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Abstract

The demand for renewably sourced biodegradable materials has increased the need to produce materials that combine
appropriate functional properties at competitive costs. Thermoplastic starch and polyester blends are an interesting
alternative to current materials due to the low cost of starch and the functional properties and processability of the resulting
blends. Producing thermoplastic starch (TPS) requires using a plasticiser at concentrations between 20 and 30%wt
(in relation to starch). Glycerol is the most common plasticiser due to its high plasticising capacity and thermal stability
at processing temperatures. The objective of this study was to evaluate glycerol waste from the biodiesel industry,
with different degrees of purification, as plasticisers for TPS / poly (butylene adipate-co-terephthalate) (PBAT) blends.
Different purities of glycerol produced films with similar mechanical, optical and barrier properties to those made
with purified glycerol (99.7%). Therefore, crude glycerol is a renewable alternative plasticiser that reduces the cost of

plasticisation by 6-fold.

Keywords: cassava starch, poly (butylene adipate-co-terephthalate), biopolymers, extrusion, biodegradable packaging.

1. Introduction

The search for renewable energy sources that will ensure
sustainable development has resulted in using biodiesel as an
alternative fuel in the Brazilian energy matrix. Glycerol is the
main by-product of biodiesel production and corresponds to
approximately 10% of the total biodiesel production"!. Brazil
produced 1.2 billion litres of biodiesel in 2008 to supplement
plain diesel at a 2% ratio, as required by law, resulting in the
production of over 100 million litres of glycerol®. The crude
glycerol obtained by the transesterification of triglycerides
with alcohol has a low aggregate value due to the presence
of impurities, such as water, methanol residues, sodium
hydroxide, free fatty acids, fatty acid salts, esters, sulphur
compounds, proteins and mineralst).

The estimated glycerol production for 2013 is 488 million
litres, and there are no current prospects to convert it into
products with a greater aggregate value. The price of
glycerol is related to its degree of refinement, ranging from
US$167/ton for crude glycerol to US$267/ton for technical
grade glycerine and US$1000/ton for bi-distilled glycerol.
The industrial use of glycerol is essential for the economic
sustainability of the biodiesel industry in Brazil.

Glycerol is used as a plasticiser to produce starch-based
biodegradable films. Starch and glycerol melt and flow at
temperatures between 90 °C and 180 °C and under shear
stress, producing thermoplastic starch that, allowing their
use injection, extrusion and blowing equipment. Plasticisers
create greater flexibility in the polymer structure by
reducing the intermolecular forces and the glass transition
temperature of the material, which increases the mobility
of the polymer chains in the starch films. The required
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proportion of starch and glycerol depends on the type of
starch used. According to the literature!*®! approximately
20-25 kg of glycerol are necessary to produce 100 kg of
thermoplastic starch. The interactions between glycerol,
starch and PBAT are mostly related to hydrogen bonds and
the role of glycerol as plasticiser was already fully discussed
by other researchers!®!.

Thermoplastic starch materials have some drawbacks,
such as poor water resistance and comparatively poor
mechanical properties. However, these materials can be
blended with synthetic co-polyester biodegradable polymers
to help improve these shortcomings. Several researches were
developed using thermoplastic starch and poly (butylene
adipate-co-terephthalate) (PBAT) to produce biodegradable
blends!'*!?. According several authors!>!*! is possible to
obtain starch/PBAT films with good mechanical and barrier
properties using around 40%wt of PBAT in the formulation.

The objective of this work was to test three grades of
glycerol from biodiesel production to develop biodegradable
films based in cassava starch/PBAT, obtained by blow
extrusion.

2. Materials and Methods
2.1 Materials

Three different grades of glycerol were obtained as
by-products from biodiesel production (Meridional TCS
Ind. e Com. de Oleos S.A, Brazil): crude glycerol (CG),
technical grade glycerine (TGG) and bi-distilled glycerine
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(BDG) (Table 1 and Figure 1) and were used as starch
plasticisers. The biodegradable polymers tested were
native cassava starch (Indemil, Brazil) and poly (butylene
adipate-co-terephthalate) (PBAT) from Basf (Germany),
traded as Ecoflex® 7011.

