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Abstract

Films and sheets composed by poly (lactic acid) (PLA)/thermoplastic starch (TPS) and TPS/gelatin blends have already 
been produced and characterized in the literature. However, materials produced with these three biopolymers have not 
been clearly investigated. In this work, extruded sheets were produced with PLA, TPS (glycerol as plasticizer) and 
different amounts of gelatin (0, 1, 3 and 5 wt%) in a pilot scale co-rotating twin-screw extruder coupled with a calender. 
The extruded sheets were characterized in regards to their water solubility, thickness, density, water vapor permeability 
(WVP), moisture sorption isotherms, mechanical properties and microstructure. The results showed an increase in 
solubility and WVP besides a decrease of about 30% in tensile strength, Young’s modulus and elongation at break. 
Extruded sheets microstructure revealed smother surfaces and homogeneous morphology with the addition of gelatin. 
The experiments demonstrated that extrusion and calendering process is a viable way to produce PLA/TPS/gelatin 
sheets with interesting properties.

Keywords: biodegradable polymers, extrusion-calendering, hydrophilicity, mechanical characterization, microstructure.

1. Introduction

Sustainable development policies tend to expand with 
the decreasing reserve of fossil fuel and the growing concern 
for the environment, consequently, biodegradable polymers 
have emerged as potential alternatives for petrochemical 
plastics[1]. Poly(lactic acid) (PLA) is becoming a popular 
biodegradable engineering plastic due to its mechanical 
properties and easy processability[2]. PLA is a versatile material 
with applications in the medical, textile, and packaging 
fields, but its brittleness and high cost in comparison to 
petroleum-based thermoplastics have limited its applications[3]. 
Polymer blends based on thermoplastic starch (TPS) have 
been used to lower the costs of other materials[4] and like 
starch, other polysaccharides, i.e. cellulose, chitin, chitosan 
and proteins i.e. gelatin, casein, pectin, etc. have found 
innumerable applications in biodegradable products[5]. Starch 
is a main storage energy source for higher plants and one of 
the primary sources of calories in human nutrition. Native 
starch occurs as water-insoluble granules whose sizes and 
shapes are dependent on its botanical source[4,6]. Starch 
granules can be gelatinized in the presence of a plasticizer 
and heat, during which the crystalline structure is disrupted 
(thermoplastic starch, TPS). This allows the starch to flow at 
high temperatures so it can be processed using conventional 
polymer processing equipment[7,8]. Gelatin is another low-cost 
and abundant raw material, and is well-known for its good 
film forming properties[9,10].

Many studies have been made on the combination 
of starch and gelatin[9-13] and also of starch and PLA[14,15]. 
However, the literature is lacking sufficient studies on the 
combination of these three biopolymers and how they 

could eventually interact to form the final microstructure. 
For instance, a PLA-starch- gelatin blend (also containing 
calcium carbonate and glycerol) obtained by thermo 
pressing was proposed[16]. The resulting material showed 
to be easily degradable in a marine environment, which is 
highly desirable for most forms of applications. However, the 
authors focused mainly on the biodegradation behavior and 
on its amorphous/crystalline microstructure characterization 
under optical polarization microscopy. A more thorough 
evaluation should be performed to determine how blend 
composition could affect the mechanical and barrier properties 
of the material because they would give an insight on the 
material applicability and performance.

In this context, the present study develops a novel 
biodegradable packaging blend based on PLA/TPS/gelatin. 
The influence of gelatin content on the mechanical properties, 
microstructure, water vapor barrier properties, humidity, 
density and thickness was investigated.

2. Materials and Methods

2.1 Materials

PLA Ingeo 4043D (Natureworks LLC, Cargill, USA), 
cassava starch (Indemil, Brazil), glycerol (Dinâmica, Brazil), 
as plasticizing for the starch, and gelatin (Dinâmica, P.A., 
Brazil) were used to produce the extruded blend sheets. 
Magnesium nitrate and calcium chloride (Vetec, Brazil) 
were used to control the relative humidity during sheets 
conditioning.
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2.2 Production of pellets and sheets

The procedure adopted for the production of pellets 
and sheets was described by Shirai  et  al.[17] with some 
modifications, and the sheets formulations are presented 
in Table 1. A control formulation (FC) was produced with 
50:50 PLA:TPS with no added gelatin. In FG1, FG3 and 
FG5 formulations, gelatin percentage (wt%) is related to 
TPS mass (starch and glycerol). The proportion between 
starch and glycerol was kept constant in all formulations 
(33 g glycerol/100 g starch).

Initially, gelatin was allowed to gelatinize in contact with 
glycerol during 24 hours at room temperature. After that, 
starch and PLA were added, manually mixed and extruded as 
cylindrical profiles in a single-screw extruder (BGM, EL-25 
model, Brazil) using the following processing conditions: 
screw diameter of 25 mm, screw length of 28 D, screw speed 
of 30 rpm, and temperature profile of 90 / 180 / 180 / 180 °C 
at the four heating zones. The extruded cylindrical profiles 
were cooled at room temperature and, then, pelletized.

