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ABSTRACT: This work presents the first results on the
development and characterization of novel nanobiocom-
posite fibers prepared by electrospinning of zein/clay
mixtures (from 99/1 to 75/25 wt/wt) from ethanol-based
solutions. To do so, commercial ceramic materials of dif-
ferent nature, such as organomodified and unmodified
mica, kaolinite, montmorillonite, and =zeolite were
employed and compared. A significant decrease in fiber
diameter was observed as the clay fraction increased in
the hybrid material. The highest clay contents also pro-
duced fibers but with extended beaded regions. All fillers
nanodispersed well in the fibers at low loadings but
unmodified mica particles were also seen excluded from
the fibers, most likely due to excessive size. Surprisingly,
the ceramic laminar structures, i.e. the phyllosilicates,

were all seen to embed within the ultrathin fibers in
what appears as an unreported rolled morphology due to
the extensional forces generated by the electrospinning
process. Electrospun nanobiocomposite fibers with opti-
mal ceramic nanoparticle contents are currently investi-
gated as an adequate procedure to prepare naturally
occurring composite additives, coatings, and interlayers
with enhanced performance in terms of mechanical, ther-
mal, barrier, and control release properties for packaging,
active packaging, biomedical, and pharmaceutical appli-
cations. © 2010 Wiley Periodicals, Inc. J Appl Polym Sci 118:
778-789, 2010
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INTRODUCTION

Electrospinning is a simple, versatile, and potentially
low-cost method for making extremely ultrathin
fiber-based structures from a wide range of natural
polymers (biopolymers), from proteins to carbohy-
drates, and polymer blends." This process entails
placing a polymer solution into a syringe with a
millimeter-size nozzle, which is subjected to high
electric fields. Under these particular conditions, the
polymer solution is ejected from the nozzle and de-
posited onto a collector, which also serves as
ground. Furthermore, integration of the electrospin-
ning process with conventional lithographic tech-
niques will open up novel fabrication platforms for
generating patterned microstructures from various
materials and, over a broad range of length scales,
for use in many application fields including active
and bioactive packaging.*”
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Zein prolamine is the major storage protein of
corn and comprises about 45-50% of its protein con-
tent. This protein has excellent outlook in the spe-
cialty food, pharmaceutical, and biodegradable plas-
tics industry.® It has also been investigated for use
as a fiber.” The material possesses the key properties
of three other natural fibers, i.e. it has the comfort of
cotton, the warmth of wool, and the hand of silk.
Zein has also been reported to be easily spun by
electrospinning from alcohol solutions to yield
smooth fibers. The zein fiber diameter ranges from
50 nm to 6 microns and the mats consist of yarns of
beads, tubular fibers, flat fibers, and ribbon-like
fibers, depending on the conditions used for electro-
spinning as well as the zein solution properties."*™!!

Natural occurring minerals, such as clays are usu-
ally hydrous aluminum phyllosilicates, sometimes
with variable amounts of iron, magnesium, alkali
metals, alkaline earths, and other cations which have
structures of flat hexagonal sheets. Most clays are
valuable minerals and can be then widely used in
many industrial applications because of their high
aspect ratio, plate morphology, natural abundance,
and low cost. In this context, mica is a clay of the
illite group which is composed of sheets of silicate
tetrahedrons. The silicate sheets are composed of
interconnected six membered rings, which are
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responsible for mica’s typical six sided pseudohex-
agonal symmetry. On the other hand, kaolinite clay
is a naturally occurring 1 : 1 phyllosilicate containing
a gibbsite (aluminum hydroxide) octahedral layer
and a silicon oxide tetrahedral sheet. This asymmet-
ric structure, which is typical of the group of the
kaolin clays, allows the formation of hydrogen
bonds between consecutive layers, providing a large
cohesive energy. Montmorillonite (MMT), unlike ka-
olinite and other clays, displays a smectite-type
structure, which strongly prone to swelling with
increasing water content and is, therefore, a highly
hygroscopic naturally occurring 2 : 1 phyllosilicate
consisting of a central gibbsite octahedral layer
between two external silica tetrahedral sheets. In its
pristine form, MMT is readily miscible with hydro-
philic polymers such as agropolymers. Zeolites, are
microporous aluminosilicate minerals with well-
defined structures, which are made up of four-con-
nected networks of atoms, which generally results in
a round structure. Because of their unique porous
properties, zeolites result attractive for a wide range
of applications.

