Chapter 5
Surface Properties of Thermoplastic

Starch Materials Reinforced with Natural
Fillers
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Abstract The self-association force of water on the surface of a composite poly-
meric material is a physicochemical process dominated by cohesive forces and van
der Waals-type interactions existing below the material surface. Perturbations in the
chemical potential of water, brought about by the interaction between it and a
polymeric surface, induce compensatory structural changes. Thus, the structure of
water on the surface of a composite polymeric material reveals the hydrogen bond
interactions taking place beneath it, which are key to understanding the properties
of thermoplastic starch (TPS) materials. In the literature, there is a broad consensus
based on empirical results that a contact angle (6) greater than 65° defines a
hydrophobic surface. These findings suggest that there are at least two different
types of water structures that exist as a response to interactions occurring within the
composite polymers. One of these is formed when there is a low density of “Lewis
sites”, and the other when there is a high density of “Lewis sites” on the surface of
the thermoplastic materials. This second scenario produces the collapse of the water
structure, i.e., the collapse of the hydrogen-bonded network. In spite of the
physicochemical response of water to the intra- and intermolecular interactions that
occur on composite materials, these have not been studied as a means to modify the
surface behavior of TPS materials. This could be achieved by incorporating natural
fillers that have a plasticizer or crosslinking effect on their structure. In this chapter,
we analyze the surface properties of starch-based composite materials as an indirect
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measure of the interactions that occur within them, mainly as regards plasticizing
effects and crosslinking reactions.

Keywords Composite materials - Natural fillers - Surface properties
Thermoplastic starch

1 Introduction

The surface properties of thermoplastic starch (TPS) used to pack food are key
variables for food packaging designers and engineers as they influence product
shelf life, appearance, and quality control.

Materials made using TPS often contain fillers such as nanoparticles, micro-
capsules, cellulose, and clay, among others, which have all been extensively studied
(Trache et al. 2017; Voicu et al. 2016; Miculescu et al. 2016). Because they are
highly susceptible to humidity, the starches used are usually modified in order to
improve their physicochemical properties (Wang et al. 2016). However, although
there have been many efforts made to develop materials from biomacromolecules,
especially starch, their surface properties have received relatively little attention.

Surface composition and morphology are commonly determined by means of
several techniques such as electron spectroscopy for chemical analysis (ESCA or
XPS), secondary ion mass spectrometry (SIMS), scanning electron microscopy
(SEM), atomic force microscopy (AFM), and contact angle (Peeling et al. 1976;
Varma 1984; Russell et al. 1987; Baldwin et al. 1997, 1998; Michalska-Pozoga
et al. 2016). In particular, this last technique is increasingly being used in the
academic and scientific worlds, as well as at an industrial level, since the table-top
equipment now on offer can cost as little as 150 dollars. The instruments are also
more portable and robust (Fig. 1a) than more traditional equipment (Fig. 1b) and
can produce higher quality images (Fig. lc, d).

The contact angle (0) is defined as the angle formed by the intersection of the
tangent lines of the liquid and solid surfaces at the three-phase boundary between
these two phases and the third surrounding phase (generally air or vapor) (Wong
et al. 1992). A schematic representation of a contact angle (0) is shown in Fig. 2.
One of the primary characteristics of any immiscible two- or three-phase system
made up of two condensed phases, at least one of which is a liquid, is the contact
angle of that liquid on the other condensed phases (solid or liquid surfaces)
(Ghanbarzadeh et al. 2013). These phases can be as follows:

e liquid—vapor—solid: for example, water on an edible film.
e liquid-liquid—solid: for example, water—oil—protein in an emulsion.
e liquid-liquid—vapor: for example, an oil drop on a water surface.
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Fig. 1 a USB digital microscope (model DIGMIC200X, China) equipped with Image Analysis
Software 220X 2.0MP video, with 0.0001° precision, b Ramé-Hart instrument co. (USA,
Succasunna), ¢ image taken with a USB digital microscope, and d image taken with a Ramé-Hart
instrument

Fig. 2 Contact angles Vv P
formed by pure liquid drops o
on a surface Ve "o"\ 0 Vg

To summarize, the contact angle is the angle, conventionally measured through
the liquid, where a liquid—vapor interface meets a solid surface. It quantifies the
wettability of a solid surface by a liquid via the Young equation (Fig. 2). Any solid,
liquid, and vapor system at a given temperature and pressure will have a unique
equilibrium contact angle. However, in practice, contact angle hysteresis is
observed, ranging from the so-called advancing (maximal) contact angle to the
receding (minimal) contact angle. The equilibrium contact lies between these values
and can be calculated from them. The equilibrium contact angle reflects the relative
strength of the liquid, solid, and vapor molecular interaction. Contact angles are
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extremely sensitive to contamination: values reproducible to less than a few degrees
are generally only obtained under laboratory conditions with purified liquids and
very clean solid surfaces. If the liquid molecules are strongly attracted to the solid
molecules, then the liquid drop will completely spread out on the solid surface,
giving a contact angle of 0°.

In essence, the contact angle may be explained as the physicochemical response
of a pure solvent drop on a surface. This is related to the surface tension produced
by the unbalanced forces of the liquid molecules on that surface (Fig. 3).
Wettability studies of a surface are usually performed by determining contact angles
using distilled and deionized water. In this regard, there is a broad consensus in the
literature, based on empirical results, than a contact angle (0) greater than 65°
defines a hydrophobic surface when water is used as a solvent (Fig. 4) (Vogler
1998). It is well known that the contact angle of water increases with an increase in
surface hydrophobicity (Ojagh et al. 2010). Karbowiak et al. (2006) suggested that
an increase in the water contact angle of biopolymers could be due to strong
intermolecular hydrogen bonding under the film surface. The most polar sites
(Lewis sites) would be affected by these interactions, thus generating a reduction in
the surface polarity of biopolymer films. Starch film surfaces with higher contact
angles do not contain the energy required to break the cohesive force of water
(Vogler 1998). Thus, a droplet with high surface tension resting on a low-energy
solid tends to adopt a spherical shape due to the establishment of a high contact
angle with the surface. Conversely, when the surface energy of the solid exceeds the
liquid surface tension, the droplet tends to adopt a flatter shape due to the estab-
lishment of a low contact angle with the surface (Fig. 5).

