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Abstract

The thermoplastic starch (TPS) is regarded as a promising material for manufacturing packaging and products with
biodegradable properties. This study aimed at obtaining hydrophobic starch using silanized silica nanoparticles (nSS)
with hexamethyldisilazane. A factorial design 2> with central point was developed to evaluate the influence of glycerol
(plasticizer) and nSS addition on the properties of water absorption, solubility and TPS contact angle. The materials
morphology was also evaluated by means of scanning electron microscopy. The amount of glycerol and nSS influenced
on starch hydrophobic character, for the increase of the glycerol dosage contributed to the increase of absorption and
solubility of TPS in water. On the other hand, nSS has greater influence on the characteristics related to the TPS surface,
favoring an increase of up to 27% in the contact angle values. Therefore, the sample with the greatest hydrophobic

character was obtained by using lowest amounts of glycerol (30%) and highest amounts of nSS (5%).

Keywords: biodegradable polymer; thermoplastic starch, silanized nanosilica.

1. Introduction

The search for new polymeric materials, mainly the
ones that derivate from renewable sources, has been the
reason for the realization of diverse studies!'*. A material
with promising potential for that end is the starch, for its
raw material is very accessible in many parts of the world.
Besides that, in general, it is obtained with low costs,
being used at the formation of blends or composites with
polymeric materialst!-!.

Starch can be obtained from different vegetable sources,
such as rice, maize, potatoes and cassava. These are the
most important sources of that carbohydrate!”). Among the
mentioned sources, the cassava starch can be highlighted
for the production of thermoplastic starch (TPS), for
presenting mechanical, chemical and physical properties
that are interesting from the processing and application point
of view!®. Because of these characteristics, cassava starch
has been studied by many Brazilian researchers, aiming at
producing biodegradable plastics!®'!.

In the process of making biodegradable plastics with
starch, it is necessary to add a plasticizer, once starch
presents a degradation temperature lower than its fusion
point. The most commonly used plasticizers are water and
glycerol!'2, Besides that, compatibilizing agents, such
as block or grafted copolymers can be used. These agents
cause the material tenacity to change in relation to the
thermoplastic, because they make the size of the disperse
phase decrease!*.

The thermoplastic starch has good characteristics for the
oxygen barrier. Nevertheless, many limitations are noticed
in relation to its hydrophilic characteristics and permeability
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to water vapor, which are responsible for the deterioration of
mechanical properties and for dimensional stability!®-!0-14-18]

This way, aiming at the improvement of the thermoplastic
starch (TPS) properties, we have used, in this work,
silanized silica nanoparticles. It consists of high-purity
silica, treated with hexamethyldisilazane. This treatment
aimed to substitute hydroxyl groups of the pyrogenic silica
with trimethylsilyl groups, which makes silica extremely
hydrophobic. The silanized silica nanoparticles have been
used in stickers, sealants, paints, toners and for making
products for skin and beauty care!®. The aim of this work
was obtaining a biodegradable and hydrophobic starch-based
polymer. The addition of glycerol and of silica hydrophobic
nanoparticles was evaluated for the solubility, absorption and
contact angle of the polymer produced, using factorial design.

2. Materials and Methods

The materials used in this study were: cassava starch,
donated by INPAL S.A. Industria Quimica (a Chemical
Factory), located in the region of Sao Tomé — Parana, Brazil,
Glycerol (Nuclear, 98%) and CAB-O-SIL® silanized silica
nanoparticles (nSS) TS-530 (99.8 % SiO,).

The biodegradable polymers with hydrophobic
characteristics were obtained from the grinding of in natura
cassava starch, with different ratios of glycerol and silanized
silica nanoparticles (nSS), which was later processed by
extrusion, in a twin-screw extruder MiniLab II HAAKE
Rheomex CTW 5. The extrusion speed was kept between
50 and 100 rpm, at a temperature of 140 °C.
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In order to evaluate the influence and the interaction
of nSS and glycerol for obtaining starch with hydrophobic
characteristics, was done a study of a complete factorial
design 2? complete with central point. The statistical data
were analyzed by using a computer program, Design-Expert®.
Table 1 presents the inferior (-1) and superior (+1) levels
and the central points (0) of the variables nSS(A) and
glycerol (B). All the experiments were performed in duplicate
and at random, which generated 12 experiments in total, as
shown in Table 2. In that Table the name of each sample and
the conditions used at each experiment are also mentioned.
The samples identification follows this order: TPS, glycerol
percentage/silica percentage, number of the replication.
For instance, sample TPS 30G/1Si02 was prepared with
30% of glycerol, 1% of'silica, and is a duplicate of sample
TPS_30G/1Si 01.