As the above minerals, except zeolite, are expand-
able layered silicates, they can be intercalated and/
or exfoliated into nanocomposites. Then, clay-con-
taining polymeric nanocomposites comprise a poly-
meric matrix and dispersed in it mineral or synthetic
clay platelets. For some polymers, the surface chem-
istry and polarity of the clays and minerals is not
adequate to yield good interfacial adhesion and
hence, incorporation of an organic modifier onto the
clay surface, to mediate between the polarity of the
hydrophilic clay surface and that of the more hydro-
phobic polymer, has been widely adopted for com-
patibilization and for ease of exfoliation of the clay
platelets into the polymer matrix during processing.
Depending on the functionality, packing density,
and length of the organic modifiers, these materials
can be engineered to optimize their compatibility
with a given polymer. Surface modified clays have
been studied as advanced additives to improve or
balance thermal, mechanical, fire resistance, surface,
or conductivity properties of many polymers
because of its high surface-to-volume ratios and the
subsequent intimate contact that they promote with
the matrix at low filler additions.'*

In contrast to conventional composites, where the
reinforcement is on the order of microns, polymer
nanocomposites can be exemplified by discrete con-
stituents on the order of few nanometers. Specifi-
cally, by definition, a nanocomposite is a composite
material in which at least one of the dimensions of
the filler is in the nanometer range, this it to say,
near or below 100 nm."”” Through nanoscale engi-
neering, it is then possible to combine the flexibility
of natural proteins with the high strength and high

modulus of inorganic nanoparticle components to pro-
duce a new array of agropolymer-based materials.'*
Several methods have been then considered to prepare
biopolymer/layered silicates to generate a nanobio-
composite with an optimal dispersion of nanofillers.
For instance, adding a small quantity of nanosized clay
platelets can increase mechanical and physical proper-
ties of many biopolymers including higher gas barrier,
greater stiffness, higher heat resistance, higher UV-re-
sistance while maintaining transparency and impact
property.”>"” As a novel method, it is expected that
the electrospinning of a polymer/clay combination can
produce fiber mats with enhanced physical
properties.'®

Referring particularly to electrospun fibers, it has
been first reported the generation of cylindrical and
ribbon shaped fibers of nylon-6/MMT nanocompo-
sites which ranged from 100 to 500 nm.'"” The pro-
cess resulted in highly aligned MMT layers (layer
normal perpendicular to the fiber axis) and nylon-6
crystallites (layer normal parallel to fiber axis). In
other research,?® multiwall carbon nanotubes were
embedded in fibers of electrospun poly(ethylene ox-
ide) as individual elements and most of which were
aligned along the fiber axis. Electrospun polyur-
ethane/organically modified MMT composites nano-
fibers, of diameter in the range of 150-410 nm, have
also been reported.”’ The exfoliated MMT layers
were well distributed within the polyurethane fibers
and also oriented along the fiber axis. In another
work, MMT nanosized platelets were incorporated
into poly(i-lactic acid) solutions.”> A nanobiocompo-
site fibrous structure which exhibited increased
strength and improved structural integrity during
biodegradation process was thus generated. Fibers of
uniform diameters were obtained from poly(methyl
methacrylate-co-methacrylic acid) containing MMT
in recent research.”® Dispersion of the clays within
the fibers improved the electrospinnability of the re-
sultant dispersions and MMT was predominantly
exfoliated and well distributed within the fiber and
oriented along the fiber axis. Char formation was
observed when the clay-containing fibers were
heated above the decomposition temperature, indi-
cating a potential for reduced flammability and
increased  self-extinguishing  properties. =~ More
recently, polystyrene/MMT clay fibers with diame-
ters ranging from 4 pm to 150 nm were also pre-
pared.** The addition of functionalized clays to the
spinning solution produced fibers with a highly
aligned MMT layer structure at a clay concentration
of 4 wt %. The clay presence further enhanced the
shear modulus of fibers and increased the glass tran-
sition temperature by nearly 20°C. Similar results
have been also observed in nylon.”” Furthermore, in
the electrospinning of poly(ethylene oxide)/laponite
fibers,” the enhanced physico-chemical properties of
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the resultant fibers was related to the observed elec-
trospun fiber morphologies.