Fig. 3 Surface tension caused by the unbalanced forces of the liquid molecules at the surface
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Fig. 4 Contact angle on the gauge of wettability of a solid surface with a specific liquid
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Fig. 5 Wettability of starch films

Fig. 6 Contact angle on rough surface using Wenzel’s equation

Interestingly, this kind of water structure requires that the hydrogen bond net-
work of water directly adjacent to a nonpolar surface is interrupted yielding
“dangling hydrogen bonds”. These dangling hydrogen bonds have been theoreti-
cally predicted (Lee et al. 1984) and spectroscopically resolved from hydrogen
bonds in bulk water (Du et al. 1993, 1994a, b).

Contact angles have also been associated with the surface characteristics of
starchy materials through the well-known Wenzel equation (Wenzel 1936):

cos Oy, = rcos 0. (1)

In Wenzel’s equation, the roughness factor (r) acts to amplify the surface
chemistry-determined term cosfl. Thus, small changes in 6 translate to larger
changes in Oy, provided complete contact is maintained between the liquid and the
solid (Fig. 6). The importance of 0 = 90° is the changeover in the sign of the cosine
term. When 0 < 90, the effect of increasing roughness (r) is to further reduce the
Wenzel contact angle toward 0. However, when 0 > 90, the effect of increasing r is
to further increase the Wenzel contact angle toward 180. Thus, Wenzel roughness
emphasizes the intrinsic tendency of a surface to have either complete wetting or
complete non-wetting properties.

Conversely, a liquid may form bridges between surface features and no longer
penetrate through the spaces separating them; a simplified example of a flat-topped
surface is shown in Fig. 7. In this example, it is assumed that the liquid only makes
contact with the flat parts of the surface and that the meniscus below the drop is flat.
This implies that the gaps between the features are much smaller than the curvature
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AAcost

Fig. 7 Contact angle on rough surface using Cassie—Baxter equation

of the meniscus due to the weight of the liquid and the pressure exerted by the top
meniscus. As the contact line advances by AA only a fraction, f;AA, of the solid
makes contact with the liquid, and the remainder (1 — f;)AA is the area bridged
between surface features in contact with the air. Thus, this remainder involves the
creation of a liquid vapor interface. The surface free energy change is given by
Eq. 2:

AF = (ys1 — ysvIFAA + (1 = f)AAyLy + Ly cos 0AA. (2)

Based on these concepts, in this chapter, we discuss the surface properties of
TPS materials reinforced with natural fillers as an indirect measure of interactions in
starch-based composite materials, mainly with regard to plasticizing effects and
crosslinking reactions.

2 Effect of the Amylose/Amylopectin Ratio on the Surface
Properties of TPS

Starch is a polysaccharide composed of the essentially (1-4)-linked linear amylose
and the extensively (1-6)-branched amylopectin, and occurs naturally in plants in
the form of granules. The film formation process is important for film structure and
crystallinity. Previous studies undertaken by Stading et al. (2001) and
Rindlav-Westling et al. (2002) have shown that amylopectin films are totally
amorphous without any visible structure, and this is reflected by a smooth surface.
In contrast, amylose films are semicrystalline (Stading et al. 2001,
Rindlav-Westling et al. 2002) giving rise to a rougher surface.

Rindlav-Westling and Gatenholm (2003) analyzed the surfaces of starch solution
cast films prepared from amylose and amylopectin by scanning electron microscopy
(SEM), atomic force microscopy (AFM), electron spectroscopy for chemical
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Fig. 8 Wettability from a amylose films and b amylopectin films

analysis (ESCA), and time-of-flight secondary ion mass spectrometry (ToF-SIMS).
They found that the surface (as visualized by SEM) of amylopectin films was very
smooth, whereas that of amylose films was rougher. A possible explanation for this
is the higher crystallinity of the amylose films due to starch retrogradation, which
affects their topography (Fig. 8). Moreover, the amylopectin films appeared to be
flat even at the high magnifications obtained with atomic force microscope (AFM).
Using this technique, small protrusions were also observed on top of the surface
structures of the much rougher amylose films.

The authors also examined the starch films using a light microscope and found
that most showed phase separation. This result could be related to the fact that
under certain conditions, amylose and amylopectin are incompatible in aqueous
solutions (Kalichevsky and Ring 1987) producing phase separation during film
formation (Rindlav-Westling et al. 2002). In addition, differences in the crystalline
structures of the films also appeared to influence their surface topography.

As an initial conclusion, we can say that the surfaces of starch films reflect the
effects of retrogradation and phase separation. Smooth surfaces are associated with
amylopectin films, whereas amylose film surfaces are much rougher.

The topic of wetting has sparked a great deal of interest both from the funda-
mental and the applied point of view (Yuan and Lee 2013). Wettability studies
usually involve the measurement of contact angles as the primary data, as this
indicates the degree of wetting when a solid and a liquid interact. Small contact
angles (<90°) correspond to high wettability, while large contact angles (>>90°)
denote low wettability.