2.1 Characterization

The silica nanoparticles were characterized by Scanning
Electron Microscopic (SEM) and Transmission Electron
Microscopy (TEM). The SEM was carried out by a Quanta
250 from FEI Company (Hillsboro, OR, USA) with and
accelerating voltage of SkV. The TEM images were recorded
using JEOL JEM-140 equipment operated at 120K V.

The biodegradable polymers with hydrophobic characteristics
were characterized by trials of water absorption, solubility
and water contact angle. The scanning electron microscopy
(SEM) was employed to evaluate the dispersion of the nSS
particles in the polymeric material and its morphology.

The water absorption trial was carried out for the
comparison of TPS with the different percentages of
glycerol and nSSin relatedto the polymer mass. Firstly, the
biodegradable polymers with hydrophobic characteristics
were dried, until the mass became constant, by use of a
desiccator with blue silica gel (4-8mm, Synth), at room
temperature. After that, they were kept in a glass jar with
humidity controlled at 75% (supersaturated sodium chloride
aqueous solution) at room temperature, according to the
standard ASTM-E-104-85. The masses of the biodegradable
polymers were analyzed chronologically, until they remained
constant. This way, the quantity of water absorption was
calculated by Equation 1 and by the weighing of the results
of three samples of each formulation.

by (%) = (WJXIOO )
S

in which: 4by, is the water absorption of the polymer, in
percentage; M, is the wet mass of the polymer in successive
time intervals; M is the dry mass of the polymer.

The analysis of solubility in water was performed in

triplicate, following the method proposed by Gontard et al.l?".
The samples were dried in an oven with air circulation

and renovation for a 24-hour period, at 105 °C.After this
process, the initial dry weight was obtained. The samples
were immersed in 50 mL of distilled water, kept under slow
and periodic stirring for a 48-hour period, at 25 °C. After
this period, the remaining film fragments were removed
from water and dried in an oven (105 °C, 24 hours) for
determining the final dry mass. The solubility was expressed
according to Equation 2, where M g; is the sample initial dry
mass and Mg, is the sample final dry mass:

Msi =My 100 )
St

For the evaluation of the contact angle, films made from
pellets of the plastified starch were prepared. For obtaining
the films, a heated hydraulic press was used; three samples
were heated for three minutes at 140 °C and, after that, they
were submitted to the pressure of 1.10° kg/cm?. They were
kept under that pressure condition until the polymeric film
returned to room temperature. The contact angle measured
with the water sessile drop method was obtained with Tantec
equipment. Each value was taken as an average of five
measurements in different parts of two samples produced
in the same experimental conditions.

Solubility (%) =

The SEM images were obtained from a microscope
Shimadzu model SS 550. To this, the polymers were prepared
by means of a cryogenic fracture with liquid nitrogen
(-196 °C), placed on a specimen holder with adhesive tape,
covered with a thin gold layer by sputtering, leaving the
area where the fracture occurred exposed to be analyzed.

3. Results and Discussions
3.1 Characterization of silica

Figure 1 presents the images obtained from scanning
electron microscopy and from transmission electron microscopy
of silanized silica nanoparticles (nSS), as received. By means
of the scanning electron microscopy image, it can be seen
that the nSS present agglomerations of nanoparticles with
sizes varying from 5 t020 pm. These results were confirmed
by transmission electron microscopy.

3.2 Starch modified with silica

The responses obtained from the trials of water absorption,
solubility and contact angle were used at the experimental
design 2?with central point (Table 2). Those responses are
presented in Table 3, which also contains the data for the
sample without nSS (TPS_30G) addition.

The main effects of the variables silica quantity (A)
and glycerol quantity (B), as well as the combination
among the factors at the values of solubility, absorption and
contact angle, according to the design described in Table 3,
were evaluated on the software Design-Expert®. With the

Table 1. Factors and levels of the factors used at the factorial design 2% complete for hydrophobic starch.

Factor Name Unity* Type Level (-1) Level (0) Level (+1)
A Silica % Numerical 1.0 3.0 5.0
B Glycerol % Numerical 30.0 35.0 40.0

*Silica and glycerol percentage in relation to the total mass.
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application of the experimental designing, the models,
represented by Equations3, 4 and 5, were obtained for
water absorption, solubility and contact angle, respectively.
In order to evaluate the reliability of the models proposed,

Table 2. Complete factorial design2?, study in duplicate with
central point.

Factors
Samples —
A Silica [%] B Glycerol [%]
TPS 30G/1Si 01 (- 1.0 (-1)30.0
TPS 30G/1Si 02 (-DH 1.0 (-1)30.0
TPS_30G/5Si 01 +1)5.0 (-1) 30.0
TPS_30G/5Si 02 +1)5.0 (-1)30.0
TPS_40G/1Si 01 (- 1.0 (+1)40.0
TPS 40G/1Si 02 (- 1.0 (+1) 40.0
TPS_40G/5Si 01 +1)5.0 (+1) 40.0
TPS_40G/5Si 02 +1)5.0 (+1)40.0
TPS 35G/3Si 01 (0)3.0 (0)35.0
TPS_35G/3Si 02 (0)3.0 (0)35.0
TPS_35G/3Si 03 (0)3.0 (0)35.0
TPS 35G/3Si 04 (0)3.0 (0)35.0

Table 3. Responses obtained at the experiments of the complete
factorial design 22.