The aim of this initial study is to prepare, for the
first time, electrospun zein/clay nanobiocomposite
ultrathin fiber mats to study the influence of the
mineral nature on the morphology and thermal
properties of the resultant fibers. The uses of such
hybrid ultrathin structures will enable alternative
approaches to fabricate coating, film, and fibers with
enhanced mechanical, thermal, and control release
properties.

EXPERIMENTAL
Materials

Zein from corn (grade Z3625) and ethanol of 96%
v/v purity were purchased from Sigma-Aldrich
(Spain) and Panreac (Spain), respectively. All prod-
ucts were used as received without further purifica-
tion. Purified kaolinite, montmorillonite, zeolite, and
mica minerals were supplied in powder form by
Nanobiomatters S.L. (Spain). The company commer-
cializes these minerals under the trademark of
Nanobioter®. The organomodified mica, Nanobioter®
AC11, contains about 30 wt % (as determined by
TGA) of an organophilic modification. No further
details of sample preparation or composition were
disclosed by the manufacturer.

Electrospinning

Prior to the electrospinning process, composite solu-
tions were fully dissolved, at room temperature, in
ethanol/aqueous 85/15 (wt/wt) using various
weight concentrations of zein/clay: 99 : 1, 95 : 5,
90 : 10, 85 : 15, 80 : 20, and 75 : 25 (wt/wt). An elec-
trospinning assemble equipped with a variable high
voltage 0-30 kV power supply was used. Further
details of the basic setup can be found elsewhere.'
All electrospinning experiments were carried out at
24°C in a controlled relative humidity chamber of
60%RH. The electrospinning process was done
under the following conditions: 35 wt % zein/clay
concentration, 0.30 mL/h flow-rate, 15 kV voltage,
and 10 cm tip-to-collector distance. These optimum
conditions were selected based on results from a
previous study.' The minerals were dried under vac-
uum at 75°C for 48 h and then retained in desicca-
tors set at 0%RH.

Viscosity

The viscosity of the polymer solutions was deter-
mined by a rotation viscometer VISCO BASIC PLUS
L with a Low Viscosity Adapter (LCP), both from
Fungilab S.A. (Spain).
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Morphology

The morphology of the electrospun fibers was exam-
ined using scanning electron microscopy (SEM; Hita-
chi 5-4100) after having been sputtered with a gold-
palladium mixture in vacuum. All SEM experiments
were carried out at 8.0 kV. Transmission Electron
Microscopy (TEM) was performed using a JEOL
1010 (Japan) equipped with a digital BioScan image
acquisition system from Gatan (USA). Zein fibers
were directly electrospun on TEM grids and sizes
measured by means of the Adobe Photoshop 7.0
software from the microscopic micrographs in their
original magnification.

X-ray experiments

Wide angle X-ray experiments (WAXS) were per-
formed using a Siemens D5000D equipment (Ger-
many). Radial scans of intensity versus scattering
angle (20) were recorded at room temperature in
the range 2 to 30° (20) (step size of 0.03°(20@), scan-
ning rate of 8 s/step) with identical settings of the
instrument by using filtered Cu Ko radiation (k =
1.54 A), an operating voltage of 40 kV, and a fila-
ment current of 30 mA. To calculate the clay basal
spacing Bragg’s law (k = 2d sin ®) was applied.

Thermal analysis

Differential scanning calorimetry (DSC) analysis of
typically 2 mg of the materials was conducted on a
Perkin-Elmer DSC 7 (USA) thermal analysis system
at a scanning speed of 10°C/min using N, as the
purging gas. The thermal history applied was a first
heating scan from 50 to 150°C to removed sorbed mois-
ture, then cooling back to 50°C, and subsequent second
heating scan from 50°C up to about 250°C. Before eval-
uation, the thermal runs were subtracted analogous
runs of an empty pan. The DSC equipment was cali-
brated using indium as a standard. The T, was esti-
mated as the temperature of the maximum in the DSC
thermograms. Thermal gravimetric analysis (TGA)
was measured by a TG/ATD Setaram Setsys 16/18
(France), temperature was programmed from ambient
to 800°C with a heating rate of 5°C/min in Argon.
Sample mass was c.a. 10 mg.

