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Biodegradable Bovine Gelatin/Naþ-Montmorillonite
Nanocomposite Films. Structure, Barrier and
Dynamic Mechanical Properties

J. F. Martucci and R. A. Ruseckaite
Research Institute of Material Science and Technology (INTEMA), J. B. Justo,
Mar del Plata, Argentina

Biodegradable films based on gelatin and Naþ-Montmorillonite
were prepared by mixing of gelatin solutions with ultrasonically
pre-treated clay suspensions under controlled conditions. The
DRX patterns and AFM images suggested that ultrasonication
process resulted in homogeneously distributed layered silicates
inside the matrix but not fully exfoliated. Transparency was
retained, suggesting that filler is mostly distributed at the nanoscale.
The results of DMA showed an improvement in storage modulus
and shifts in tan d peaks toward higher temperatures. The reduction
in polar groups due to hydrogen interactions between gelatin
and clay particles was evidenced by the decrease in surface
hydrophilicity and WVP.

Keywords Bio-nanocomposite; Dynamic mechanical properties;
Gelatin; Montmorillonite; Physical properties

INTRODUCTION

Gelatin (Ge) is a mixture of high molar-mass polypeptides
produced from collagenous animal tissue. It can be visualized
as a copolymer build up from triads of a-aminoacids with
glycine (Gly) at every third position (soft blocks) and triads
of hydroxyproline (Hypro), proline (Pro) and glycine (rigid
blocks), with a narrow molar mass distribution[1]. Due to its
high gas barrier properties, film-forming ability, low cost
and biodegradability gelatin is an interesting alternative to
synthetic plastics mainly in those applications where biode-
gradability gives an added value (i.e., packaging)[2,3]. The
use of gelatin-based materials has been restricted because of
their inherent water sensitivity and relatively low stiffness
and strength, especially in moist environments. Therefore,
gelatin-based materials must be modified to be competitive
to petroleum-based polymers in question of performance[4].
One way to overcome these limitations and greatly enhance
the commercial potential of gelatin-based materials is to
incorporate nanosized reinforcements[5,6], such as layered sili-
cates to produce environmentally friendly nanocomposites.

Nanocomposites based on biopolymers, also called
bio-nanocomposites with improved stiffness, strength,
toughness, thermal stability, barrier properties and
flame retardancy have been documented[7–16], and some
of them could be considered as potential alternatives to
petroleum-based polymers, particularly at the packaging
sector[17]. Nano-reinforcements are also unique in that
they will not affect the clarity of the polymer matrix[18].
Moreover, biodegradability is retained; that is, after final
degradation, only inorganic, natural minerals (clay) will
be left[19,20].

Our current work is focused on preparing Ge-Naþ-
Montmorillonite nanocomposite films intended to be used
as component of biodegradable multilayer films based
on gelatin with potential application at the packaging
sector[15,20]. The aim of the present study was to evaluate
the performance of nanocomposites films with different
clay content in terms of their transparency, dynamic
mechanical properties, surface hydrophobicity, moisture
resistance and water vapor permeability. Interactions
between matrix and filler were also analyzed and related
to the functional properties of the films.

EXPERIMENTAL AND MATERIAL METHODS

Materials

Bovine gelatin (Ge) type B was kindly supplied by
Rousselot (Argentina), Bloom 150, isoionic point (IpGe)
5.3. Sodium montmorillonite nanoclay (MMt) was
purchased from Southern Clay Products Inc. (Texas,
USA), under the trade name Cloisite Naþ. The cation-
exchange capacity (CEC) was 92.6meq=100mg clay, and
the interlayer distance was 1.2 nm (as it was determined
by X-ray diffraction on the dried powder)[21].

Bio-Nanocomposite Films Preparation

Due to its polyelectrolyte character gelatin can easily
insert between philosilicate layers in montmorillonite
(MMt) to produce intercalated or exfoliated nanocompo-
sites, without using liophilization. Therefore, gelatin-based
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nanocomposites were prepared by the solution intercal-
ation method[5,7,22] and following the same technique
described elsewhere[15].

Basically, a desired amount of gelatin powder was
hydrated in distilled water at 50�C and the pH was adjusted
to 7 (higher than IpGe¼ 5.3) with NaOH 0.1N. In parallel,
a desired amount of MMt (final content between 0 to
17wt.% on dry matter basis) was swollen in distilled water
and treated ultrasonically at 50�C during 20min.

