellar morphology of the

fiber samples only for not loaded PHB; in fact, SAXS spectra of

the samples containing clay are characterized by peaks of low

intensity and large broadening as reported for PHBcf2CL. This

does not allow accurate processing and indicates that the clay

prevents the formation of ordered lamellar stacks.

The discussion of the results of the SAXS sample of neat PHB

fiber must be made with respect to the cast films prepared from

the same solution.

It is possible to point out that the percentage of crystallinity is

a little bit higher (Table V) than that of the cast film samples

(Table IV) with a lamellar morphology characterized by a

higher long period and ordered stacks containing a large num-

ber of lamellae.

The process of preparation of the samples from the solution is

therefore critical for the lamellar morphology in the solid state;

in fact, in the cast films, there is the formation of small stacks

consisting of thin lamellae and small amorphous layer, while in

the fiber samples, there are thicker amorphous layers within the

lamellar stacks.

Through the analysis of the SAXS spectra, it was also possible

to study the dispersion of the clay inside the fibers and compare

its morphology to that of the pristine clay.

The results reported in Table VI allow to highlight that no phe-

nomenon of intercalation can be observed in the fibers. Such a

phenomenon probably occurs when the solution is prepared

and it is maintained in the formation of cast films, in which the

solidification process is slowly achieved. During the electrospin-

ning process, the solidification takes place in a very short time

so there is a reassemble of the stacks of clay into small tactoids

with an average number of layers around 10.

From a macroscopic point of view, the material collected during

electrospinning presents the characteristic compactness of a

nonwoven fabric with the fibers randomly oriented in the sam-

ple without clay and in those containing Cloisite. Fibers filled

with Perkalite are hollow and form coiled macrostruttures.

The macroscopic morphology of the fibers can be observed in

Figures 4–6 showing the images collected by optical (a,c) and

scanning electron (b,d) microscope. Figure 7 shows the SEM

image with higher magnification which highlights the hollow

structure of the fibers of PHBfb5PK and the distribution of Per-

kalite (white dots).

The fibers without clay have an average size around 2 mm and

tend to be bigger than the fibers containing Cloisite (0.7 and 2

mm) but smaller than those containing Perkalite (4 mm and 8

mm); the higher the percentage of clay, the bigger the diameter

of the electrospun fibers.

It is therefore evident that the type and amount of clay have

great influence on the macroscopic morphology of the produced

fibers.

Figure 3. DSC curves of PHB electrospun fiber composites.

Table V. Morphological Parameters of the Lamellar Stacks Obtained by

SAXS Analysis of PHB Fibers

Sample N C (Å) A (Å) D (Å) USAXS (%) rC/C rD/D

PHBfb 22 66 32 98 67 0.48 0.36

Table VI. Morphological Parameters of the Clay Stacks Obtained by SAXS

Analysis of Clays and PHB Fiber Composites

Sample N C (Å) A (Å) D (Å) rC/C rD/D

cloisite 1 10 14 25 0.40 0.19

PHBfb2CL 10 10 15 25 0.31 0.22

PHBfb5CL 10 10 15 25 0.31 0.22

perkalite 1 14 20 34 0.36 0.26

PHBfb2PK 10 14 20 34 0.36 0.24

PHBfb5PK 10 14 20 34 0.36 0.24
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Figure 4. (a) POM and (b) SEM images of PHB electrospun fibers. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 5. Images of PHB electrospun fibers filled with Cloisite: 2% ((a) POM, (b) SEM) and 5% ((c) POM, (d) SEM). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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To investigate the role of the clay on the thermal behavior of

PHB fibers, TGA measurements were performed which show

that the decomposition temperature has a slight increase, com-

pared to neat PHB (Supporting Information, Figure 2S and

Table 4S) for the sample loaded with 2% Cloisite, while the

same biodegradation temperature is measured for the sample

with 5% and a decrease for those loaded with Perkalite.

Ultimately the addition of Cloisite tends to improve the thermal

performance14 of PHB, on the contrary Perkalite worsens it.

PCL/PHB Clay Composites

To assess how PHB fibers are arranged into the PCL matrix,

after the preparation of the composite (Table II), the samples

were broken in liquid nitrogen (in order to avoid the plastic

deformation of the material) and then the SEM analysis was

performed.

Figure 8 shows the SEM image of the fracture zone of the sam-

ple PCL/PHB_5CL which indicates a homogeneous distribution

Figure 6. Images of PHB electrospun fibers filled with Perkalite: 2% ((a) POM, (b) SEM) and 5% ((c) POM, (d) SEM). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. SEM image of PHB electrospun fibers filled with Perkalite 5%.
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of the fibers included, without a preferred direction, within the

matrix.