Phan et al. (2005) prepared edible films made from agar (AG), cassava starch
(CAS), normal rice starch (NRS), and waxy (glutinous) rice starch (WRS), and
tested them for their potential use as edible packaging or coatings. Among other
properties, the surface hydrophobicity and wettability of these films were investi-
gated using the sessile drop contact angle method. SEM micrographs of the cross
sections of the prepared films showed an irregular and rough topography, sug-
gesting a heterogeneous structure due to the retrogradation and partial crystalliza-
tion of the gelatinized starch before the formation of the films. The water vapor
permeability (WVP) of the films was directly proportional to their amylopectin
content. Similar results on the better barrier properties of amylose films compared
with those of amylopectin films were reported by Stading et al. (1998). It can thus



138 T.J. Gutiérrez et al.

be said that films with poor water vapor barrier properties will show high
hydrophilicity. Stading et al. (1998) evaluated the sensitivity of films to liquid
moisture transfer by determining the adsorption rate of water droplets, finding that,
in general, a higher contact angle indicated a lower adsorption rate. Nevertheless,
this characteristic might be affected by the evaporation of excess water during the
measurement period. Gutiérrez and Gonzélez (2016) prepared edible films from
cassava (Manihot esculenta C.) and taro (Colocasia esculenta L. Schott) starch
plasticized with glycerol, as packaging materials. A comparison of these two
starches revealed that the taro starch had a lower amylose content than the cassava
starch (15.1 and 19.9%, respectively). Weak amylopectin—glycerol interactions
facilitate water absorption, which could explain the higher moisture content of the
taro starch films. Under weak starch—glycerol interactions, water can act as a
plasticizer, a phenomenon commonly known as moisture plasticization. Glycerol—
amylose interactions produce a reduction in the intra- and intermolecular interac-
tions between the starch macromolecules increasing the movement and rearrange-
ment of the chains. XRD diffraction patterns have shown that the areas under the
crystalline peaks are larger in cassava starch films than in taro starch films, which
correlates with the higher amylose content of cassava starch. In addition, SEM
images showed that the cassava starch films had more compact structures, possibly
associated with their high amylose content (Miles et al. 1985a, b). It has been
previously established that a more compact structure leads to lower water adsorp-
tion as it makes interactions between the starch—glycerol and water less likely,
leading to a decrease in the polar glycerol-starch character of the films
(Garcia-Tejeda et al. 2013; Pelissari et al. 2013) (Fig. 8).

Gutiérrez and Gonzalez (2016) studied the color of cassava and taro starch films
and found that that the indexes evaluated were higher for the cassava films than the
taro films. They also found that cassava starch films were whiter and more opaque
than taro starch films, confirming that materials with a lower amylose content are
more transparent.

Following on from this, AFM studies showed that films made from cassava
starch (with a higher amylose content) have a rougher surface than those made from
taro starch. This agrees with the luminosity data: films with a high roughness profile
are more opaque, i.e., less transparent (Reyes 2013). Apparently, the greater ten-
dency to retrogradation of starch-based films with a higher amylose content creates
torsional forces on the macromolecules, which generates a rougher surface.

Regarding wettability, the contact angles of the cassava starch films were higher
than those of the taro starch films, which can be associated with their higher surface
hydrophobicity (Ojagh et al. 2010). An increase in the water contact angle of
biopolymers has been related to stronger intermolecular hydrogen bonding under
the film surface (Karbowiak et al. 2006). Thus, a decrease in the number of Lewis
sites could generate a decrease in the surface polarity of biopolymer films. This
produces dry cassava starch film surfaces, since they do not contain enough energy
to break the cohesive force of water (Vogler 1998). Gutiérrez and Gonzalez (2016)
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Fig. 10 Graphic summary of the properties of TPS films due to the amylose content

claim that films derived from starches with a lower amylose content show a lower
plasticizer—polymer compatibility. This allows the plasticizer to migrate toward the
surface of the film, thereby increasing the number of Lewis sites and reducing the
water contact angle (Fig. 8b). Higher contact angle values are thus recorded for
films with a higher amylose content (Fig. 9). A diagrammatic summary of the
surface properties of TPS films associated with their amylose content effects is
provided in Fig. 10.
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3 Effect of Exposure to Pulsed Light on the Surface
Properties of TPS

Crosslinking technologies have been used to modify TPS and other starch-based
blends in order to improve their physical and mechanical properties (Zhou et al.
2009). As regards UV photo-crosslinking, photo-sensitizers or photo-initiators are
generally incorporated into the materials during processing to produce reactive
radicals that subsequently initiate crosslinking reactions under UV irradiation. This
treatment generally produces a reduction in surface hydrophilicity and improved
water resistance (Gutiérrez and Gonzalez 2016).

Zhou et al. (2009) prepared crosslinked surfaces from TPS/PVA blends by
applying ultraviolet (UV) irradiation, and using sodium benzoate as a photosensi-
tizer. They then analyzed several physical properties of the films, such as the water
contact angle, moisture absorption, degree of swelling, and water solubility.
Mechanical properties were also measured to characterize the influence of the
photo-crosslinking modification on the film surface. These authors observed that
crosslinking considerably reduced the hydrophilic character of the TPS/PVA film
surfaces, as well as enhancing water resistance. The tensile strength and Young’s
modulus also increased, but the elongation at break of the films was lowered. These
results were attributed to the increase in the crosslinking density of the macro-
molecular chains on the surface of the films.

Zhou et al. (2009) also found a direct correlation between the surface contact
angle and surface roughness. In addition, the orientation of the polar hydroxyl
groups on the contact surface had a significant influence on the contact angle
measurements. An increase in the water contact angle indicates an enhancement of
the hydrophobic character of the surface and a lower value for the polar component
of the surface energy.

These same authors found that after surface photo-crosslinking, the water contact
angle of the TPS/PVA films, jumped significantly and continued to rise with an
increasing UV irradiation dose until 20 J/em?. Tn contrast, a decrease in the water
contact angle as a function of the UV irradiation dose was observed on the
photo-crosslinked surface of corn starch sheets (Zhou et al. 2008). These authors
proposed that as the crosslinking reaction progresses, more and more hydroxyl
groups on the surface layer, either from TPS or PVA molecular chains, are con-
sumed and are thus not available to water. In addition, they found that as the UV
irradiation dose increased, the resulting crosslinked structure caused both the degree
of swelling and the water solubility to decrease, thus these crosslinking points
restrict the molecular mobility of the polymer chains.

