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ABSTRACT: This article presents novel solvent cast bio-
composites of poly(lactic acid) (PLA), polyhydroxybuty-
rate-co-valerate (PHBV), and polycaprolactone (PCL) with
enhanced barrier properties to UV light, oxygen, water, and
limonene by means of incorporating an organomodified
mica-based clay grade. The TEM results suggested a good
clay dispersion but with no exfoliation in the three biopo-
lyesters. In agreement with the crystallinity data, which
was found to generally increase with increasing filler con-
tent, oxygen but specially water and p-limonene permeabil-
ity coefficients were seen to decrease to a significant extent
in the biocomposites and an optimum property balance

was found for 5 wt % of clay loading in the three biopoly-
mers. With increasing clay content, the light transmission
of these biodegradable biocomposites decreased by up to
90% in the UV wavelength region due to the specific UV
blocking nature of the clay used. As a result, these new bio-
composites can have significant potential to develop pack-
aging films, coatings and membranes with enhanced gas
and vapor barrier properties and UV blocking performance.
© 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 118: 188-199, 2010
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INTRODUCTION

Protection against light is a basic requirement to pre-
serve the quality of many products, such as pack-
aged foods. Metal and paper being opaque to the
transmission of light, automatically provide this
function. On the other hand, plastic films are often
transparent materials to UV and Visible radiation of
short wavelengths. Therefore, the protection of light
sensitive goods, such as fruit and vegetable juices,
vitamin and sport drinks, dairy products, and edible
oils from UV-radiation when packaged in plastic
containers has been widely investigated.'™

The primary wavelengths of interest in, for
instance, food packaging applications are those that
fall between 200 and 2200 nm. This section of the
electromagnetic spectrum can be divided into three
components: the ultraviolet (UV) range (100-400
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nm); the visible spectrum (400-700 nm); and the
near-infrared range (700-2200 nm). Ultraviolet radia-
tion accounts for only 3% of the total radiation that
reaches earth, but it causes chemical reactions,
weathering of polymers, fading of certain coloring,
and even eye and skin damage. For this reason, UV
light blocking is a very demanded property in poly-
mers and also in the newcoming renewable and bio-
degradable polymers of interest in multisectorial
applications.

Biodegradable and/or sustainable materials pres-
ent a number of excellent properties for a number of
applications, including packaging, automotive, and
biomedical fields. Thermoplastic biopolymers, such
as poly(lactic acid) (PLA), polyhydroxyalkanoates
(PHA), and polycaprolactones (PCL), exhibit an
excellent balance between barrier and mechanical
properties, are water resistant and can be processed
using conventional plastics machinery. Moreover,
for the case of the first two, they originate from
renewable resources, i.e., maize and microorganisms,
respectively. Composites of biopolymers, often
called nanobiocomposites, containing highly dis-
persed naturally derived layered additives, typically
montmorillonite (MMT), are proving to be an excel-
lent technology to design new materials with
enhanced key properties while retaining the “bio”
characteristics. Nanocomposites of biodegradable
materials containing between 1 and 5 wt % of MMT
have been claimed to exhibit significant improve-
ments in barrier™ and in mechanical properties'*!!
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and have been reported to be able to disperse to a
very little amount the UV-visible radiation,'? prob-
ably due to the reduced scattering phenomena
caused by the highly dispersed clay nanolayers.
Petersson et al.'? also reported some reduction of the
light transmitted by nanocomposites of PLA contain-
ing 5 wt % of MMT compared to pure PLA.

Nevertheless, the development of clay-based nano-
composites in packaging has always been aimed at
minimizing the impact of the filler in the optical
properties, i.e. in transparency, of the polymer ma-
trix. To study this UV-Vis characterization of nano-
composites has previously being carried out in the
existing literature. Thus, some earlier works reported
by UV-Vis spectroscopy the impact in optical prop-
erties of polymer nanocomposites based in MMT
containing between 3 and 10% of the clay inside
petroleum-derived polymers, such as nylon,'® poly-
imide,'* PVC," polyvinyl alcohol,'®!” and other
commodities.'® There are also other works, which
reported some reduction of the UV-Vis transmission
in polyvinyl alcohol containing between 0.5-10 wt %
content of Red Mud' and also in PMMA containing
1 to 5 wt % content of 10-undecenoate intercalated
layered double hydroxides.?® In spite of this, there is
no previous literature regarding the use of clay
based systems as an intended route to generate UV
blocking properties in films or coatings and neither
was the study of mica-based clays to enhance the
overall barrier properties of bioplastics.

In this study, the morphology, UV-Vis blocking ef-
ficiency, color, and gas and vapor barrier properties
as a function of clay content of novel mica-based
biocomposites of solvent cast PLA, PCL, and PHBV
are presented and discussed.