RESPONSES
SAMPLES Water Contact
absorption  Solubility[%] angle

[%] [degrees]

TPS_30G 24.1+0.1 44,1 +0.2 61.2+0.1
TPS 30G/1Si 01 16.9+0.1 37.7+1.5 66.5+1.7
TPS_30G/1Si 02 16.5+0.4 33.6+0.8 70.0 £ 1.0
TPS_30G/5Si 01 17.0+0.1 31.2+0.7 91.8+1.6
TPS 30G/5Si 02 17.0+£04 29.7+0.7 83.6+2.4
TPS 40G/1Si 01 19.8 +0.1 45.0+0.3 854+1.0
TPS_40G/1Si 02 20.0+0.1 40.7+0.8 80.0+2.0
TPS_40G/5Si 01 19.5+£0.1 428+1.5 89.1+2.0
TPS 40G/5Si 02 19.1+0.1 36.2+0.5 87.3+1.0
TPS_35G/3Si 01 18.5+0.1 353+0.7 72.5+23
TPS_35G/3Si 02 17.4+£0.2 38.0+£0.4 83.7+1.6
TPS 35G/3Si 03 18.5+0.1 38.1+£22 81.2+22
TPS 35G/3Si 04 18.3+0.1 30.2+1.9 77.5+2.5

the analysis of variance (ANOVA)was used. From ANOVA,
it could be observed that all the models (Tables 4, 5 and 6)
fit well to the experimental data, without presenting any
significant lack of fit.

Water absorption = +6.35—0.75 x Silica +

3
0.34 x Glycerol+0.02 x Silica x Glycerol )
Solubility = +16.77—2.71 x Silica + x )
Glycerol +0.04 x Silica x Glycerol
Contact Angle = +9.57+15.32 x Silica + )

1.79 x Glycerol —0.35 x Silica x Glycerol

By means of the analysis of variance of the factorial 22
for the data of water absorption trial presented in Table 4,
it can be observed that variable B — quantity of glycerol
— showed to be statistically significant (p-value<0.05).
Therefore, as the quantity of glycerol used for the starch
plastification increases, the quantity of water absorbed also
raises. On the other hand, variable A (quantity of nSS) and
the interaction between the factors AB are not statistically
significant for the model, because, by test F, they present
a value p much higher than 0.05. In Figure 2, the response
surface obtained for the model is presented. A significant
increase in water absorption with the addition of glycerol
percentage can be confirmed.

Farahnaky et al.?!! performed a study with edible
polymeric films of native starch by varying the amount of
glycerol. They observed that in high moisture environment
up to 84%, those polymeric films have mass gain increase
until 54%.

In a study carried out by Plotegher and Ribeiro??! with
TPS reinforced withZSM-5 Zeolite and colloidal silica,
it could be observed that the introduction of both fillers
reduced the permeability to water vapor in up to 20% when
compared to the permeability of pure TPS. There are other
studies that mention the use of TPS and paraffin; they show
that the addition of paraftin in all the formulations reduces
the water absorption!?*!.

Figure 1. Scanning electron microscopy (left) and transmission electron microscopy (right) of silanized silica nanoparticles (nSS) TS-530
(SiO,) from CAB-O-SIL®.
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Table 4. ANOVA obtained for the design of Table 3 with an adjustment for the data obtained in the water absorption trial.

Water absorption

Sum of squares

Freedom degree

Average of squares Value F Value P
Model 15.57 3 5.19 36.07 0.0001
A (Silica) 0.045 1 0.045 0.31 0.5935
B (Glycerol) 15.12 1 15.12 105.09 <0.0001
AB 0.40 1 0.40 2.81 0.1374
Pure Error 1.01 7 0.14
Total 16.59 11
R?=0.9212 (percentage of prediction of model = 92.12 %)).

Table 5. ANOVA obtained from the central composite design of Table 3 with an adjustment for the solubility trial.

Solubility Sum of squares Freedom degree Average of squares Value F Value P
Model 170.47 3 56.82 4.86 0.0391
A (Silica) 36.42 1 36.42 3.11 0.1210
B (Glycerol) 13228 1 13228 11.31 0.0120
AB 1.78 1 1.78 0.15 0.7083
Pure Error 81.89 7 11.70 0.66
Total 260.03 11
R2 =0.6556 (percentage of prediction of model = 65.56 %).