Gutiérrez and Gonzalez (2016) evaluated the effects of pulsed light
(PL) treatment, as a crosslinking method, on some properties of edible films derived
from cassava (Manihot esculenta C.) and taro (Colocasia esculenta L. Schott)
starch plasticized with glycerol, relevant to their use as packaging materials. They
found that samples deteriorated after PL treatment compared to control films as
demonstrated by an increase in the contact angle, roughness, and crystallinity, and a
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decrease in the tensile strength, transparency, and water content regardless of the
amylose content of the starch used to develop the films. In addition, the degree of
crystallinity of the films exposed to PL was slightly higher than that of the untreated
ones, a phenomenon that can be associated with the retrogradation of starch during
aging or by the deterioration process, which reduces chain mobility (Garcia-Tejeda
et al. 2013, Bertuzzi et al. 2007). They also found that films treated with PL showed
a significant reduction in the moisture content, possibly due to the crosslinking
caused by the UV radiation on the films treated with PL (Andrady et al. 1998, Cui
et al. 2013). After PL treatments, the films displayed a more compact structure
reflecting their lower moisture content. It is worth noting that the molecular weight
of the cassava starch-based films (with a higher amylose content) decreased,
whereas the molecular weight of the taro starch films (with less amylose content)
slightly increased. Based on this, Gutiérrez and Gonzalez (2016) suggested that the
crosslinking reaction in taro starch films produced a slightly more pronounced
increase in the water contact angle than the cassava starch films. In the cassava
starch films, the decrease in their molecular weight suggests the de-polymerization
of their biopolymer chains. This exposes the amylose chains resulting in a less
conspicuous increase in the contact angle (Fig. 11). A diagrammatic summary of
the properties of TPS films modified by PL is provided in Fig. 12.

4 Effect of the Chemical Modification of Starch
on the Surface Properties of TPS

Two of the main advantages starch has over other materials are its low cost and
availability in very large amounts from renewable resources. These aspects, toge-
ther with the fact that starch may be used in thermoplastic formulations, make it one
of the best options for preparing biodegradable polymers. However, the use of
starch as a substitute for conventional petroleum-based plastics has been limited by
its brittleness and hydrophilicity (Shogren et al. 1998). This has meant that TPS
compositions developed thus far cannot be used for many applications, including
packaging, and intensive work has been done to overcome these drawbacks
(Dufresne and Vignon 1998, Averous et al. 2000, 2001; Curvelo et al. 2001,
Carvalho et al. 2005). Several strategies have been attempted in order to widen the
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Fig. 12 Graphic summary of the properties of TPS films due to pulsed light

usability of starch as a biodegradable thermoplastic material suitable for packaging
applications. One possibility is to modify the starch. Chemical modification
involves the introduction of functional groups into the starch molecule by phos-
phation, acetylation, and oxidation, among others. Starches can also be physically
modified by heat-moisture treatment and annealing. Chemical modification causes
changes in the molecular structure or introduces functional groups, thus improving
the applicability of plant-derived materials in both the food and non-food industries
(Xia et al. 2005; Bertolini 2010; Nafchi et al. 2013).

Carvalho et al. (2005) prepared TPS films plasticized with 20 and 30 wt%
glycerol. The materials obtained were treated with various reagents (phenyl iso-
cyanate (PhNCO), a phenol blocked polyisocyanate of trimethylol propane and
toluene diisocyanate (TMP-TDI-Phenol), a styrene-co-glycidyl methacrylate
(PS-GMA) copolymer and stearoyl chloride (StCl)) in order to make their surfaces
less sensitive to moisture. In addition, two different techniques were used to



5 Surface Properties of Thermoplastic Starch Materials Reinforced ... 143

produce the modifications: (a) suspension at room temperature and (b) dipping in
the reactant solution followed by heating under reflux.

Carvalho et al. (2005) found that the polar contribution was drastically reduced
in the modified polymers, indicating that the surfaces had become more
hydrophobic. The treatment with phenyl isocyanate in xylene proved the most
effective.

In addition, all the chemical treatments carried out produced an increase in the
contact angle values with water, together with a decrease in the purely dispersive
liquids, confirming that coupling reactions took place. In particular, the phenyl
isocyanate produced some excellent results, probably because of the very high
reactivity of this compound, which gave rise to the formation of a densely packed
monolayer of phenyl moieties on the surface. Treatment with stearoyl chloride also
gave some interesting results (very low values for the polar component). However,
the formation of HCI in the coupling reaction with the OH groups might limit its
practical use.

Carvalho et al. (2005) concluded that the use of these polymeric reagents offers a
further advantage in that a given macromolecule can couple with OH groups
coming from both the starch and the glycerol simultaneously, thus immobilizing the
latter species. The dipping + heating treatment was found to be the most appro-
priate for practical applications.

Gutiérrez and Gonzalez (2017) prepared films from plantain flour with the
incorporation of different concentrations of Aloe vera (Av) gel. They found that the
Av gel produced crosslinking of the starch found in the flour, resulting in films that
were smoother, more transparent, more rigid and plastic, dryer, and with increased
hydrophobicity (Fig. 13).

As already mentioned, the Av gel produced a decrease in the moisture content of
the plantain flour films. This could be associated with strong starch—glycerol
interactions, which inhibit water absorption (Cyras et al. 2006; Flores et al. 2007,
Hu et al. 2009; Gutiérrez et al. 2015). In addition, color testing (opacity of the film)
revealed that films with a lower Av gel content showed a tendency to retrograde.
AFM studies also showed that the surface roughness of films made from plantain
flour with a higher Av gel content tended to decrease, which is consistent with the
luminosity results (high roughness profiles were more opaque, i.e., less transparent).
In addition, the contact angle increased as a function of Av content, which agrees
with all the previous results, and also with the fact that the organic acids present in

Fig. 13 Implications of Lower concentration Contact angle increases
effect of crosslinking on the of Lews sites
surface properties of TPS "
films 4 % O
_ B Smoother
5 B surface

Crosslinking of starch
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Av gel produce stronger hydrogen bond interactions between the starch and the
glycerol, probably due to the crosslinking of the former. The SEM images were also
consonant with the other results: the plantain flour-based films with higher Av gel
content had the most closed structures, which act as a physical barrier to water.