MATERIALS AND METHODS
Materials

The bacterial polyhydroxyalcanoate grade was pur-
chased from Goodfellow Cambridge Limited, U.K,,
in pellet form. The supplied material was a melt-
processable semicrystalline thermoplastic PHBV
(polyhydroxybutyrate with 12 mol % of valerate) co-
polymer made by biological fermentation from
renewable carbohydrate feedstocks. The PCL grade
FB100 was kindly supplied in pellet form by Solvay
Chemicals, Belgium. This grade has a density of 1.1
g/cm’ and a mean molecular weight of 100,000 g/
mol. The semicrystalline PLA used was a film extru-
sion grade produced by Natureworks (with a D-iso-
mer content of approximately 2%). The molecular
weight had a number-average molecular weight
(M,;) of ca. 130,000 g/mol, and the weight-average
molecular weight (M,,) was ca. 150,000 g/mol.

A proprietary food contact commercial laminar
phyllosilicate grade termed NanoBioTer® AC11
based on a mica (so-called through the paper clay)
containing 30 wt % (as determined by TGA) of an
organophilic modification was kindly supplied in
powder form by NanoBioMatters, Paterna, Spain.
The clay grade was characterized to be a very fine
slightly brown powder and no further details of
sample preparation and modification were disclosed
by the manufacturer.

Preparation of blends

Before to the mixing step, the PHBV, PLA, and the
filler were dried at 70°C and the PCL at 45°C under
vacuum for 24 h to remove sorbed moisture.
Solution-cast film samples of the biodegradable
materials containing 1, 5, and 10 wt % of the clay fil-
ler were prepared with a dry film thickness of
around 100 pm, using chloroform as a solvent. Orga-
noclay solutions in chloroform were heavily mixed
using a homogenizer (Ultraturrax T25 basic, Ika-
Werke, Germany) for 5 min and were then stirred
with the polymer at 40°C during 30 min and subse-
quently cast onto Petri dishes to generate films after
solvent evaporation at room temperature conditions.

Transmission electron microscopy measurements

Transmission electron microscopy (TEM) was per-
formed using a JEOL 1010 (Jeol, Tokyo, Japan)
equipped with a digital Bioscan (Gatan) image ac-
quisition system. TEM observations were performed
on ultra-thin sections of microtomed thin biocompo-
site sheets and collected over a water pool. The PCL
specimens could not be successfully cut to generate
clear TEM observations due to the high plasticity of
the material even when cryogenic cutting conditions
were used.

AFM measurements

AFM measurements were performed on PCL com-
posites using an Agilent 5500 SPM system (provided
by Scientec Ibérica, Spain) to investigate the mor-
phology of the composite surfaces on both sides of
the cast films. The images were scanned in tapping
mode in air using commercial Si cantilevers with a
resonance frequency of 320 kHz.

DSC measurements

Differential scanning calorimetry (DSC) of PCL,
PHBYV, and PLA and its composites was performed
on a Perkin-Elmer DSC 7 thermal analysis system on
typically 7 mg of material at a scanning speed of
10°C/min from room temperature to the melting
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point of these materials. The thermograms were cor-
rected with these of an empty pan and the DSC
equipment was calibrated with an indium standard.
To calculate the heat of fusion of the PLA the en-
thalpy of the melting peak was subtracted the en-
thalpy of the cold crystallization peak. Crystallinity
was estimated using the ratio between the heat of
fusion of the studied material and the heat of fusion
of an infinity crystal of same material, i.e.

AH
%X, = A—H{) % 100, (1)

f

where AH is the enthalpy of fusion of the studied
specimen and AH/ is the enthalpy of fusion of a
totally crystalline material. The AH;’ used was 93 J/
g for PLA,*" 146 J/g for PHBY, 27 and 136 J/g for
PCL [7].

UV-VIS spectra

An UV-Vis spectrophotometer (Hewlett Packard
8452A Diode Array Spectropotometer) was used to
measure the transmittance spectra of specially pre-
pared thin films in the wavelength range 200-700
nm. Thin films of biodegradable materials and their
composites of ca. 30 microns were specially pre-
pared by casting over the surface of quartz cuvettes
typically in UV-Vis. In all cases, the UV abortion sig-
nal of the films was normalized to exactly 30
microns of thickness for comparative purposes.

The yellow index (YI) was calculated from the
transmittance values of the UV-Vis spectra. The YI
was calculated using the following relationship'®:

Teso — T
yi — Leso — Taxo o)
T560

where Tggo, T420, and Tseo are the transmission dates
at the wavelength of 680 nm, 420 nm, and 560 nm,
respectively.

Color measurements

Color parameters were determined in the reflective
mode using a colorimeter, Minolta Chroma Meter
CR-300 series.