2.2 Film production

The film was produced by blow extrusion using a
pilot extruder (BGM EL-25 (Sao Paulo, Brazil)), which is
made up of a 25 mm diameter screw, a 10-HP motor drive,
four heating zones and an external cooling air ring with a
300- to 350-mm diameter.

The film was manufactured using a formulation based
in our previous results!'>! by mixing 40.0%wt PBAT,
46.6%wt cassava starch and 13.4%wt glycerol of three
different types (Table 1). This mixture was extruded,
pelleted and the resulting blend pellets were extruded
twice and then processed to form a film by blow extrusion.
The formulations were named according the glycerol used
as CG (crude glycerol), TGG (technical grade glycerine)
and BDG (bi-distilled glycerine).

2.3 Film characterisation
2.3.1 Mechanical properties of the films

The mechanical properties of the films were obtained in
a Stable Micro Systems texture analyser, model TA.TX2 plus
(Stable Micro Systems, Surrey-England), according to
the methodology established by the American Society for
Testing and Material ASTM D882-00"°!. Ten repetitions of
each film direction (transverse and longitudinal) were tested.

Table 1. Chemical composition of different glycerol from biodiesel
production.

Composition CG TGG BDG
Glycerol content (%) 80.71 81.90 >99.7
Moisture (%) 10.83 11.50 <03
Methanol content (%) 0.014 0.024 *
Ashes (%) 5.62 5.90 *
pH 6.0 6.0 *
Density (g/mL) 1.25 1.26 *
CIE-Lab Colour Parameters
L 34.8 42.7 46.6
a* 2.7 -0.3 -0.1
b* 15.9 10 1.0

CG = crude glycerol, TGG = technical grade glycerine,
BDG =bi-distilled glycerine. *Data not provided by the manufacturer.

and bi-distilled glycerine (BDG) from biodiesel production.
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The maximum tensile strength (MPa), elongation at break
(%) and Young’s or elasticity modulus (MPa) were assessed.

2.3.2 Water vapour permeability (WVP)

The tests were conducted using the ASTM method
E-96-001'", with some modifications. The film was previously
conditioned at 53% RH and 25 °C for 48 hours, and each
film sample was fixed in a circular opening of a permeation
cell with a diameter of 60 mm? sealed with silicone grease.
The interior of the cell was filled with a saturated magnesium
chloride solution (33% RH) and was stored at 25 °C in a
desiccator containing a saturated sodium nitrite solution to
provide 64% RH.

2.3.3 Optical properties

The films’ opacity was determined using a BYK Gardner
colorimeter (D illuminant and visual angle of 10°). Sample
opacity (Y) was calculated as the ratio between the opacity
of the sample placed under a black pattern (Y,) and the
opacity of the sample placed under a white pattern (Y ),
according to the equation: Y = (Y, /Y ) * 100. Five samples
of each formulation were tested.

2.3.4 Contact angle measurement

The contact angle was measured using a contact angle
meter (Data Physics OCA-15, Germany). Images were captured
through a high-resolution camera and were analysed using
the Image Tool software. Film samples (40 mm x 20 mm)
were fixed in a glass plate and placed at the base of the
unit. A distilled water drop (5 pL) was placed on the film
surface using a syringe. The measurements were performed
at room temperature, and the contact angle was calculated
as the average of five measurements after drop stabilisation.
The contact angle hysteresis was calculated by measuring
the difference between the advancing and receding angles.

2.3.5 Statistical analysis

The results of the mechanical and WVP tests were analysed
using STATISTICA 7.0 software (Statsoft, Oklahoma),
with analysis of variance (ANOVA) and Tukey’s test at a
5% significance level.

3. Results and Discussion
3.1 Mechanical properties

The mechanical properties of the films produced with
cassava starch, PBAT and the different types of glycerol
are presented in Table 2.