RESULTS AND DISCUSSION
Morphology

Zein protein was readily soluble in ethanol 85 wt %
and all clays were also dispersed in the polymer so-
lution prior and during the electrospinning process
up to clay contents of ca. 25 wt %. As can be seen
from Table I, the solution viscosity decreased with
increasing clay content. As lower solution viscosity
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TABLE I

Viscosity of the Zein Solutions and

Zein/Mineral Dispersions

Sample Viscosity (cP)
Pure zein solution 137.39 = 5.23
Zein/modified mica 99 : 1 133.04 = 4.78
Zein/modified mica 95 : 5 127.93 = 4.52
Zein/modified mica 90 : 10 119.25 = 3.94
Zein/modified mica 85 : 15 104.84 = 3.38
Zein/modified mica 80 : 20 89.46 *+ 2.85
Zein/modified mica 75 : 25 7542 + 2.66
Zein/unmodified mica 99 : 1 132.18 = 4.63
Zein/unmodified mica 90 : 10 115.27 *= 3.61
Zein /kaolinite 99 : 1 136.63 = 5.18
Zein/kaolinite 90 : 10 116.85 = 4.06
Zein/MMT 99 : 1 129.76 * 4.69
Zein/MMT 90 : 10 112.46 = 3.47
Zein/zeolite 99 : 1 135.41 = 5.03
Zein/zeolite 90 : 10 121.98 = 4.22
Zein 99 wt % of pure solution 132.12 + 4.30
Zein 95 wt % of pure solution 123.45 + 3.96
Zein 90 wt % of pure solution 111.95 * 3.67
Zein 85 wt % of pure solution 92.08 = 3.21
Zein 80 wt % of pure solution 76.96 = 2.68
Zein 75 wt % of pure solution 62.79 = 2.54

favors the formation of thinner fibers,”> the average
fiber size was seen to decrease with increasing clay
contents due to the polymer concentration drop.

Typical SEM images of electrospun samples of
zein/modified mica (wt/wt), as an example, are
shown in Figure 1. It was observed that all nanobio-
composite fibers, independently of the clay nature,
generated coarse tubular-like networks similar to
those previously published for neat zein fibers." The
mayor morphological modification was produced at
the highest clay content. In the latter samples, signif-
icant beaded structures appeared while the fibers
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became thinner.”” Beaded morphologies were also
observed when pure zein was electrospun at low
concentrations (75 wt % of the original solution).
Such structures have been recently encountered in
the electrospinning of chitosan,” and in electrospun
zein/chitosan blends.’ Recent research has also sug-
gested that polymer suspensions with good particle
dispersion and high stability are capable of produc-
ing neat electrospun fibers without beading.*

The manifestation of other morphologies for elec-
trospun zein (aside from beaded structures), such as
flat ribbon-like and branched fibers, reported else-
where,”® were not observed. The appearance of
beaded regions in the fibers may, on the other hand,
be explained by the low viscosity values presented
(Table I) as a result of the decrease in biopolymer
concentration as the clay content increases in the
suspension. The viscosity was even lower for sus-
pensions of zein of same concentration but without
minerals, hence supporting the viscosity argument
in the observed morphology.

Figure 2 shows the changes in the diameter size
distribution as a function of clay content. From this
figure, it can be seen that the average fiber diameter
decreased from ca. 390 to ca. 230 nm with increasing
clay content and presented typical size distributions,
with the exception of the highest content clay load-
ing sample, in good agreement with previous
research.”” Nanocomposite fiber sizes ranged from
ca. 80 up to ca. 700 nm.

Filler dispersion in the electrospun fibers

The distribution of the ceramic particles in the ultra-
thin fibers was investigated by bright field TEM
imaging. In particular, from Figures 3 to 8 it is

Ay, 14
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A
\

S

Figure 1 Typical SEM photographs of electrospun: (a) zein; (b) zein/modified mica 99 : 1 (wt/wt); (c) zein/modified
mica 95 : 5 (wt/wt); (d) zein/modified mica 90 : 10 (wt/wt); (e) zein/modified mica 85 : 15 (wt/wt); (f) zein/modified
mica 80 : 20 (wt/wt); (g) zein/modified mica 75 : 25 (wt/wt); (h) zein from 75 wt % of the pure zein solution. Scale

markers of 5 um in all cases.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Influence of clay content (wt %) on fiber diameter size (nm) for electrospun zein/modified mica fibers.

shown typical and surprising TEM images of the
electrospun nanobiocomposite fibers in which the
dark zones are thought to represent the presence of
the dispersed naturally occurring inorganic particles.