Gravimetric measurements

Direct permeability to p(+)-limonene of 95% purity
(Panreac Quimica, Spain) and direct permeability to
water were determined from the slope of weight
loss vs. time experiments at 24°C and 40%RH. The
films were sandwiched between the aluminum top
(open O-ring) and bottom (deposit for the permeant)
parts of aluminum permeability cells. A Viton rub-
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ber O-ring was placed between the film and the bot-
tom part of the cell to enhance sealability. Then the
bottom part of the cell was filled with the permeant
and the pinhole secured with a rubber O-ring and a
screw. Finally, the cell was placed in the desired
environment and the solvent weight loss through a
film area of 0.001 m* was monitored and plotted as
a function of time. Cells with aluminum films (with
thickness of ca. 100 microns) were used as control
samples to estimate solvent loss through the sealing.
The permeability sensibility of the permeation cells
was determined to be of ca. 0.01 107" Kg m/s m?
Pa based on the weight loss measurements of the
aluminum cells. Cells clamping polymer films but
with no solvent were used as blank samples to mon-
itor water uptake. Solvent permeation rates were
estimated from the steady-state permeation slopes.
Water vapor weight loss was calculated as the total
cell loss minus the loss through the sealing. Organic
vapor weight loss was calculated as the total cell
loss minus the loss through the sealing and plus the
water weight gain. The tests were done in duplicate
for both permeants.

Oxygen transmission rate

The oxygen permeability coefficient was derived
from oxygen transmission rate (OTR) measurements
recorded using an Oxtran 100 equipment (Modern
Control, Minneapolis, MN, US). During all experi-
ments temperature and relative humidity were held
at 24°C and 80% R.H. 80% relative humidity was
generated by a built in gas bubbler and was checked
with a hygrometer placed at the exit of the detector.
The experiments were done in duplicate. The sam-
ples were purged with nitrogen for a minimum of
20 h before exposure to a 100% oxygen flow of 10
mL/min, and a 5 cm? sample area was measured by
using an in-house developed mask. Permeability (P)
was estimated from fitting the OTR-time curve to
the first six sum terms of the following solution of

the Fick’s second law?>:
Drn?t
1+ZZ exp(—l—2>] 3)

In eq. (1), D is the diffusion coefficient, p is the
oxygen partial pressure, and [ is the film thickness.

OTR(t) = T”

RESULTS AND DISCUSSION
Biocomposites morphology

Figure 1 shows typical pictures of PLA and PLA bio-
composite films containing 1, 5, and 10 wt % of the
clay. From these pictures, it can be seen that while
all samples remain transparent at 100 microns
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Figure 1 Typical photographs of 100 microns thickness
films of PLA and of PLA containing 1, 5, and 10 wt % of
clay. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

thickness, specially the PLA and PLA+1 wt % clay,
the biocomposites exhibit a brownish color with
increasing clay content due to the presence of this
particular filler in the matrix.

Figure 2 shows some TEM images taken in speci-
mens of composites of PHBV, and PLA. The PCL

cuts were too thick and exhibited many wrinkles,
which made not possible to unambiguously discern
the clay morphology. In Figure 2, the PLA and
PHBYV specimens show a dispersed clay morphology
with long platelets, in which a considerable reduc-
tion of the original tactoid size is attained in the
thickness direction. In any case, no exfoliation was
observed for the samples. Notwithstanding the
above, most layered particles, particularly the PHBV
composites, are below 100 nm in thickness, typical
upper size limit definition for a nanotech product.
The remarkable observation from Figure 2, is the
extremely large length of the platelets dispersed in
the matrix. Filler dispersion seems higher for PHBV
than for PLA and the particles appeared rather ori-
ented. In any case, it is clear that the solution casting
method used does not lead to exfoliated morpholo-
gies, which are seldom obtained irrespective of the
processing method, but still yields interesting nano-
biocomposites with enhanced properties as it will be
shown later in the article. Particle size and disper-
sion seem better for PHBV than for PLA, and in all
cases are well below the micron in the thickness
direction. Fractured particles along the layered axis
are also observed due to the potentially aggressive
homogenization processed applied.

Figure 2 TEM pictures of (A) and (B) PLA containing 5 wt % of clay and (C) and (D) PHBV containing 5 wt % of clay.
Scale markers are 2000 nm for the left pictures and 1000 nm for the right pictures.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 AFM topography picture of the 5 wt % clay
PCL biocomposite. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Figure 3 shows the surface roughness by AFM
(topographic image) of the PCL cast composite sam-
ple containing 5 wt % of clay content. The image
suggests that the extremely large particles are inter-
calated by the polymer and are greatly dispersed
within this biopolymer matrix. This Figure also sug-
gests that there appears to be a good adhesion of the
filler to the biopolymer, this is most likely promoted
by the hydrophobic surface modification of the filler.
Regarding particle thickness, the clay layers exhibit
typical thicknesses around 16 nm.