Subsequently, the aqueous gelatin solution was added
drop-wise into clay suspension and mixed together at
50�C under vigorous stirring during 15min. The resultant
aqueous suspensions were then cast in Teflon molds
(10mm diameter) and dried at 50�C during 15 h in a
convection oven. The obtained materials were labelled as
Ge=XMMt, where X corresponds to the weight percentage
of montmorillonite. Similar processing conditions as those
described for the composites were used to process
MMt-free gelatin films. The average thickness of the dry
films was about 200� 50 mm.

X-Ray Diffraction

X-ray Diffraction patterns were recorded using a
Phillips PW1700 diffractometer equipped with Cu Ka radi-
ation source (k¼ 0.1546 nm), operating at 45KV and
30mA as the applied voltage and current, respectively.
The incidence angle was varied between 2 and 12� at a
scanning rate of 1�=min.

Atomic Force Microcopy (AFM)

AFM measurements were carried out in hard tapping
mode (HT-AFM) using a Nanoscope IIIa Multimode
apparatus from Digital Instruments. Before testing, the
microscope was allowed to equilibrate at 25�C and kept
at this temperature during all the experiments. Images were
recorded using an integrated silicon tip=cantilever (Digital
Inst.) having a resonance frequency of 1Hz. The specimens
were cross-sectioned under liquid nitrogen for obtaining
smooth surfaces. All the images are shown without any
further image processing treatment.

Fourier Transformed Infrared Spectrometry (FTIR)

Interactions in Ge=MMt nanocomposites were investi-
gated by Fourier Transform Infrared Spectroscopy (FTIR)
analysis by using a Mattson Genesis II spectrophotometer
in transmission mode. The measurements were recorded
between 4000–400 cm�1 at 32 scans. Pulverized specimens
were pressed into pellets with KBr. The background noise
was corrected with pure KBr data.

Opacity

Film opacity was determined according to the method
described by Irissin-Mangata et al.[23] on rectangular strips
placed in a UV-Visible spectrophotometer test cell directly.

The absorption spectrum of the sample was obtained
from 400 to 800 nm in a UV-Visible spectrophotometer
Shimadzu 1601 PC. Film opacity was defined as the area
under the recorded curve which was obtained through an
integration procedure and it was expressed as Absorbance
units (nm) per thickness unit (mm).

Contact Angle Measurements

Surface hydrophobicity was evaluated by static contact
angle measurements using a home-made instrument which
allowed the determination of contact angle at equilibrium,
with a precision of �1� at 25�C. A drop (�0.5 mL) of diio-
domethane or ethylenglycol (Aldrich Co.) was deposited
onto the film surface with an automatic piston syringe
and photographed using a digital camera after stabilization
(about 5min). An image analyser was used to measure the
angle formed between the base, constituted of the surface
of the film in contact with the drop, and the tangent to
the drop of liquid. From the static data with pure liquids
of different polarity, the dispersive ðcds Þ and polar ðcps Þ com-
ponents contributions to the surface free energy (c) were
obtained by using the geometric approach[24]. Results were
the mean values of six independent measurements.

Water Uptake at 65% Relative Humidity (RH)

Water uptake tests were performed gravimetrically.
Samples were dried until constant weight in an oven to
remove the moisture before testing and this weight was
taken as the initial one (m0). After this, samples were
conditioned at 25� in humidity chamber at 65� 2% RH.
Samples were removed at specifics intervals (t) and the
increment in weight of the specimens (mt) was measured.
The moisture content (wt) as a function of time t was
obtained from the total and partial (water) mass balance
over the sample as a function of time:

WUð%Þ ¼ m0 � w0 þ ðmt �m0Þ � 100%
mt

ð1Þ

where wt is the moisture content as a function of time (%),
mt is the weight of the sample after exposition, m0 is the
initial weight and w0 is the initial moisture content of
the samples.

To determine the water absorption rate, the apparent
diffusion coefficient (Dapp m2=seg) was calculated from
the following relationship[25,26].

mt �m0

m1 �m0
¼ 1�

X1
n¼0

8

ð2nþ 1Þ2 � p2
�

exp
�Dapp � ð2nþ 1Þ2 � p2 � t

e2

 !
ð2Þ
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where e is the film thickness (m), m1 is the weight of the
sample in the equilibrium (g). Composite materials do not
fulfil the requirements of a simple Fick’s law. Equation (2)
takes into account that diffusion in composite materials is
affected by different factors such as (a) the inhomogeneous
nature of composite materials, (b) the presence of interac-
tions between filler and matrix, (c) water may diffusion
through filler-matrix interphace, (d) some extractable can
be removed during water absorption and (e) dimensions
of the specimens may change during the experiment[27].