Table 6. ANOVA obtained for the design of Table 3, with an adjustment for the results of contact angle.

Contact Angle Sum of squares Freedom degree Average of squares Value F Value P
Model 520.30 3 173.43 9.55 0.0072
A (Silica) 311.25 1 311.25 17.15 0.0043
B (Glycerol) 111.75 1 111.75 6.16 0.0421
AB 97.30 1 97.30 5.36 0.0538
Pure Error 127.07 7 18.15
Total 671.18 11

R?=0.7752 (percentage of prediction of model = 77.52 %).

&
&5
Vo2s; 5555
SR
24

S5k
ey st tests

©
n

Water absorption

A: Silica * im B: Glycerol

Figure 2. Response surface obtained at factorial 2% presented in
Table 4.

Table 5 presents the analysis of factorial variance 2>
for the solubility trial. It can be observed that variable A
and the interaction between factors AB do not present a
significant level for the model (p-value>0.05). In its turn,
variable B is statistically significant. Figure 3 presents the
obtained response surface. A significant increase of the
starch solubility with the addition of glycerol percentage
cane noticed.

In a study carried out by Matta et al.*¥ for analyzing the
solubility of biofilms obtained from peas starch with xanthan

216

Solubility

A: Silica . B: Glycerol

Figure 3. Response surface obtained at factorial 22 presented in
Table 5.

gum and glycerol, one could observe that the addition of
glycerol increased the film solubility. It occurred because
glycerol interacts with the film matrix, increasing the free
space between the chains; it facilitates the entrance of water,
thus increasing the solubility>*27.

The analysis of variance of factorial 2* generated
from the data of the contact angle trial (Table 6) presents
significant statistics, for nSS (variable A) as well as for
glycerol (variable B). However, it can be observed that the
quantity of nSS had high influence to the model, because,

Polimeros, 27(3), 213-219, 2017
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Contact angle (deg)

B: Glycerol 0™ A: Silica

Figure 4. Response surface obtained at factorial 2 presented in
Table 6.

TPS 30G

TPS 40G/1S1

by test F, a p-value much lower than 0.05 can be noticed.
On the response surface illustrated in Figure 4, it can be
observed that highest values of contact angles are obtained
with around 5% of nSS. This fact can be related to the
presence of nonpolar group in nSS on the TPS surface.
It causes an increase in the contact angle!**’ and a change
of its hydrophobic characteristics.

The highest contact angle obtained was 91.8° for the
sample TPS_30G/5Si, a value 33.3% higher when compared
to the TPS without addition of nSS with 30% of glycerol
(61.2°). This trend is noticed in polymers based on starch
as well. The raising of glycerol content increases the
hydrophilicity of these films, which might be related with
the OH functional groups of the glycerol®*-!,

Figure 5 presents the images of scanning electron
microscopy of the polymers with hydrophobic characteristics
on the fracture surface of the TPS samples, according to

TPS 40G/551

Figure 5. Scanning electron microscopies for the TPS_30G and other formulations generated by the factorial study, according to Table 2.

Polimeros, 27(3), 213-219, 2017
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the nomenclature presented in Table 2. It can be observed
that both polymeric materials present similar morphology,
and from the cryogenic fractures, the presence of nSS
nanoparticles is seen. Furthermore, it could also be observed
that the nSS nanoparticles showed a very close similarity in
their homogeneities comparing all percentages of polymeric
materials used.

The results obtained in the factorial design can be
better understood with the analysis of the morphology of
the samples.

The formulations of TPS and nSS, in general, present
a homogeneous appearance and a good dissolution of the
starch granules after the plastification process. In Figure 5,
we highlight the fact that the samples TPS_30G/1Si 01 and
TPS_40G/5Si 01 present a better dispersion of nSS in the
polymeric matrix. Those results can be justified: the sample
TPS 30G/01Si 01 has obtained the best result in the water
absorption trial (16.9 %), while the sample TPS 40G/05Si
01 has obtained a high value of contact angle. The other
samples presented some areas with nSS agglomerates in the
TPS matrix, which can be associated to the extrusion process.

4. Conclusion

From the complete factorial design 22with central point,
we could evaluate that both factors, quantity of glycerol
and silanized nanosilica, influence on the process to obtain
starch with hydrophobic characteristics; glycerol has a higher
influence on the characteristics related to the polymer bulk,
presenting higher water absorption and higher solubility with
the increase of the plasticizer glycerol. On the other hand,
the quantity of silanized nanosilica has more influence on
the characteristics related to the surface. Therefore, there
is a significant increase in the values of contact angle with
addition of 5% of silanized nanosilica.

The material developed in this study has a high potential
to be applied in the preparation of blends with synthetic
and hydrophobic polymers, such as polyethylene and

polypropylene.
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