Thermal properties

Melting temperature (T,,) and heat of fusion (AH,,)
corrected for biopolymer content in the biocompo-
sites were determined from the DSC thermograms of
the samples. Figure 4 shows some typical first melt-
ing endotherms of the neat biopolymers and of the 5
wt % filler loaded biocomposites. Data from the first
and the second heating runs are summarized in Ta-
ble I for cast films of PCL with different clay filler
contents. The first heating run is related to the origi-
nal state of the material after solvent casting and is,
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Figure 4 Normalized for total mass typical DSC thermo-
graphs of the biopolymers PCL, PHBV, and PLA and their
biocomposites with 5 wt % clay in the first heating run.

therefore, more meaningful for correlation with
physical properties, such as mass transfer properties.
From this Table I, the heat of fusion of PCL and,
therefore, the crystallinity is seen to increase in the
biocomposite during the first heating run of this bio-
material but the melting point is largely unmodified
or changes very slightly, i.e. it drops by ca. 1°C in
the 5 wt % loaded composite. The latter results add
to similar nucleating observations reported in previ-
ous works for PHB/PCL nanocomposites,” and sug-
gest that the clay can act as a heterophase nucleating
agent, hence promoting higher molecular order in
the matrix. The second heating run shows lower val-
ues for both melting temperature and heat of fusion
compared to the first run, due to possibly faster
cooling and higher metastability compared to the
solvent casting method. Table I also shows that the
values for the second heating run have the same
comparative behavior as for the first heating run.
Table II summarizes melting temperature (T,,),
heat of fusion (AH,,), and the crystallization temper-
ature (T.) of the PHBV and of their biocomposites
during the first and second heating runs. From this
table, it can be seen that in the first heating run, the
melting point is not greatly altered in the clay con-
taining samples but it is slightly increased for the
5 wt % loaded composite. However, in the second
heating run the melting point decreases with

TABLE 1
DSC Melting Point, Melting Enthalpy, and Crystallinity (%Xc) of PCL and of PCL biocomposites containing 1, 5, and
10 wt % of clay

Sample T, (°C) 1st heating  AH,, (J/g) 1st heating %X, 1st heating T, (°C) 2nd heating  AH,, (J/g) 2nd heating
PCL 63.25 + 0.09 51.82 = 0.05 38 55.75 * 0.09 38.49 * 3.85
PCL+1 wt % 63.09 + 0.19 55.89 = 1.26 41 55.94 = 0.12 41.07 = 0.97
PCL+5 wt % 61.92 = 0.38 5792 = 1.28 42 55.86 = 0.16 4190 = 4.44
PCL+10 wt % 63.75 = 0.96 65.06 = 0.75 48 55.78 *= 0.12 42.80 = 2.89

Journal of Applied Polymer Science DOI 10.1002/app
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increasing clay content up to about 16°C due to pos-
sibly clay-induced polymer degradation, both hydro-
lytic and adiabatic.”** During the first and second
heating runs, the melting enthalpy (corrected for the
biopolymer content in the composite) decreases
somewhat at low clay contents (1 wt %), however at
5 wt % of clay content, the enthalpy of fusion is the
highest in the concentration range screened. In spite
of this, filler-induced crystallinity changes are very
small for this biopolymer. The crystallization tem-
perature is also not altered in the clay containing
samples, except for the 5 wt % of clay, where the
crystallization increases by 4°C.

The thermal behavior of PLA is different and
more complex than that of the two previous biopo-
lyesters, because PLA exhibits a cold crystallization
process® similar to that typically observed for the
petroleum-based polyester polyethylene terephtha-
late (PET). Table III gathers the melting temperature
(Ty), heat of fusion (AH,,), and the cold crystalliza-
tion temperature (T.) of PLA and of their biocom-
posites after the first and second heating runs. From
this Table III, the heat of fusion in the first and sec-
ond endotherms is seen to increase in the biocompo-
sites. The melting point remains largely unmodified
albeit it increases slightly in the 5 wt % filler loaded
composite. A curious observation from this Table III
is that while the neat PLA does not have a measura-
ble melting endotherm in the second heating, so the
polymer is in an amorphous state, the PLA biocom-
posites exhibit some crystallinity. This suggests
again that the clay acts as a nucleating agent for the
polymer. However, from Table III, the cold crystalli-
zation temperature increases particularly for the
highest filler content, suggesting that the clay does
in fact delay the cold crystallization process upon
heating.