Barrier Properties

Water vapor permeability (WVP Kg �m=Pa � s �m2) was
calculated as:

WVP ¼ ðWVT � eÞ
DP

ð3Þ

where WVT (Kg=s �m2) is the vapor transmission rate
through a mean film thickness e (m) and DP is the actual
difference in partial water vapor pressure between the
two sides of film specimens (Pa). WVP was determined
gravimetrically according to ASTM E96-95 dissecant
method. Test cells were placed in an environmental cham-
ber at 25�C and 65� 2% RH. The weight change
(�0.0001 g) of the cups versus time was recorded at specific
intervals (t) and then plotted. Linear regression was used
to calculate the slope of a fitted straight line, which
represented the WVT, as follows:

WVT ¼ Dm
t � A ð4Þ

where Dm is the mass change of the cell test (Kg), t is
the time (s) and A is the test area (m2). Permeability was
calculated according to:

WVP ðKg �m=m2 � s � PaÞ ¼ WVT

S � ðHR1 �HR2Þ
� e ð5Þ

where e is the film thickness (m), S is the saturation pres-
sure (Pa) at the test temperature, HR1 is the relative
humidity in the test chamber and HR2 is the relative
humidity inside the cell test. All measurements were
performed by quintuplicate.

Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) was performed
in a Perkin Elmer dynamic mechanical analyzer (DMA
7-e) in dynamic mode. Tests were performed in tensile
mode. Results were the average of three replicates.

RESULTS AND DISCUSSION

Figure 1a shows the XRD patterns of the as – received
Cloisite Naþ and unfilled gelatin (control) film. The

free-MMt gelatin film exhibited a broad and low intensity
peak in the range of 6.2� to 9.5� characteristic of amorph-
ous proteins[28]. Cloisite Naþ showed a single peak at
2h¼ 7.3� corresponding to a d-spacing (001) of silicate
layer of 1.2 nm, according to the Bragg equation. This peak
was in the same range of that of amorphous gelatin, there-
fore in order to visualise any change due to nanocomposite
formation, Ge=MMt curves were normalized against a
gelatin one, and results are represented in Figure 1b. It is
worthy to note that there was no diffraction peak corre-
sponding to MMt basal spacing at least for clay loadings
up to 17wt.%.

The appearance of new peaks shifted toward lower
angles indicated a high degree of the nanoclay disper-
sion[5,6]. The broadening of these peaks indicated that

FIG. 1. (a) X-ray diffractograms of untreated Naþ-montmorillonite

and neat gelatin film; (b) normalized XRD diffractograms of composites

with clay content varying from 1 to 17wt.% clay.
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distances between layers were widen, suggesting that inter-
calated (or disordered intercalated) nanocomposites were
obtained, even at high clay loadings[29]. This result allowed
presuming that some kind of strong interactions between
gelatin and MMt were established and contributed to
maintain a stable nanoclay distribution within the matrix.
Interactions between matrix and clay were already reported
for various biopolymer=layered silicate systems[8,10,11,30]. In
particular, hydrogen interactions between carboxylate
from gelatin and hydroxyl groups from MMt at pH> IpGe

were quite recently proposed[22], based on simulation with
low molecular weight molecules. However, and to the best
of our knowledge, there is little information about the
understanding of the interactions directly performed on
Ge=MMt nanocomposites.

To analyze such interactions, FTIR spectra for pure
gelatin and bio-nanocomposites with different clay
contents were studied and compared. Figure 2 represents
the FTIR spectrum of Ge=MMt at 1800–1100 cm�1 (amide
region). The strong bands in free-MMt gelatin films and
composites at 1656 and 1541 cm�1 were assigned to the
amide I (C=O stretching) and amide II (N�H bending
and C�N stretching modes). Amide III (around
1200 cm�1) band was rather complex, consisting of compo-
nents from C�N stretching and N�H in plane bending
from amide linkages, as well as absorptions arising from
wagging vibrations from CH2 groups from the glycine
backbone and proline side-chains[31].

In composites, the amide I and II bands became multiple
with the presence of clay. This indicated the occurrence of
hydrogen bonding interactions between hydrogen atom
in gelatin peptide bonds and acceptor atoms such as
oxygen from free-OH and Si–O–Si groups in MMt. Similar

results were observed for soy protein isolate=
montmorillonite systems[11]. It is interesting to note that
multiplicity decreased as clay loading increased. This
implied that hydrogen interactions became weaker as the
average distance between silicates particles decreased.
Therefore, some degree of accumulation would be expected
at high clay contents.