Journal of Applied Polymer Science DOI 10.1002/app

From Figures 3 to 7, various morphologies can be
observed inside the zein fibers, depending on the
nature of the filler, all for the 95 : 5 (wt/wt) zein/ce-
ramic compositions. Layers of unmodified mica clay
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Figure 3 Selected TEM images of zein/mica 95 : 5 (wt/wt).
Scale markers are 500 nm in all cases.

are seen inside the fibers but some bigger planar tac-
toids located outside the fibers (in orders of microns)
can be seen in Figure 3. For the organomodified
counterpart, Figure 4 shows that mica clay layers
appear to be better distributed. Similar structures
were observed for kaolinite in Figure 5. MMT clays
were also well distributed along the zein fibers in
Figure 6. On the other hand, in Figure 7, well dis-
persed zeolite spheres of diameters below 50 nm are
seen as expected as natural zeolites are not laminar
structures. Surprisingly and interestingly, most lay-

ered nanostructures, and this has not been, to the
best of our knowledge, reported before, are seen em-
bedded inside the fibers in what appears to be rolled
morphologies oriented along the fiber axes direction.
This may be a result of the extensional forces
exerted by the electrospinning apparatus which
could force the nanolayers to bend and align along
the fiber axis, in agreement with previous
research.'??%?*25 Unmodified mica, shows that some
clay particles, maybe more aggregated structures,
could not be bent by those forces and hence the par-
ticle is either trapped extended or excluded from the
fiber (Fig. 3).

Although TEM images of fiber sections of 5 wt %
mineral loaded samples confirmed that clay nano-
layers seem to be well dispersed within the fibers, a
very different observation occurs when the clay
content increases. An apparent good dispersion
was kept from 1 to 10 wt % of mineral content;
however, for higher filler content fibers bigger
agglomerates can be clearly seen in Figure 8. This
could result, according to previous research,** from
inhomogeneous distribution of ceramic particles

Figure 4 Selected TEM images of zein/modified mica
95 : 5 (wt/wt). Scale markers are 500 nm in all cases.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Selected TEM images of zein/kaolinite 95 : 5
(wt/wt). Scale markers are 500 nm in all cases.

due to solubility limits within the zein matrix. Dis-
persion is, in fact, not facilitated by fibers becoming
thinner with increasing filler content due to the vis-
cosity drop.

Finally, and in order to have alternative informa-
tion about filler dispersion, the well reported WAXS
patterns of the MMT clay system was measured
(Fig. 9). From this Figure, it is seen that the basal

Journal of Applied Polymer Science DOI 10.1002/app
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peak of the unmodified MMT at 6.9°,'” disappears in
the composite fiber. The absence of this basal peak is
related to separation of adjacent layers due to strong
intercalation or exfoliation with the polymer matrix
and hence supports the fact that a good clay disper-
sion within the zein fiber has been achieved at this
loading.

Figure 6 Selected TEM images of zein/MMT 95 : 5 (wt/wt).
Scale markers are 500 nm in all cases.
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Figure 7 Selected TEM images of zein/zeolite 95 : 5 (wt/
wt). Scale markers are 500 nm in all cases.

Thermal properties

The effect of the presence of the nanofiller on the
thermal stability of the zein fibers was studied by
means of DSC and TGA techniques, and the results
are gathered in Table II. DSC was first used to eval-
uate the impact of ceramic particles on the zein glass
transition temperature (T,). Figure 10 plots, as an
example, the typical DSC thermograms recorded in
standard zein fibers (dotted line) and in zein/orga-
nomodified mica fibers (solid lines). This figure and
the table show a T, decrease in the electrospun
fibers, especially at high ceramic concentrations. The
decrease in the polymer T, is, however, lower for
kaolinite and unmodified mica and higher for the
zeolite containing fibers. The reason for a T, drop is
usually plasticization of the polymer chains by the
presence of flexibilizing agents or interchain self-
associating disrupters. Ceramic particles are known
to be more rigid than plastics and bioplastics but
they are hydrophilic and carry and sorb moisture.
To account for this fact, the materials were heat up
to 150°C in an inert atmosphere within the DSC pan
before the thermal scan from which the data was