Table III also shows that the T, of these biocompo-
sites increases slightly with filler content, due to
possibly clay-induced stiffening of the biopolymer
amorphous phase. However, for the film of PLA
with 10 wt % of clay the T, increase is less pro-
nounced than for the composites containing 1 and 5
wt. % of clay. The reason for not observing a higher
T, rise in the samples with the highest filler loading
must be attributed to further inefficiency of the clay
as a reinforcing element due to clay extensive segre-
gation and agglomeration.

In summary, the clay has a generic role in the bio-
composites thermal properties, of nucleation and
promotion of some crystallinity, particularly for PCL
and PLA. In principle, filler-induced crystallization
of the biopolymers is positive from a barrier per-
spective, as crystals are typically impermeable sys-
tems to the transport of low molecular weight com-
pounds. Nevertheless, extensive crystallization may
also promote, as a downside, excessive rigidity and
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hence fragility for the biopolymer mechanical
performance.

Mass transport properties

Table IV gathers the water, limonene, and oxygen
permeability coefficients of the materials and of their
biocomposites. A curious first observation from Ta-
ble IV regarding PCL is that the water permeability
coefficient of 3.39 10°"* Kg m/s m? Pa is much
higher than that of 0.023 10~ Kg m/s m? Pa previ-
ously reported for toluene cast PCL.® The reason for
the large disagreement could be related to the differ-
ent origin of the two samples (lab scale material vs.
industrial scale material production) and the fact
that molecular weight, the solvent used and the dif-
ferences in relative humidity gradient used for test-
ing were totally different. Direct permeability for
limonene in PLA was not reported, because the
measurements yielded values below the sensitivity
of the permeation method used; nevertheless, a pre-
vious study reported that the limonene permeability
for PLA is of ca. 0.000002 10 '* Kg m/s m? Pa when
measured at 45°C and 258 Pa of vapor partial pres-
sure gradient.”® The previously reported water direct
permeability of 1.80 10~'* Kg m/s m? Pa for PLA
films using chloroform as a solvent is, on the other
hand, very similar to the one measured in our labo-
ratory, due to the similar conditions of the film
produced.

Figure 5(A) shows the plot of the water permeabil-
ity of the neat PLA, PHBV, and PCL and of their
biocomposites with 1, 5, and 10 wt % of clay con-
tent. In the case of PLA, reductions of water perme-
ability of ca. 27, 54, and 55% were obtained for the
cast films containing 1, 5 and 10 wt % of clay,
respectively. The barrier improvement for the sam-
ples containing 5 and 10 wt % of clay content
yielded similar barrier. Water barrier also increased
with increasing clay content. In the case of PHBYV,
the film containing 1 wt % of clay shows a water
permeability reduction of 61%, the one containing 5
wt % of clay shows a reduction of ca. 76%, but for
the film PHBV+10 wt % of clay the reduction is of
ca. 47%. In this case of the film containing 10 wt %
of clay the water permeability reduction was lower
than for films with 1 and 5 wt % filler content, possi-
bly due to the clay content surpassing the solubility
limit and hence resulting in detrimental agglomera-
tion. For the case of PCL composites, films of this
biodegradable polymer containing 1, 5, and 10 wt %
clay exhibit a water permeability decrease of 54, 63,
and 63%, respectively, compared to the unfilled ma-
terial. The latter results are similar in trend to those
of PLA.

Figure 5(B) shows the limonene permeability for
neat PHBV and PCL and their biocomposites. In the
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Wiater Permeability (cg més m? Pa)

¢

Water, Limonene, and Oxygen Permeability Coefficients of PLA, PHBV, PCL,

TABLE IV

and their biocomposites

P water

(Kg m/s m? Pa)

P, limonene

(Kg m/s m? Pa)

Poxygen (m® m/s m? Pa)

at 80%RH

PLA

PLA+1 wt %
PLA+5 wt %
PLA+10 wt %
Literature value
Literature value
PHBV

PHBV+1 wt %
PHBV+5 wt %
PHBV+10 wt %

PLA
PLA

Literature value PHBV?

Literature value
Literature value
PCL

PCL+1 wt. %
PCL+5 wt. %
PCL+10 wt. %
Literature value

PHB?®
PHB’

PCL

230 = 0.07e ™
1.69 = 0.07e™ 4
1.05 = 0.26e~ 4
1.03 = 0.11e™
71261
291.80e 1
1.27 * 0.14e"
0.49 * 0.03e ™
0.30 + 0.09e
0.60 = 0.20e