Similarly, the incorporated Av gel had a positive effect on all the mechanical
parameters measured: films with higher Av gel content were markedly more rigid,
showed a greater strain at break, and had higher enthalpy (AH) and glass transition
temperatures (7). This last is further evidence of the crosslinking of the starch in
the presence of the Av gel: crosslinking limits the movement of the molecular
segments, resulting in an increase in 7. A diagrammatic summary of the properties
of chemically modified TPS films is provided in Fig. 14.

5 Effect of Plasticizers on the Surface Properties of TPS

In general, plasticization refers to a change in the thermal and mechanical properties
of a given polymer which involves the following:

e A decrease in stiffness at room temperature.
e A decrease in the temperature at which substantial deformations can be pro-
duced with moderate forces.
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An increase in the elongation to break at room temperature.
e An increase in the toughness (impact strength) at the lowest serviceable
temperature.

These effects can be achieved by combining the polymer of interest with a low
molecular weight compound or another polymer, or by introducing a co-monomer
into the original polymer to reduce crystallinity and increase chain flexibility.

Medina et al. (2015) prepared cassava starch-based films with different amounts
of yerba mate (Y) extract as an antioxidant (0-20 wt%). They found that films with
5 wt% of the extract (TPS-Y5) showed a lower loss of antioxidant than films with
20 wt% (TPS-Y20). In addition, the incorporation of the Y extract led to increased
values of surface roughness and contact angle, indicating an increase in the
hydrophobicity of the film surface. This was confirmed by a decrease in water vapor
permeability and water content values. The greater hydrophobicity of the Y
extract-containing films is due to the fact that covalent and hydrogen interactions
between the polysaccharide network and the polyphenol compounds limit the
availability of the hydrogen groups to form hydrophilic bonds, thus reducing the
affinity of the films to water (Siripatrawan and Harte 2010). Previous studies have
positively correlated the surface roughness of a material with its hydrophobicity
(Erbil et al. 2003). The contact angle of a material is also related to the roughness
and hydrophobicity: a rougher surface increases the contact angle and therefore, the
hydrophobicity of the material (Erbil et al. 2003). This is because a rougher surface
increases the fraction of trapped air and thereby the water contact angle (Kim et al.
2014). Regarding mechanical properties, Medina et al. (2015) found that the
addition of the Y extract resulted in a decrease in the elastic modulus and tensile
strength, but a significant increase in the strain at break values. This resulted in
more flexible materials as the relaxation processes took place at lower temperatures
compared to the matrix without Y extract. Other mechanical properties of the
extract-containing films were also typical of plasticized films. Finally, cassava
starch films containing Y appear promising as coatings for retarding the oxidation
of food products, thus increasing their shelf life. In addition, according to Medina
et al. (2016), films with a smoother surface are apparently more biodegradable.

Gutiérrez et al. (2016a) prepared films from native and modified plantain flour,
plasticized with glycerol, with or without the addition of beet flour. Analysis of the
prepared flours showed that the fiber content of the modified plantain flour
increased by about 20%, possibly as a result of the leaching of proteins and fatty
material during its modification. The phosphorus content, degree of substitution
(DS), and apparent amylose content also decreased by about 50% in the modified
flour, due to the crosslinking of the amylose.

Gutiérrez et al. (2016a) observed that the incorporation of beet flour resulted in
an increase in water solubility that became significant when combined with the
modified flour. This behavior was associated with the sugars contained in beet flour,
which conferred a more polar character to the films. In contrast, native plantain
flour-based films exhibited higher contact angles, reflecting an increase in surface
hydrophobicity. The surface of these films was dryer as they do not have enough
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energy to break the cohesive force of water (Vogler 1998). These types of
hydrophobic surfaces require Lewis sites for surface wetting to occur. In addition,
their higher amylose content gives them a closed structure (observed by SEM)
resulting in a further, physical impediment to wetting. Conversely, phosphated
plantain flour-based films showed a lower contact angle. This could be related to the
addition of phosphate groups that strengthen the polar character of the surface,
increasing the density of Lewis sites. These sites would be close to the hydrogen
bond network of water, and would thus compete with the cohesive forces, leading
to the collapse of water structure on the hydrophilic surface and decreasing the
contact angle. The incorporation of beet flour produced a decrease in the contact
angle for both native and modified plantain flour as a consequence of the polar
character of the sugars contained within it.

Gutiérrez et al. (2016a) found that the incorporation of beet flour also enabled
the preparation of intelligent films sensitive to alkaline pH changes. In addition,
they demonstrated that betalains found in the beet flour interacted more efficiently
with the phosphated plantain flour, limiting its immediate response to pH changes.

In addition, other components (proteins and sugars) in the beet flour produced
more flexible films (an increase in the elongation at break: plasticizing effect). This
can be associated with hydrogen bond interactions between these components and
the plantain flours, which could explain the decrease in the contact angle together
with the increase in the thickness and solubility of these films.

Furthermore, Gutiérrez et al. (2016b) found that beet flour incorporated into
edible films prepared from native and phosphate-modified plantain flour acted as a
plasticizer, producing smoother, wetter, and more transparent films. The beet flour
also improved the transmittance of the films and their thermodynamic stability.
According to the results obtained from differential scanning calorimetry (DSC), the
addition of beet flour destroys the intra- and intermolecular interactions between
starch—starch chains, thus strengthening hydrogen bonding interactions between the
hydroxyl groups of the starch chains and the polar compounds of the beet flour.
This enables the starch chains to become more mobile and produces a reduction in
the T, confirming the plasticizer effect. The increase in the transmittance of the
films (more evident in the case of the phosphate-modified plantain flour) produced
by the plastizicing effect of the beet flour could be related to an increase in the
degrees of freedom of the OH groups, which itself is a consequence of the greater
mobility of the starch chains (Medina et al. 2016). Thus, an increase in transmit-
tance is related to a decrease in the T. The SEM images taken were consistent with
these results and revealed the plasticizer effect of the beet flour, which inhibited the
recrystallization of the starch. AFM images showed that films made from native
plantain flour (with a higher amylose content) displayed greater surface roughness
than those made from phosphated plantain flour: a rougher surface gives more
opaque (less transparent) films. This is probably due to the fact that a rougher
surface texture does not permit the reflection of light which is thus absorbed by the
film (Reyes 2013, Gutiérrez and Gonzalez 2016, 2017). The incorporation of the
beet flour generated a smoother surface due to its plasticizing effect. This inhibited
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starch retrogradation thereby avoiding the creation of holes. Similarly, a smoother
surface was related to an increase in the transparency of these systems (Fig. 15).