The tensile strength of the films ranged from 4.9+ 0.3 MPa
to 6.4 + 0.7 MPa, and there were no significant differences
among the films produced with crude glycerol (CG), technical
grade glycerine (TGG) and bi-distilled glycerine (BDG) in
both longitudinal and transverse tensile tests. These results
showed that the presence of some impurities in the crude
glycerol did not influence the tensile strength of the films.

On the other hand, for the same formulation, the
longitudinal tensile strength was significantly higher than
the transverse tensile strength by approximately 11 to 24%,
most likely due to the direction of the polymer chains’
alignment during the extrusion process. This anisotropic
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Table 2. Mechanical properties of the films.

Sample Tensile strength (MPa) Elongation at break (%) Young’s Modulus (MPa)
L T T L T
CG 5.997(+0.4) 5.3%4(+0.3) 182.6*A(£91) T1.7%M+26) 82.3%AB(+36) 122,184 (%13)
TGG 6.4*4(+0.7) 5.0%4(£0.5) 171.4%4(£23) 52.9°8(£12) 114.5*4(£28) 126.284(+26)
BDG 6.124(+0.6) 4.9°4(£0.3) 250.644(£51) 81.1%4(£21) 48.5"5(£12) 101.6™4(+27)

«> Means with different letters in the same row indicate differences at the 0.05 level by Tukey’s test. ## Means with different letters in the same
column indicate differences at the 0.05 level by Tukey’s test. L = Longitudinal direction; T= Transverse direction.

behaviour for blown-films is well-known and already studied
in thermoplastic starch films!'®l. Santana and Manrich!"”!
observed the same anisotropic behaviour for polypropylene/
polystyrene blown films. According to the authors, the
tensile properties were influenced by the composition of
the materials and process conditions.

Considering the elongation at break results, the samples
were more extensible in the longitudinal direction than in the
transverse direction (~3%) and were not significantly affected
by the glycerol grade. This fact shows that the purity grade
of the glycerol did not influence the plasticisation of the
film, which can be explained by the different composition
of the crude and distilled glycerol. Considering that crude
glycerol has a lower concentration of the glycerine, due the
presence of impurities, the composition of the impurities
includes fatty acids as a result of the glycerol production
from biodiesel. The fatty acids also acted as plasticisers?”
resulted in films with similar elongation at break than
those with TGG and BDG. Similar results were observed
by Nobrega et al.?!,

The Young’s modulus showed that the samples were
significantly more rigid in the transverse direction than in the
longitudinal direction, varying between 10 and 90% difference.

Based in the mechanical properties, it is possible to
observe that the crude glycerol (CG) can be used to produce
starch/PBAT films with similar properties to those produced
with BDG and TGG, without additional steps of purification.
This represents an important way to save resources and to
promote the utilisation of a by-product of biodiesel industry.

3.2 Water vapour permeability (WVP)

Considering the results presented at Table 3, the water
vapour permeability of plasticised films did not differ
significantly for CG, TGG and BDG glycerol; the permeability
value varied from 2.13 x 107 to 3.49 x 10 g / m.Pa.day
(Table 3). Based on these results, is possible to observe
that the different types of glycerol did not interfere in
the molecular mobility of the polymeric chains, i. e., the
plasticiser effect was the same for all the samples, which is
in according with the results of the mechanical properties.
In addition, the results showed that the impurities of the
crude glycerol (CG) did not change the WVP of the films.

Previous researches® also evaluated the effect of the
plasticisers, particularly glycerol, on the films and observed
that greater proportions of glycerol contributed to the increase
in WVP because it causes structural modifications in the
polymeric network and increases the molecular mobility,
which facilitates the diffusivity of water. In this work,
however, no changes in WVP were recorded.

Polimeros, 25(4), 331-335, 2015

Table 3. Water vapour permeability (WVP) of the films.

Water vapour permeability (x10°)

Sample
(g/m.Pa.day)
CG 2.47 *(+0.62)
TGG 2.13*(+0.12)
BDG 3.49 * (x0.55)

2> Means with different letters indicate differences at the 0.05 level
by Tukey’s test.