3.39 + 0.61e
1.58 + 0.05¢ 4
1.26 * 0.05e '*
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4 At 0%RH (solvent casting).
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Figure 5 (A) Water permeability coefficient of PLA, PHBV, and PCL and their biocomposite with 1, 5, and 10 wt % of
clay. (B) Limonene permeability coefficient of PHBV and PCL and their biocomposites with 1, 5, and 10 wt % clay con-
tent. (C) Oxygen permeability coefficient of PLA, PHBV, and PCL and their biocomposites with 1, 5, and 10 wt % clay

content.
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case of the PHBV, a significant reduction in limo-
nene permeability of ca. 78% is obtained for the sam-
ple containing 5 wt % of clay loading. However, fur-
ther increase in clay content until 10 wt %, does not
improve the barrier as shown for other permeants
above, due to clay agglomeration. Films of PCL with
1, 5 and 10 wt % of clay content have a limonene
permeability decrease of 18, 49, and 25%, respec-
tively, compared to the unfilled material. Thus, the
lowest limonene permeability coefficient value is for
the samples containing 5 wt % of clay in all materi-
als. It is interesting to observe that, in general, crys-
tallinity in the biocomposites increases by the nucle-
ating effect promoted by the clay and, therefore, the
induction of crystals as well as the nanodispersion
of the clay lead to impermeable blocking elements,
which promote enhanced barrier. Impermeable
blocks in plastics are responsible for the increase in
both detour and chain immobilization factors that
enter in the denominator in the expression for the
calculation of the diffusion coefficient and, therefore,
result in decreased diffusion and hence in perme-
ability. In this context, it is relevant to observe that
the PHBV specimen containing 5 wt % of clay exhib-
its somewhat higher crystallinity compared to the 1
and 10 wt % clay containing samples and it is pre-
cisely this specimen the one showing the biggest
reduction in water and limonene permeability. In
any case and taking into consideration all of the ear-
lier results, it is the combination of the optimum
clay loading, i.e. in the vicinity of 5 wt %, which fills
in the available free volume, and the synergetic mor-
phological alterations generated by such loading, the
responsible factors behind the reported barrier
enhancement.

Table IV gathers the oxygen permeability measure-
ments carried out in the samples. The permeabilit
value reported in the literature for PLA of 1.75e '
m’m/sm°Pa measured at 75%RH? is of the same
order of magnitude as the value of 2.77e '*m®m/
sm”Pa measured in our lab at 80%RH. For the PLA
composites containing 1, 5, and 10 wt % of filler con-
tent an oxygen permeability reduction of 25, 55, and
60%, respectively was observed, compared to the
unfilled material [Fig. 5(C)].

For the case of the PHBV, the reported value of
5.10e ®m’m/sm?Pa measured at 75%RH in the
homopolymer PHB?® is higher than the value
obtained in our laboratory at 80%RH of 1.44e *m®m/
sm”Pa for the copolymer PHBV. On the other hand,
previous measurements carried out on melt mixed
PHB followed by compression molding provided a
value of 0.23e '®*m’m/sm?Pa.” The variation between
measurements could arise from the different material
origin, i.e. homopolymer vs. copolymer, processing
conditions of the two materials and the difference in
the relative humidity gradient used for testing. From
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Figure 6 Clay barrier efficiency (CBE) plot for each bio-
material and permeant.

the current results, a reduction in oxygen perme-
ability of 32% is measured for the film of PHBV con-
taining 5 wt % of clay. Increasing filler content to
10 wt % does not result in further barrier increase
[Fig. 5(C)].

The previously reported oxygen permeability of
PCL is of 1.9¢ ®¥m®m/sm?Pa at 0%RH,* which is
lower than the value of 7.06e '®m’>m/sm’Pa meas-
ured at 80%RH in our laboratory. The reason for the
discrepancy in the absolute permeability value is
again related to the different origin and processing
conditions of the materials and to the difference rela-
tivity humidity used for the testing. For the PCL
composites, a reduction in oxygen permeability of
ca. 22, 48, and 48% was measured in the films con-
taining 1, 5, and 10 wt % of clay content, respec-
tively [Fig. 5(C)].

It is a general observation that composites contain-
ing 5 wt % of the filler exhibited the highest oxygen
barrier performance per filler content. These results
are also in good accordance, at least in relative
terms, with permeability for the other permeants
and with the thermal data discussed earlier, i.e. crys-
tallinity rise due to clay-induced nucleation. The
overall barrier results indicate that the barrier per-
formance is the result of a good balance between
polymer structural morphology (crystalline phase
content and morphology) and filler loading. When
the filler loading goes beyond the clay solubility
limit in the polymer, it agglomerates and even if in
some cases higher crystallinity is observed, it creates
no further enhancement in barrier but in some cases
an opposite behavior.