Gutiérrez et al. (20164, b) also showed that modified plantain flour crosslinked
with sodium trimetaphosphate produced more transparent, smoother, more plastic,
and biodegradable films. The decrease in the moisture content of the phosphated
plantain flour films was associated with the strong hydrogen bond interactions
between the phosphated flour and the plasticizer, which limits possible water
adsorption by these polar compounds (Gutiérrez et al. 2015). XRD results also
suggest an increase in the number of hydrogen bond interactions, caused by the
plasticizer effect of beet flour (Gutiérrez et al. 2016b).

After analyzing their results, Gutiérrez et al. (2016a, b) concluded that the minor
interaction between the starch—starch chains produced more transparent, less
crystalline, smoother, more plastic, and biodegradable films. A diagrammatic
summary of the effects of plasticizers on the surface properties of TPS films is
provided in Fig. 16.

6 Effect of Composites on the Surface Properties of TPS

TPS on its own often cannot meet all the requirements of a packaging material.
However, the incorporation of environmentally acceptable reinforcing materials has
proved an effective method to obtain starch-based biocomposites with improved
physical and mechanical properties (Cyras et al. 2008). In this section, we discuss
the surface properties of TPS materials with added fillers.

6.1 Effect of Clay/Starch Composite Materials

The incorporation of clays has been reported as a good approach to improve
polysaccharide-based film properties. Kaolinite, smectite, and sepiolite are the most
frequently used clays in polymer nanocomposite studies. These clays are envi-
ronmentally friendly, naturally abundant, and economical. Smectites, in particular,
are often chosen for the preparation of polymer-based nanocomposites. The most
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Fig. 16 Graphic summary of the properties of TPS films due to the plasticizing effect

widely studied smectite clay filler is montmorillonite (Mnt) (de Azeredo 2009). Mnt
is a hydrated alumina-silicate-layered clay consisting of two-dimensional layers,
1 nm thick, made up of two silica tetrahedrals fused to an edge-shared octahedral
sheet of either aluminum or magnesium hydroxide (Ray and Bousmina 2005). The
imbalance of the negative surface charges is compensated by exchangeable cations
(typically Na* and Ca*?). The parallel layers are stacked together by weak elec-
trostatic forces leading to a regular van der Waals gap between the layers called the
interlayer or gallery. As the forces that hold the stacks together are relatively weak,
the intercalation of small molecules between the layers is straightforward. Thus, in
addition to their low cost, high surface area, and large aspect ratio, the rich inter-
calation chemistry of these clays enables them to be easily chemically modified.
In order to obtain nanocomposites with improved final properties, the clay layers
must be highly dispersed in the polymer matrix (intercalated or exfoliated) as
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opposed to being aggregated as tactoids (Ray and Okamoto 2003). The major
problem in preparing these composites is thus to separate the layers of the clay as
they are initially agglomerated. The most significant challenges in the development
of well-dispersed clay/polymer nanocomposites are as follows (Ollier et al. 2014):

e The maximization of chemical compatibility between the clay surface and the
polymer matrix, i.e., how to make the clay more compatible with starch, which
facilitates the dispersion of the clay layers.

e The selection of the most appropriate processing method in order to provide
optimal conditions for the dispersion of the clay platelets.

The presence of exfoliated clay layers in polymer structures has been shown to
greatly improve barrier properties since they obstruct diffusion gases and water
molecules forcing them to follow a tortuous path, and thus minimizing one of the
main limitations of biopolymer films (de Azeredo 2009). The clay layers also
induce changes in the molecular mobility of the polymer matrix, which may
enhance its thermal and mechanical properties as well as oxidation stability, among
other advantages. It is important to mention that all these improvements can be
achieved with low amounts of Mnt (below 10 wt%).

Mnt has been extensively employed to reinforce native starch (Slavutsky et al.
2012), derivative starch (Gao et al. 2012), carboxymethyl cellulose
(CMCO) (Gutiérrez et al. 2012), starch/CMC (Almasi et al. 2010; Ghanbarzadeh
et al. 2013), and starch/chitosan films (Ghani et al. 2013). However, very few of the
studies concerned with clay/starch nanocomposites have analyzed in detail the
surface properties of these materials.

Aouada et al. (2013) prepared Mnt/TPS bionanocomposite films. They
employed a pristine Mnt and focused on the processing procedure of the materials.
The composites were prepared by intercalation from solution followed by melt
processing, with 1 and 5 wt% Mnt. The authors affirmed that the
intercalation/exfoliation of the clay into TPS is achieved when the shear rate
increases. Additionally, swelling may expand the clay galleries, thus facilitating
their dispersion (Paul and Robeson 2008). Measurements of water absorption
confirmed the stability of the nanocomposites and showed that the addition of
natural Mnt reduced the bulk hydrophilicity of the TPS matrix. A decrease in water
absorption after increasing the clay content of the TPS matrix was associated with
the following phenomena: (1) the migration of a fraction of the glycerol plasticizer
to the clay phase, which reduces the glycerol content of the polymeric matrix and
(2) the reinforcement effect of the clay due to high interaction between the clay and
the TPS matrix, which makes the matrix three-dimensionally more stable with
limited expansion. Furthermore, water contact angle measurements showed that the
addition of clay also reduced the surface hydrophilicity of the nanocomposites. The
authors associated this improvement with the novel methodology used to prepare
the TPS bionanocomposites. Cyras et al. (2008) observed a different behavior when
they dispersed Mnt into TPS by the casting method. In their case, the clay
nanolayers formed an intercalated structure but not complete exfoliation. The
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nanocomposites were also more hydrophilic than the neat starch due to their high
surface polarity, as measured by the contact angle. This can be attributed to the
non-exfoliated structure of the clay in the starch matrix, which causes lower
hydrogen bonding interactions compared to materials developed by Aouada et al.
(2013) (obtained by a different processing protocol). However, maximum water
absorption as well as the rate of water absorption was reduced by the addition of
clay to the TPS. This behavior was attributed to the formation of a tortuous pathway
due to the presence of the clay layers.