Other authors that studied blends of PBAT and
thermoplastic starch, even with different proportions
between these components, found similar results to those
presented in this work. Bilck et al.??! found WVP values
of 422 x 10° g / m.Pa.day and Nobrega et al.'” found
8.07 x 10° g / m.Pa.day, using a 33%-64% RH gradient
across the film. Also Olivato et al.l*) evaluated the WVP in
films of starch/PBAT (50:50) using 0-75% as RH gradient
and reported values of 5.4 x 10-° g /m.Pa.day for WVP.

3.3 Opacity

The opacity ranged from 48.64% (TGG films) to 50.60%
(BDG films) (Table 4). Despite the colour difference among
the three different grades of glycerol (Table 1, Figure 1),
there were no significant differences in the opacity among
the films, which is an interesting result when the objective
is the application of the film as food packaging.

The presented results (Table 4) agreed with the results
reported by other authors, which obtained an opacity value
around 50%, for thermoplastic starch film>***!, and 34% for
PBAT film*. Is important to point out that the results of this
work for the blends starch/PBAT was intermediary when
compared to the pure polymers, which were already expected.

3.4 Contact angle

Table 5 shows the contact angle results and the Figure 2
shows photographs of the drop deposition on the surface
of the films.

The CG and TGG films showed no significant
differences in contact angle, indicating that these materials
have similar smoothness. However, the BDG film had a
contact angle lower than CG and TGG films, indicating
a difference in surface energy. This behaviour could be
associated with the glycerol composition; the BDG had
approximately 25% more glycerol than the others (Table 1),
and, consequently, had proportionally more plasticiser that
created its higher hygroscopic surface. Other researchers
reported that starch-based films had increased hygroscopic
characteristics with increased glycerol concentrations and
associated this process with an increase in hydroxyl groups
available to make hydrogen bonds with water!!3-15,

333



Bilck, A. B, Miiller, C. M. 0., Olivato, J. B., Mali, S., Grossmann, M. V. E., & Yamashita, F

CG Film
Figure 2. Images of the drop on the film surface.

Table 4. Opacity of the sample placed under a black pattern (Y ),
under a white pattern (Y) and opacity (%) of the films.

Film Y Y,

W b

CG  91.34°(£0.44)  46.16° (+0.97)
TGG ~ 91.82°(£028)  44.65 (+2.13)  48.64° (+2.44)
BDG  91.30°(£028)  46.19°(x 1.14)  50.60° (+ 1.30)

*> Means with different letters in the same column indicate differences
at the 0.05 level by Tukey’s test.

Opacity (%)
50.53" (= 1.29)

Table 5. Contact angle and hysteresis of the films.

Sample Contact Advancing  Receding Hysteresis
angle angle angle
CG 709 (£25)" 792(x34) 439(x3.]) 353°
TGG 68415 79.0(x1.6) 43.6(=1.7) 35.4¢°
BDG 60.6(£3.7)* 70.0(x24) 44.1(=12) 259¢*

b Means with different letters in the same column indicate differences
at the 0.05 level by Tukey’s test.

Biatopiotrowicz!*®! examined the contact angle in corn
and potato starch films at different concentrations (2, 4,
6, 8, 10 and 12%wt) for different liquids (water, glycerol,
formamide, ethylene glycol and diiodomethane poly(methyl
methacrylate)) and reported that the contact angles decreased
linearly with increasing starch concentration. According to
the author, an increasing in starch concentration increased
the water bound to the starch chains, thereby reducing the
amount of water available at the surface.

Other researchers working with starch blends reported
similar contact angle values to those found in this work.
Veiga-Santos et al.l’” reported contact angle values between
38.2° and 80.1° for cassava starch and xanthan gum blends.
Demirgoz et al.?® used blends of corn starch with other
polymers (ethylene-vinyl alcohol, cellulose acetate and
g-caprolactone) and observed contact angles between
39.9° and 73.6°.

4. Conclusion

Different purities of glycerol from biodiesel production
did not affect the mechanical and barrier properties when used
to plasticise starch-based films. Therefore, crude glycerol
could be used as an alternative plasticiser to reduce the cost
of producing these polymer films.
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