Thermal analysis of the composite samples by DSC allows to

highlight (Table VII) a decrease, more evident in the samples

containing Perkalite, of the melting temperature and a small

increase in the degree of crystallinity compared to the unfilled

PCL, it is possible to presume that there is a minimal effect of

nucleation due to the fibers.

The analysis by SAXS of the sandwiched samples (Table VIII)

shows that the morphological parameters remain substantially

the same as the neat PCL. The structure of the lamellar stacks is

therefore maintained, but there is a slight decrease in the long

period, especially in samples containing Perkalite, this is associ-

ated with a decrease in the thickness of amorphous layers and it

indicates an increase in the amorphous regions outside the

lamellar stacks.

Confinement of clay in fibers has as a consequence that the

morphology of the PCL remains substantially unchanged, unlike

what happens in composites prepared by solvent casting.29

From SAXS data, it is also possible to note a small increase in

the degree of crystallinity, as also indicated by DSC data. This is

not detected by WAXD (Table IX) according to which there is a

reduction of the crystallinity with the introduction of unfilled

fibers and values that come back to those of the neat PCL when

the clays are also present. So it seems that the unfilled fibers

induce a better organization in lamellar stacks, probably due to

their more orderly macrostructure (Figure 4).

The clay inside the multicomponent composites is obviously

confined within PHB fibers, its distribution and morphology

are then described (Table VI) by data derived from SAXS analy-

sis of the fibers. There is a different situation that if the clay

had been dispersed by solvent casting directly into the PCL29

matrix. In particular, it is to emphasize that the clay in fibers

shows no phenomenon of intercalation, typical of nanocompo-

sites prepared by solvent casting, and it is aggregated in tactoids

containing about 10 stacks.

From TGA data, it is possible to determine (Table 5S) that the

degradation temperature of the composites is observed in the

same range of neat PCL.

The insertion of PHB fibers, however, results in an evident low-

ering (about 208C) of this temperature and in a differentiated

behavior according to type and amount of clay (Figure 9).

The presence of 2% Cloisite causes no change, while there is a

significant decrease for the sample containing 5%. Even for the

samples containing Perkalite, there is a decrease of Tdeg, very

marked (about 688C) for the one containing 2%.

In particular, the addition to the PCL matrix of PHB fibers

allows to decrease Tdeg, but just a small amount of cloisite (2%)

enables to bring Tdeg back to that of the neat PCL; on the con-

trary, the same amount of Perkalite leads to a Tdeg much lower.

Figure 8. SEM image of the fractured PCL/PHB_5CL sample.

Table VII. Melting Temperature (Tm) and Enthalpy (DHm), Crystallinity

Degree (XDSC) of Sandwiched Samples

Sample Tm (8C) DHm (J/g) XDSC (%)

PCL 62 75.7 53

PCL/PHB 59 75.1 53

PCL/PHB_2CL 58 76.3 54

PCL/PHB_5CL 58 77.9 55

PCL/PHB_2PK 56 77.9 55

PCL/PHB_5PK 56 79.7 56

Table VIII. Morphological Parameters of the Lamellar Stacks Obtained by

SAXS Analysis of the Sandwiched Samples

Sample N
C
(Å)

A
(Å)

D
(Å)

USAXS

(%) rC/C rD/D

PCL 30 86 60 146 59 0.39 0.28

PCL/PHB 30 88 56 144 61 0.42 0.31

PCL/PHB_2CL 32 90 53 143 63 0.40 0.29

PCL/PHB_5CL 30 89 56 144 61 0.42 0.30

PCL/PHB_2PK 30 88 53 141 63 0.41 0.30

PCL/PHB_5PK 27 87 53 140 61 0.42 0.31

Table IX. Weight Loss of Sandwiched Samples after 60 days of Biodegra-

dation and Crystallinity Degree by Volume at Days 0 and 60

Sample

Weight
loss (%)
at day 60

UWAXD (%)
at day 0

UWAXD (%)
at day 60

PCL 39 52 57

PCL/PHB 0 47 47

PCL/PHB_2CL 0.3 50 50

PCL/PHB_5CL 9 52 52

PCL/PHB_2PK 0.4 50 52

PCL/PHB_5PK 0.6 53 51
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It is interesting to underline that the preparation of these multi-

component composites containing a very low amount of clays

allows to modulate the properties of thermal stability of PCL as

already detected16,28,51 in the case of addition of larger amount

of Cloisite not confined in fibers.

The data related to the degradation behavior of the composites

in soil (Table IX) show that there is a very sensible weight

decrease for neat PCL, which also presents an increase in crys-

tallinity after 60 days, indicating that the amorphous regions

are the most subjected to the process of degradation.

A dramatic slowdown in this process is observable with the

introduction of PHB fibers, but for that containing 5% Cloisite.

It is noteworthy that the crystallinity remains unchanged, so the

degradation proceeds in the same way for all the material both

in the amorphous and in the crystalline phase, even when there

is the greatest weight loss, that is, in the sample PCL/PHB_5CL.