Figure 6 shows what we termed as the Clay Bar-
rier Efficiency (CBE) for each biomaterial and per-
meant. This factor is calculated by dividing the pen-
etrant permeability drop in percent between the
sample %crystallinity as determined by DSC during
the first heating run. This CBE factor highlights the
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Figure 7 UV-Vis spectra normalized to 30 microns vs.
clay content for cast films of PLA, PHBV, and PCL
biocomposites.

barrier effect of the clay in the biomaterials and sep-
arates this from the crystallinity rise effect. From the
results, the clay is more efficient at 5 wt % content
for all the biomaterials tested and appears to rein-
force more efficiently PHBV and PCL against water
and limonene permeation and less to oxygen. It is
curious to observe that in PHBV, the permeability
for the biocomposite filled with 1 wt % of clay is
more inefficient for oxygen than for the other biopol-
ymers and the effect is reproducible.

UV-VIS spectra

Figure 7 shows the normalized (to 30 microns thick-
ness) UV-Vis spectra of unfilled PLA, PHBV, and
PCL and of their biocomposites. The UV region is
classified in three zones: UVC (100-280 nm), UVB
(280-320) and UVA (320-400 nm).

Figure 7(A) shows the transmission spectra of
PLA with increasing clay content (1, 5, 10, and 20 wt
% of clay). In general, the UV-Vis spectra show a
reduction with increasing clay content in the films.
From the results [Fig. 7(A)], the transmittance of the
pure PLA in the region of UVC is of a maximum of
10%. In this range, the corresponding PLA biocom-
posites containing 20 wt % of clay exhibit a complete
blocking to the passage of radiation. More relevant
regions for protection are the UVB and UVA
regions, where the pure PLA has a transmittance of
around 100%, thus the PLA is virtually transparent
in this range as it is in the visible range. Films of
PLA containing 20 wt % of clay content reach trans-
mission values below 15% in this region (UVB-
UVA), yielding a very efficient blocking effect. The
blocking effect decreases in the visible range where
transparency is still highly appreciated. It is clear
that 20 wt % filler content is perhaps too high a
loading to be used, as it does negatively affect the
transmission in the visible range and will be
unlikely to yield an optimum property balance.
Nevertheless, and as it was the case with the barrier
performance, the ratio of protection is still very effi-
cient at 5 wt % of clay addition, yielding 10 wt %
clay loading not so much differentiating benefits.
Thus, low clay contents (1 and 5 wt %) in the PLA
matrix lead to significant reductions in the UV light
transmission, while retaining transparency to a sig-
nificant extent due to higher clay dispersion in the
matrix (Table V).

In the case of PHBV, Figure 7(B) shows the trans-
mission spectra of the biocomposites with 1, 5, 10,
and 20 wt % clay content. The blocking effect of
PHBV in the UV-Vis region is higher than the PLA
transmission as PHBV is a translucent material. Sim-
ilar as with the transmission spectra of PLA, with
increasing clay content, the UV-Vis transmittance
decreases to a significant extent, particularly in the

TABLE V
UV-Vis Blocking Per wt % of Clay in the PLA
Biocomposite at 300 nm (UV) and 600 nm (Visible)
Wavelengths

wt % clay %T/wt % at 300 nm %T/wt % at 600 nm
1 30.2 18.9
5 12.2 7.1
10 6.1 4.1
20 4.7 3.4
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TABLE VI
Yellow Index (YI) and L*, a, and b Parameters of PLA, PHBV, PCL and
of their biocomposites

YI L* a b
PLA 0 96.03 = 0.13 0.37 = 0.011 2.30 £ 0.19
PLA+1% clay 0.12 95.42 *+ 0.33 0.14 = 0.04 3.58 £0.10
PLA+5% clay 0.24 93.19 = 0.26 —0.69 = 0.05 9.63 £ 0.57
PLA+10% clay 0.21 87.29 + 1.43 —-0.71 £ 0.14 19.22 = 1.53
PHBV 0.49 97.07 = 0.14 —0.21 = 0.04 3.83 £0.14
PHBV+1% clay 0.50 96.23 * 0.07 —0.46 = 0.01 6.25 * 0.07
PHBV+5% clay 0.48 93.06 = 1.23 —0.65 £ 0.18 9.51 £ 1.68
PHBV+10% clay 1.10 88.22 = 0.48 —0.82 = 0.40 2212 £ 0.78
PCL 1.45 95.93 * 0.27 0.10 = 0.04 222 £ 0.09
PCL+1% clay 1.62 96.43 + 0.22 —0.17 = 0.05 4.99 * 0.32
PCL+5% clay 0.70 93.70 = 0.63 —0.83 = 0.06 11.22 = 0.83
PCL+10% clay 1.39 84.39 + 0.63 —0.30 = 0.06 25.10 = 0.77

UV region, and again this is more efficient for clay
contents of 5 wt %. Figure 7(C) shows the transmis-
sion spectra of PCL and of its biocomposites with
different clay contents (1, 5, 10, and 20 wt %). PCL is
also a very translucent material. In the UV region,
the reduction in transmittance is very low compared
to other biodegradable materials such as PHBV and
PLA. In the visible zone, films of PCL containing 20
wt % of clay reduce transmittance to a significant
extent.