AFM was used to directly investigate Ge=MMt
morphology[32,33]. Usually, transmission electronic micro-
scopy (TEM)[5,6] is used to characterize nanocomposite
morphologies. However, this technique fails because
cryo-ultramicrotoming procedure damaged the Ge=MMt
specimens. Figure 3 shows representative HT-AFM phase
images of the obtained films. The surface of free-MMt gela-
tin film (Figure 3a) was smooth with some irregularities
that might be originated during the casting process. The
AFM surface of the Ge=10MMt film showed the presence
of silicate particles distributed uniformly in the matrix
which were visible as light streaks (Figure 3b). The
observed AFM structures were consistent with XRD
measurements.

Film opacity provided additional information about the
particle size of the dispersed phase in the gelatin matrix.
For high translucency, the dispersed phase should have
an average size smaller than the wavelength of visible light
(400–800 nm)[14,23]. However, opacity may be affected by
various factors including film thickness. In this study, there
was no significant difference in the average thickness, being
195� 14 mm for free-MMt gelatin film and 220� 35 mm for
Ge=10MMt. As can be concluded from Figure 4, gelatin
control film exhibited the lower opacity due to the absence
of light blockage particles.

As clay content increased, the films showed higher opa-
city, reflecting that there was strong scattering of MMT
resulting in lower transparency of the UV-visible light[14].
Insets in Figure 4 showed photographs of Ge=MMt

FIG. 2. FTIR spectra between 1800–1000 cm�1 for unfilled gelatin film,

montmorillonite and Ge=MMt nanocomposites with 5wt.%, 10wt.% and

15wt.% clay.

FIG. 3. HT-AFM phase images of (a) neat gelatin film and (b) Ge=

10MMt nanocomposite film.
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nanocomposite films with different clay contents. Com-
pared to the unfilled-gelatin film, the composites were more
opaque but all films remained transparent, regardless of
MMt contents (within the MMt-content studied range).
This was a desirable property in a material intended to
be used in packaging applications.

Water uptake curves at 65% RH are represented in
Figure 5. For all compositions the water absorption was
rapid in the initial zone (t< 200min). Beyond this time
the absorption rate slowed down and leaded to a plateau
corresponding to the water uptake at the equilibrium

(WUeq). The WUeq values ranged between 21.3%
and 20.6% (w=w) for the unfilled and nanocomposite
filled with 15wt.% clay, respectively. The slight improve-
ment in water resistance was already reported for other
nanocomposites based on biopolymers including thermo-
plastic starch[9,10,14], plasticized soy protein[11] and plasti-
cized wheat protein[16].

In Ge=MMt bio-nanocomposites the reduction in water
uptake probably accounted for by the combination of two
effects: the water barrier property of the impermeable clay
platelets making the pathway for water molecules to enter
the Ge=MMt nanocomposite films more tortuous[5,12], and
the occurrence of hydrogen bonding interactions between
gelatin and clay, which increased surface hydrophobicity
reducing the binding water capacity of the composites.
This hypothesis was confirmed by calculating the dispersive
and polar components as well as the surface energy as a
function of clay content (Figure 6).

The addition of clay reduced the polar component and
the surface energy of nanocomposite films, in agreement
with a less hydrophilic surface. The water resistance of
the nanocomposite films was quite increased by adding
montmorillonite, in terms of both surface hydrophobicity
and lower levels of water uptake. The addition of
clay decreased Dapp values form 21.8� 10�13m2=s to
5.1� 10�13m2=s for 15wt.% clay (Table 1). Once again,
this phenomenon evidenced that MMt provided a more
tortuous path for permeant molecules and effectively
lengthened the permeation route; therefore, water did not
get through the nanocomposite film so easily in compari-
son with pure gelatin film.

The effect of clay content on WVP values measured at
65% RH is summarized in Table 1. Since water vapor

FIG. 4. Absorbance curves of unfilled gelatin and nanocomposites

containing different amounts of MMt. Insets show photographs of the

obtained films.

FIG. 5. Water absorption of unfilled gelatin film (.) and Ge=MMt

nanocomposites with 5wt.% (�), 10wt.% (&) and 15wt.% (D) clay.
FIG. 6. Surface free energy, dispersive and polar components of nano-

composites as a function of clay loading.
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permeability of hydrophilic protein films is affected by
film thickness, in the present study their variability was
minimized and thicknesses were kept between 200–
215 mm. The average WVP for the unfilled gelatin film
was 17.3� 10�14 kg �m=m2 � s �Pa, which was in the same
range than that reported by Park et al.[34] for plasticized
gelatin films obtained by casting. As expected from appar-
ent diffusion coefficient estimations, WVP values decreased
as clay loading increased (Table 1).