Wilpiszewska et al. (2015) prepared carboxymethyl starch (CMS)-based
biodegradable films with calcium-rich montmorillonite (Ca-Mnt) by the casting
method; glycerol and citric acid were used as the plasticizer and crosslinking agents,
respectively. CMS is a derivative starch obtained by the Williamson process, by which
ionic substituents are introduced into the starch structure through reactions with
monochloroacetic acid sodium salt (Yanli et al. 2009). The intercalated structure of
Ca-Mnt was observed in all composites; however, the most efficient clay platelet
dispersion was noted for the 5 wt% Ca-Mnt/CMS film. The introduction of Ca-Mnt
into CMS produced an increase in the water contact angle from 70° for the neat CMS
films, to 107° for the films containing 5 wt% Ca-Mnt/CMS, i.e., the surface became
more hydrophobic. A lower contact angle value for the 7 wt% Ca-Mnt/CMS films
compared to the 5 wt% Ca-Mnt/CMS films indicated that clay dispersion was less
effective in the former. This was confirmed by XRD. In addition, there was a negative
correlation between clay content and water absorption. The higher Ca-Mnt content in
this composite could lead to stronger hydrogen bonding between the hydroxyl groups
of the starch, and the hydroxyl or carboxylic groups of the CMC and ~OH of the clay
layers (Huang et al. 2004). This would result in a stronger structure with fewer active
sites for water absorption.

Although clays are naturally compatible with starch, they can be chemically
modified to obtain composites with improved properties. Kampeerapappun et al.
(2007) prepared Mnt/cassava starch composite films, with chitosan, a natural
cationic polysaccharide, as a compatibilizing agent for Mnt modification and glyc-
erol as a plasticizer. Chitosan is compatible with the starch matrix as it has amine and
hydroxyl groups which can interact via hydrogen bonding, as well as being
ion-exchangeable with clay (Darder et al. 2003). As a result, the average particle size
of chitosan-treated Mnt was notably smaller than that of pristine Mnt/starch film.
Improvements in the physical properties include reduced surface wettability and a
decrease in the water vapor transmission rate and moisture absorption. An interesting
finding was that the addition of neat Mnt did not affect film surface hydrophobicity.
However, at a fixed clay content, an increase in the percentage of added chitosan
produced a significant increase in the water contact angle values of the composite
films. Moreover, chitosan content had a significant effect on the moisture uptake
values (which is related to the bulk hydrophobicity) of the composite films compared
with neat Mnt composites. The authors suggested that the contribution of chitosan to
the surface and bulk hydrophobicity was associated with the role of available
hydrophobic acetyl groups present in the structure of incompletely deacetylated
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chitosan chains. In addition, the tensile properties of the composite films were
improved by the addition of both chitosan and Mnt.

Abreu et al. (2015) developed Mnt modified with a quaternary ammonium salt
C30B/starch nanocomposite (C30B/ST-NC), silver nanoparticles/starch nanocom-
posite (Ag-NPs/ST-NC), and both silver nanoparticles/C30B/starch nanocompos-
ites (Ag-NPs/C30B/ST-NC) films by the solution casting procedure. The silver
nanoparticles (Ag-NPs) were incorporated and synthesized in situ by the chemical
reduction method. The incorporation of both types of nanoparticles, Ag-NPs and
C30B, had a synergetic effect, resulting in a material with greater homogeneity and
better clay dispersion, as demonstrated by SEM and XRD. In addition, the
Ag-NPs/C30B/ST-NC film exhibited an increase in the storage modulus value
(calculated from DMA measurements) compared to the starch film. It is known that
the effect of clay in polymer matrices is to increase the modulus or stiffness via
reinforcement mechanisms described by composite theories (Fornes and Paul
2003). The incorporation of C30B by itself, however, caused a significant decrease
in the water contact angle value. This suggests that there was an increase in the
polarity, which can be attributed to the incorporation of more hydrophilic groups in
the clay. More hydrophobic surfaces were achieved when both nanoparticles were
added. Abreu et al. (2015) also found that the composite films they obtained
showed antimicrobial activity against Staphylococcus aureus, Escherichia coli, and
Candida albicans. Furthermore, the migration of components from the nanostruc-
tured starch films was minor and under the legal limits. Thus, according to the
authors, starch films loaded with C30B and Ag-NPs have the potential to be used as
nanostructured packaging materials.

6.2 Effect of Natural Fibers/Starch Composite Materials

Adding natural fibers to starch-based composites in order to obtain more resistant
and stable films has given some promising results. Moreover, natural fibers provide
positive environmental benefits regarding ultimate disposability and the use of raw
materials (Singha and Thakur 2008a, b, c; Thakur et al. 2013a, b, c, d). Generally
speaking, the properties of natural fibers, such as a high aspect ratio, low cost,
renewability, biodegradability, high specific strength and modulus, low density, and
reactive surface sites that facilitate grafting chemical species to achieve other useful
surface properties, make them a very attractive alternative (Singha and Thakur
2009a, b, c, d; Faruk et al. 2012, Lopez et al. 2015). Several types of natural fibers
such as cotton, hemp, sisal, jute, flax, ramie, coir, and cellulose have been explored
(Faruk et al. 2012; Pappu et al. 2016). Natural fibers can be processed in different
ways to yield reinforcing elements with different properties (Corobea et al. 2016).