As a summary, the highly transparent PLA, but
also the translucent PHBV, underwent the highest
UV barrier effect due to the addition of this clay.
The higher barrier per filler content was observed
for the 1 and 5 wt % clay content samples (Table V).
Interestingly, light blocking was higher in the UV
range as required and lower in the visible range for
these two biopolyesters.

Table VI gathers the Yellowness Index (YI) for the
biocomposites. The yellowness index describes the
color changes of a sample from clear or white
towards yellow. The yellowness index is dependent
on the thickness of the sample; in this case the meas-
urements were taken on 30 microns thick cast films.
As it can be seen from Table VI, the YI of the PLA,
PHBV, and PCL biocomposites increases with
increasing filler content, and the YI data of PCL (YI
= 1.5) is higher than that of PHBV (YI = 0.5) and
that of PLA (YI = 0), due to the known opacity of
PCL and the high transparency of the PLA.

Color measurements

The luminosity, L*, measures the clarity at which
color is perceived in the CIELAB color system. It is
determined by a percentage of the light reflected by
a colored object. The coordinates of chromaticity are
often termed “a” and “b” in this color representation
system. The coordinate “a” defines the red/green
axis (+a and —a), and “b” represents the yellow/
blue axis (+b and —b).
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Table VI gathers the color parameters, i.e. the pa-
rameter L* and coordinates “a” and “b”, taken in the
samples. From the results, the luminosity has a simi-
lar trend in all of the three biopolymers. This param-
eter decreased with increasing clay content as
expected from all of the earlier results. The coordi-
nate “a” decreases to negatives values with increas-
ing clay content. Thus, films containing clay turned
towards green. In the case of the coordinate “b”, this
value increased with increasing clay content, i.e.
towards yellow. Figure 8 shows the effect on color
of increasing clay content in the biocomposites for
the three materials. The level of color intensifies
with increasing clay content as expected but not in a
linear manner. The graph shows a good correlation
between color index and the optimum dispersion of
the organoclay in the matrix, yielding stronger color
index those biocomposites with clay loadings in
excess of 5 wt %. Thus, the optical luminosity and
the color of these biocomposites results primarily
from addition of the clay but the level of these
parameters is also related to dispersion of the clays.
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Figure 8 The effect of clay content on the biocomposites
color index.
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In this context, the color study is consistent with all
previous data.

In summary, biocomposites of PLA, PHBV, and
PCL, show a decrease in luminosity, lightness, and
clarity with increasing of clay content and a change
in color towards yellow and green.

CONCLUSIONS

This study successfully developed novel PHBYV,
PCL, and PLA-layered silicate biocomposites by a
solvent casting method, wherein an organically
modified mica-based filler was nicely distributed to
a nanoscale level within the three biodegradable
matrixes. No exfoliation of the filler was achieved in
any of the matrices but in all cases extremely long
platelets with thickness well in the nanoscale were
observed by TEM and AFM techniques. All the bio-
composites formulated exhibited improvements in
properties such as gas (oxygen) and vapor (water
and limonene) permeability and exhibited consider-
able barrier to the transmission of UV light due to
the specific blocking effect of the finely dispersed
mica filler. In conformity with the DSC crystallinity,
which generally increased with increasing filler con-
tent, oxygen but specially water and p-limonene per-
meability coefficients were seen to decrease to a sig-
nificant extent in the biocomposites. In the case of
the barrier properties, it was observed that PLA,
PHBYV, and PCL containing 5 wt % of clay, led to a
water permeability reduction of ca. 54, 76, and 63%
and reductions in oxygen permeability of ca. 55%,
32%, and 48%, respectively, compared with the
unfilled material. Reductions in limonene permeabil-
ity of ca. 78% and 49%, for the films of PHBV and
PCL with 5 wt % of clay were also observed. The
so-called clay barrier efficiency plots, correcting for
crystallinity ~differences, indicated that 5% was
indeed the optimum clay loading, being 1% not suf-
ficient (given the lack of exfoliation and sufficient
dispersion) and 10% beyond the clay solubility limit
where agglomeration and property deterioration
occur. For the UV light transmission, films of PLA
and PHBV with 5 wt % of clay showed a decrease in
the transmission of the damaging UV light of up to
ca. 75% at 250 nm wavelength. In the visible light
transmission range, a reduction of ca. 32%, 10%, and
66% was observed at 650 nm wavelength for the
PLA, PHBV, and PCL containing 5 wt % of clay,
respectively. As a result, the increased barrier prop-
erties of the biocomposites to UV light, water, limo-

nene and oxygen makes them potentially suitable
candidates for packaging coating and membrane
applications.
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