500 nm

Figure 8 Selected TEM images of zein/modified mica,
from top to bottom, of: 99 : 1 (wt/wt); 90 : 10 (wt/wt);
75 : 25 (wt/wt). Scale markers are 500 nm in all cases.

evaluated. This treatment should have been able to
remove moisture from the samples and, therefore,
the T, drop must be attributed to intermolecular
interception of zein by the dispersed ceramic par-
ticles. Thus, in this particular case, the ceramic par-
ticles may be regarded as reinforcing plasticizers.
TGA runs were finally carried out to determine
the stability of zein fibers and of all other composites.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 X-ray patterns of MMT clay powder, electro-
spun zein fiber, and the correspondent electrospun zein/
MMT 95 : 5 (wt/wt).

Figure 11 shows, as an example, TGA plots of
standard zein fibers and zein/modified mica fibers.
Three weight loss regimes can be observed in the
TGA curves. A first weight loss occurs before 150°C,
and is attributed to sorbed moisture and ethanol
solvent from the samples (ca. 10 wt %). A second
weight loss regime occurs between 150-450°C, and
is related to thermal degradation of the zein bio-
polymer structure (ca. 50 wt %). Finally, a third
weight loss regime appears at c.a. 600°C, associated
to the carbonization of polymeric materials (ca. 40
wt %). According to previous research,” thermal
degradation of zein prolamine usually starts at
about 300°C. The first weight loss is then ascribed
to degradation of the biopolymer network while the
second loss corresponds to the degradation of the
inner covalent bonds of the biopolymer monomers,
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Figure 10 DSC thermograms in the glass transition
region of the zein/modified mica fibers.

in agreement with the thermal degradation charac-
teristics of other polymers.**' Ceramic materials
are usually highly stable in air only suffering from
dehydroxylation beyond 300°C, nevertheless orga-
noclays will begin to degrade the organic part even
earlier but typically leaving residues of more than
75 wt % at 600°C.*

For the second weight loss associated to pure zein
fibers, it is observed in Figure 11 that the major
weight loss occurred at ca. 295°C. This was consist-
ent with the thermal patterns of electrospun zein
reported recently.! When this value was compared
to one of the organomodified mica-based compo-
sites, it was observed that the thermal stability of
the fibers increased considerably with increasing the
clay weight-percent. For the 99 : 1 (wt/wt) biopoly-
mer/clay composition, the thermal resistance against
degradation increased as the first derivative
decreased to 311.51°C. This value was, in fact, the

TABLE II
T,, Degradation Temperatures with Respective Weight Losses, and Residual Mass at 800°C for the Various
Nanocomposite Fibers

TGA data

Mass 1 Mass Mass Residual
Sample T, (°C) Ty (°C) ossy (%) Ta (°C) loss, (%) Ty (°C) losss (%) mass (%)
Pure zein 158.90 57.96 8.08 295.27 52.60 556.75 39.32 0.00
Zein/modified mica 99 : 1 156.91 56.54 3.27 311.51 51.35 589.58 44.82 0.56
Zein/modified mica 95 : 5 154.87 66.26 4.19 311.39 50.77 605.02 40.95 4.09
Zein/modified mica 90 : 10 152.75 77.78 522 308.84 49.03 609.26 37.39 8.36
Zein/modified mica 85 : 15 151.56 71.65 5.56 301.00 48.46 584.36 35.21 10.77
Zein/modified mica 80 : 20 150.26 78.71 6.53 282.83 47.04 575.30 33.01 13.42
Zein/modified mica 75 : 25 149.92 75.09 9.44 275.39 40.35 495.95 32.30 17.91
Zein/unmodified mica 99 : 1 158.14 56.38 2.73 307.57 50.78 580.29 45.58 0.91
Zein/unmodified mica 90 : 10 154.26 66.01 444 305.69 48.19 605.95 38.52 8.85
Zein/kaolinite 99 : 1 158.63 56.29 3.63 304.57 49.76 570.13 45,72 0.89
Zein/kaolinite 90 : 10 156.08 72.01 5.36 300.56 46.43 581.72 40.36 7.85
Zein/MMT 99 : 1 156.76 57.96 4.57 306.11 52.39 610.88 42.21 0.83
Zein/MMT 90 : 10 154.56 70.39 6.28 303.58 49.98 - 35.48 8.26
Zein/Zeolite 99 : 1 155.16 56.27 1.65 309.78 51.02 589.14 46.57 0.76
Zein/Zeolite 90 : 10 151.44 56.78 3.29 302.92 50.92 - 37.38 8.41