Cellulose is a very abundant natural polysaccharide, composed of linear chains
of B-1,4 linked glucopyranose units. These polymer chains are associated by
hydrogen bonds forming bundles of fibrils, also called microfibrillar aggregates,
with high axial stiffness. Within cellulose microfibrils there are highly ordered
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regions (crystalline phases) alternating with disordered domains (amorphous pha-
ses) (Azizi Samir et al. 2005). The crystalline regions contained within the cellulose
microfibrils can be extracted by various methods, resulting in cellulose nanocrystals
(Moon et al. 2011).

Cao et al. (2008) prepared nanocomposite films made from plasticized starch
(PS) reinforced with hemp cellulose nanocrystals (HCNs). Loadings were between
0 and 30 wt%, and prepared by casting from aqueous suspensions. A homogeneous
distribution of the HCNs in the PS matrix was observed, indicating strong adhesion
between the fillers and matrix. The uniform distribution of the fillers in the matrix
played an important role in improving the mechanical performance of the resulting
nanocomposite films. With the incorporation of HCN fillers into the PS matrix, the
contact angle of the nanocomposites significantly increased. This behavior was
associated with the highly crystalline hydrophobic cellulose compared with the
hydrophilic starch. Moreover, the presence of HCNs caused a reduction in the rate
of water adsorption by the PS/HCN nanocomposites. The authors concluded that
the improvements in the performance of the nanocomposites were due to chemical
similarities between the starch and cellulose, the nanometric size effect of the
HCNS, and the hydrogen bonding interactions between the fillers and the matrix.

Spiridon et al. (2013) prepared starch—cellulose composite materials from modified
starch microparticles, synthesized from starch previously crosslinked by reaction with
tartaric acid. These starch—cellulose materials were then used as fillers within a
glycerol plasticized-corn starch matrix prepared by the casting technique. Cellulose
fibers, obtained from bleached birch industrial pulp, were also incorporated into the
polymeric matrix. The crosslinked starch microparticles produced an increase in the
water contact angle due to the fact that “OH groups on the surface of the material were
less available to establish hydrogen bonds with the water molecules. The addition of
cellulose fibers increased the hydrophobic properties of the starch-based films even
further. This effect was limited to low cellulose contents, but at high cellulose con-
tents, poor wetting properties of the films were observed. The presence of the cellulose
fibers also enhanced the water resistance of the films although there was a slight
decrease in transparency. Although cellulose is a hydrophilic polymer, the high degree
of crystallinity and tight structure of the microfibrils within the fibers tended to
decrease the water adsorption capacity of the composite compared with that of
amorphous starch. The hydrogen bonding interactions between the starch and cel-
lulose stabilized the starch matrix even when it was placed in a highly moisturized
environment. Due to the strong intermolecular hydrogen bonds, the thermal stability
and mechanical properties of the starch—cellulose composite films were improved
compared with the neat matrix. The T, increased with increasing amounts of cellulose
in the composites. This was associated with the anti-plasticization of amylopectin-rich
domains by the presence of the cellulose fibers.

Loépez et al. (2015) prepared biocomposite films from TPS containing 0.5% w/w
fibrous residue obtained from Pachyrhizus ahipa starch extraction (PASR) by
melt-mixing and compression molding. PASR is mainly constituted by the
remaining cell walls and natural fibers. Chemical analysis of the residue indicated
that fiber and starch were the principal components. A continuous PASR-TPS
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Fig. 17 Implications of fillers on the surface properties of TPS films

interface was observed by SEM, confirming the good adhesion of the fibrous residue
to the starch matrix. SEM micrographs of the TPS surfaces revealed the presence of
some non-molten starch granules and micropores, as well as numerous superficial
micro-cracks. Films containing PASR showed fewer superficial cracks than neat
TPS, but their fracture surfaces were more irregular. Films with the filler also showed
far fewer non-molten starch granules. The authors associated this effect with the fact
that starch granular fusion was affected by the presence of the fibers during the
thermo-plastic processing of the TPS (Ma et al. 2005; Luna et al. 2009), i.e., the filler
had an effect on the plasticization of the corn starch (Martins et al. 2009). Based on
previous research, the authors mentioned that the presence of the filler during
thermo-mechanical processing lead to improved melting of the starch granules.
AFM images also demonstrated the effect of PASR on starch melting and plasti-
cization during TPS processing. In addition, the presence of PASR increased the
surface roughness of the starch films, due to randomly oriented fiber agglomerates,
and PASR-TPS films showed significantly lower water vapor permeability values.
Finally, the PASR filler increased the maximum tensile strength and Young’s
modulus of the TPS films, indicating that these matrices were more resistant.

In conclusion, we can say that the strong hydrogen bonding interactions between
fillers and TPS prevent phase separation with the plasticizer. This decreases the
number of Lewis sites on the surface of these materials, since the plasticizer cannot
migrate to the surface. The water contact angle is thus increased, and the surface
roughness decreased (Fig. 17).

7 Conclusions and Future Perspectives

Up until now, the surface properties of TPS have been little studied with regard to
the inter- and intramolecular interactions that occur within biopolymer films,
although theoretical information on this topic is available in the literature.
Nevertheless, interest in the surface effects of these types of materials is surging,
since they can serve as a support for biocatalysts (enzymes). This line of research
could enable the development of innovative active packaging systems, which can
remove substrates such as lactose. Thus, lactose-free products, for example, could
be obtained by the use of active packaging with the appropriate surface properties.
With this in mind, our research group is currently developing a standard
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methodology based on the measurement of the contact angle of starch-based
materials. This would enable us to determine the degree of aging in these types of
materials, and the extent of the loss of their surface properties during storage. This
could help to rapidly evaluate these materials in an easy and economical way that
would also be applicable at an industrial scale. Finally, the study of the surface
properties of TPS materials is promising for the development of other products that
will surely have a major impact on future society.
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