Once again a different behavior is detected from that of the

composites prepared from solvent casting,29 in which there is a

delay of the start of biodegradation and a preferential attack of

the amorphous regions, with a consequent increase in the

degree of crystallinity. In the case of the multicomponent com-

posites, the confinement of clay into the fibers leads again to a

delay in the biodegradation process, but both the crystalline

and amorphous regions are attacked and the degree of crystal-

linity remains unchanged.

The clay confined in the fibers cannot act as a fast promoter of

the biodegradation process, probably because the first action is

directed to the degradation of PHB fibers, which are internal to

the PCL matrix, and thus protected from the external environ-

ment, in this case, the soil.

It is obvious that there is a delay with respect to the start of the

biodegradation process in PHB films (Supporting Information,

Table 2S) and PCL29 containing clays not confined in fibers or

neat PCL (Table IX).

The type and amount of clay and fibers in the matrix of PCL,

therefore, allow to control the start of biodegradation. This can

be useful for example in biodegradable packaging materials, in

pharmaceutical controlled release systems, and other medical

applications for which it is important that the biodegradable

material can remain unchanged for a certain period of time.

The tensile properties of the composite materials were then ana-

lyzed (Table X). Also in this case, the behavior of PCL/PHB_5CL

differs from the other ones; there is a considerable decrease in

the elastic modulus with a relative increase of strain at break. In

general, for the other composites, there is still an increase of duc-

tility even if the elastic modulus is substantially unchanged, a

behavior already reported for PCL nanocomposites.29

CONCLUSIONS

The preparation of multicomponent composites based on PCL

gives as a result a change of the properties of the neat polymer,

even if the clay is introduced in very low amount and confined

within the fibers of PHB, in fact the presence of both clay and

fibers induces changes in the behavior of the PCL matrix.

From the analysis of the data relating to the degree of crystallin-

ity obtained by DSC, WAXD, and SAXS, we can assume that

the unfilled fibers induce a better organization in lamellar

stacks, probably due to their more orderly macrostructure, even

if the overall degree of crystallinity tends to decrease.

The confinement of clay in fibers has as a consequence that the

morphology of the PCL remains substantially unchanged and

there is no phenomenon of intercalation, unlike what happens

in composites prepared by solvent casting,

It is again the presence of clay stuck inside PHB fibers that

leads to a delay in the biodegradation process, but both the

crystalline and amorphous regions are attacked and the degree

of crystallinity remains unchanged.

The filled PHB fibers allow to modulate the properties of ther-

mal stability of PCL and prevent the biodegradation process for

Figure 9. TGA curves of PCL/PHB/clay composites.

Table X. Tensile Properties of the Sandwiched Composites

Sample
Modulus
(MPa)

Stress at
yield (MPa)

Strain at
yield (%)

Stress at
break (MPa)

Strain at
break (%)

PCL 440 6 3 6.0 6 0.3 95 6 4 5.6 6 0.2 96 6 4

PCL/PHB 436 6 3 9.0 6 0.3 106 6 4 1.4 6 0.1 112 6 4

PCL/PHB_2CL 461 6 3 10.3 6 0.4 116 6 5 10.3 6 0.4 116 6 5

PCL/PHB_5CL 183 6 7 3.1 6 0.1 97 6 5 1.2 6 0.1 127 6 6

PCL/PHB_2PK 444 6 3 7.1 6 0.2 104 6 3 7.1 6 0.2 104 6 3

PCL/PHB_5PK 397 6 4 6.3 6 0.3 110 6 4 6.0 6 0.3 111 6 4
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all composites except for the one containing PHB fibers with

5% Cloisite.

The same sample PCL/PHB_5CL shows the peculiar mechanical

behavior of a considerable decrease in the elastic modulus with

a relative increase of strain at break, which is not found in the

other samples.

Although the purpose of this article concerns the study of PCL

composites, it was also possible to draw interesting conclusions

from the study of films and fibers prepared from the same solu-

tion of PHB, related to the difference in their morphology.

It is obvious that the dissolution of the polymer in the solvent

produces the effect of disruption of the lamellar morphology

and crystalline order; it also allows the penetration of the poly-

mer within the layers of clay allowing the occurrence of the

phenomenon of intercalation.

The different way to obtain the material in the solid state, how-

ever, has as a consequence a different lamellar morphology and

a different organization of the clay.

The process used to obtain films occurs through slow evapora-

tion of the solvent; on the contrary, the formation of fibers

through electrospinning is characterized by fast solidification

and stretching.

Besides, the phenomenon of intercalation is maintained only in

the cast film composites, while in the fibers there is a reassem-

ble of the stacks of clay into tactoids, probably due to the fast

spinning process.
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