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 11 TGA mass loss and first derivative of zein/modified mica fibers.

largest observed for all clay contents which would
indicate that the reinforcement effect on the nanobio-
composites fibers at this ratio was the largest. A sim-
ilar thermal stability was held until ca. 10 wt % of

clay content. The superior thermal performance can
be attributed to the potential hindered diffusion of
volatile decomposition products within the compo-
sites.®® In spite of this, the thermal resistance of
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composites between 15 and 25 wt % of clay were
seen to decrease compared to lower loadings due to
clay agglomeration acting as catalysts for degrada-
tion process and in excess of 20 wt % the stability
was lower than that in the pure matrix.>**® In addi-
tion to this, it has also been reported that complex
crystallographic structures and surface chemistry are
inherent in clay minerals, which can result in cata-
lytically active sites.’® The latter effect would be
more likely to occur in the event of poorly exfoliated
clay layer structures or in excess of clay.

Third weight loss regimes observed in Figure 11
supported the above thermal results and showed
that, for low ceramic particle contents, the nano-inor-
ganic particles delayed the volatilization of the prod-
ucts originated by carbon-carbon bond scission in
the biopolymer matrix. The major mass loss first de-
rivative value increased from 556.7°C (pure zein) to
609.3°C (zein/clay 90 : 10). Interestingly, the third
peak of the biopolymer associated to carbonization
nearly vanished with increasing clay content up to
10 wt %. This effect is associated with a more grad-
ual mass loss imposed by the impairing effect of
higher loadings of the filler. This peak behaved
similarly between materials but was least detecta-
ble for the case of MMT and zeolite. The degrada-
tion of inner covalent bonds of the zein matrix was
sharper again at high clay contents, due to aggre-
gation and high contents of ceramic particles. In
general, the better results observed at low inor-
ganic contents inside the zein fibers can be attrib-
uted to a good dispersion and orientation of the ce-
ramic particles within the biopolymer during
electrospinning by the high shear flow that applies
in this process.

CONCLUDING REMARKS

This first article reports about the morphology and
thermal properties of novel nanobiocomposite ultra-
thin fibers obtained by electrospinning of zein and
five commercial minerals with different contents. All
the minerals were nanodispersed but curiously, the
laminar phyllosilicates generally seemed to from
rolled structures within the fibers most likely due to
the extensional forces generated by the electrospin-
ning process. Most minerals produced very similar
physical values in terms of morphology and thermal
stability. In all cases inorganic loading resulted to be
the most impacting factor and all nanobiocomposites
presented fiber thinning as well as beaded regions at
high contents. Thermal stability of the zein matrix
was improved below 10 wt % of mineral contents.
The results were mainly explained by a collective
effect of particle dispersion and orientation, which
naturally occurred during the electrospinning pro-
cess. A further study on the reinforcing properties,
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in terms of mechanical and barrier, of these particu-
lar additives is currently being carried out within
biopolymer matrices.

The electrospun fibers developed could be applied
as reinforcing naturally occurring hybrid nanostruc-
tures of potential interest in coatings, packaging, and
other applications. Of particular interest is the
design of functional packaging nanoaditives, coat-
ings, or interlayers for food and beverages, in which
the nanobiocomposite fibers can reinforce mechani-
cal, thermal, and barrier properties of both plastic
and bioplastic matrices without losses in biodegrad-
ability and optical properties. In active food packag-
ing, pharmaceutical and biomedical applications
they could also be used for the control release of
actives or bioactives.

Nanobiomatters S.L. is also acknowledged for supplying
materials.
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