The water vapor barrier of Ge=MMt improved 3 times
compared with that of control gelatin films. This was
related to barrier role of silicate particles[5,6] and the
establishment of strong hydrogen interactions between
nanoclays and gelatin matrix. Similar results were
found for other biopolymer=clay systems[12,14,16], but
comparison between WVP values was rather difficult
because of differences in film thickness and experimental
conditions[35,36]. Depending on the clay content, Ge=
MMt permeability values were comparable with those of
enzymatic and chemically cross-linked plasticized-gelatin
films (1.2� 10�14 kg �m=Pa � s �m2 and 1.5� 10�14 kg �m=
Pa � s �m2, respectively)[37], and that of poly(lactide) (PLA)
(4.66� 0.25� 10�14 kg �m=m2 � s �Pa, thickness: ca. 90 mm,
prepared by solvent casting method)[36].

With regard to synthetic polymers, Ge=MMt films
showed WVP values comparable to those of cellulose
acetate (CA) (0.5–1.6� 10�14 kg �m=Pa � s �m2) but higher
than those of high-density polyethylene (HPDE) (2.4�
10�16 kg �m=Pa � s �m2), poly(vinyl chloride) (PVC) (0.7–
2.4� 10�16 kg �m=Pa � s �m2)[36] and low-density polyethyl-
ene (LDPE) (3.6–9.7� 10�16 kg �m=Pa � s �m2)[36,38].

The effect of MMt on the storage modulus (E0) and the
tan delta (tan d) peak of the Ge=MMt films as a function of
the temperature is given in Figure 7. Values are reported in
Table 1. As can be seen in Figure 7a, the storage modulus
of Ge=10MMt and Ge=15MMt nanocomposite films
improved compared to pure gelatin film, i.e., E0

Ge=10MMt¼
4.5GPa vs E0

Ge¼ 0.7GPa. Particularly, composites with
clay loading higher than 5wt.% showed an improvement
in E0 within the whole temperature range analyzed, which
indicates that the addition of MMt extends the temperature
application range of gelatin films.

On the other hand, tan d peaks of the nanocomposites
broadens and shift to higher temperatures by comparing
to gelatin control films, indicating that MMt restrict

FIG. 7. (a) Storage modulus curves and (b) tan d peaks from DMA of

Ge=MMt and control films.

TABLE 1
Apparent diffusion coefficient (Dapp) at 65%RH, water vapour permeability (WVP) at 65%RH, storage modulus (E�)

and tan d of Ge=MMt films

MMt content (wt.%) Dapp� 1013 (m2=s) WVP� 1014 (Kg.m=Pa.s.m2) E� (GPa) tan d (�C)

0 21.8� 5.6 17.3� 0.1 0.7� 0.1 104� 2
5 4.5� 0.8 16.0� 0.5 1.1� 0.2 114� 2

10 7.2� 1.5 7.1� 0.1 4.5� 0.3 123� 1
15 5.1� 1.1 5.1� 0.2 4.6� 0.2 126� 1
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molecular motions in gelatin matrix, and acts as physical
cross-linking points; during processing of the composites,
the pre-existing hydrogen bonds between gelatin chains
were replaced by new ones formed between gelatin
and montmorillonite, as was evidenced by FTIR. The
increment in storage modulus as well as the shift in tan d
peaks to higher temperatures for the nanocomposite
evidenced a good interaction between the reinforcing phase
and gelatin matrix.

CONCLUSIONS

Gelatin=montmorillonite nanocomposite films were
successfully obtained for a variety of clay concentrations
by casting technique assisted by ultrasonication without
adding any compatibilizer or clay modifier. Ge=MMt nano-
composites kept the good optical transparency with MMt
loading, indicating that filler was mostly distributed at the
nanoscale. The obtained Ge=MMt films were more uniform
in thickness and more water resistant than the unfilled
counterpart. The presence of strong hydrogen interactions
between gelatin and clay combined with the inherent
barrier properties of the impermeable clay platelets resulted
in the lowered surface hydrophilicity as well as WVP.

Besides water resistance, the storage modulii of nano-
composite films showed an increment in the temperature
range analyzed and the tan d peaks shifted to higher
temperatures compared to pure gelatin film. Therefore,
the addition of montmorillonite extends the temperature
application range of gelatin films, improves moisture
resistance and water vapor permeability without affecting
transparency.
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