The obtained pellets were extruded in a pilot co-rotating 
twin-screw extruder (BGM, D-20 model) coupled with 
a calender (AX-Plásticos, Brazil) for sheet production. 
The processing conditions employed were: screws diameter 
(D) of 20 mm, screws length of 35 D, temperature profile of 
100 / 170 / 170 / 170 / 175 °C, screw speed of 100 rpm, and 
feed speed of 30 rpm. The distance between the calender 
rolls was kept at 0.8 mm and the rolls’ speed was adjusted 
depending on the formulation to maintain continuous 
processing.

2.3 Thickness, density and moisture content

Sheet thickness was determined with the use of a digital 
micrometer (Starrett, Brazil) with 0.001 mm resolution. 
Ten random points were used from each sample. Two density 
determination samples (20 × 20 mm) were kept in a desiccator 
containing anhydrous calcium chloride (0% relative humidity) 
for two weeks and finally weighted[18]. Two moisture content 
determination sheets samples were weighted (mi1) and 
conditioned in a forced air oven by 24 h at 70 °C. After that, 
the sheets were weighted again (ms1) and the humidity (%) 
was calculated with the Equation 1.
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2.4 Water solubility

Water solubility was defined as the dry mass content 
from the sheets that was solubilized after 24 h of immersion 
in water at 25 °C. The procedure adopted was described by 

Soares et al.[14]. Sheet samples (2 × 2 cm) were weighted 
(mi2) and then immersed in water (200 mL, 25 +/- 2 °C) by 
24 h. After that, the residual sheet was removed and dried 
at 70 °C in a forced air oven for 24 h. Finally the sheet was 
then weighed (ms2) and water solubility (%) was calculated 
with Equation 2; ma is the mass of water calculated from 
the humidity, and (mi2 - ma) the initial mass of the sheet 
on a dry basis.
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2.5 Water Vapor Permeability (WVP)

The water vapor permeability of the sheets was determined 
in appropriate diffusion cells, using a relative humidity (RH) 
of 2% inside the cell and 75% outside the cell[19]. All tests 
were performed in triplicate.

2.6 Moisture sorption isotherm

The moisture sorption isotherms of the sheets were 
obtained by static gravimetric method using saturated 
saline solutions (11.8%, 32.8%, 52.9%, 75% and 87%) 
to promote different relative humidity values. The sheets 
were previously dried in desiccator containing anhydrous 
calcium chloride (0% relative humidity) for two weeks, and 
then maintained in closed recipients with different saturated 
saline solution at 25 °C. The samples were weighed in 
regular intervals until three equal weight measurements were 
obtained (equilibrium condition). The absolute humidity 
(dry base) was determined by the oven method (105 °C for 
24 h). The GAB (Guggenheim-Anderson-de Boer) model 
(Equation 3) was used to fit the experimental data. In this 
equation, the parameter “Xw” is the equilibrium moisture 
content (g water/g dry solid) at a known water activity (aw), 
mo is the monolayer water content, “C” is the Guggenheim 
constant (representing the sorption heat of the first layer), and 
“K” is the sorption heat of the multilayer. The parameters of 
the GAB model were determined using non-linear regression 
performed with the Statistica 7.0 software. The test was 
perfomed in triplicate.
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2.7 Mechanical properties

The tensile strength tests were performed with a texture 
analyser (Stable Micro Systems, TA XTplus model, England) 
based on the American Society for Testing and Material 
standards ASTM D-882-00[20]. The samples were previously 
conditioned at 23 ± 2 °C and 53 ± 2% of relative humidity 
for 48 h. The properties evaluated were tensile strength 
(MPa), elongation at break (%), and Young’s modulus (MPa). 
Ten samples were tested for each formulation.

2.8 Scanning electron microscopy (SEM)

The microstructure of the surface and fractured sheets 
was analyzed with a scanning electron microscope (Philips, 
XL-30 model, Holland) with electron source of tungsten 

Table 1. Composition of the PLA/TPS/gelatin extruded sheets 
FC (control sample), FG1 (0.5%gelatin), FG3 (1.5% gelatin) and 
FG5 (2.5% gelatin).

Formulation PLA  
(%)

Starch 
(%)

Glycerol 
(%)

Gelatin 
(%)

FC 50.0 37.5 12.5 0
FG1 50.0 37.1 12.4 0.5
FG3 50.0 36.4 12.1 1.5
FG5 50.0 35.6 11.9 2.5
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and detectors of secondary and backscattered electrons at 
20 kV. The sheet samples were immersed in liquid nitrogen 
and then fractured. After that, they were coated in gold using 
a sputter coater (BALTEC, SCD 005 model, Switzerland).

2.9 Statistical analysis

The results were evaluated using analysis of variance 
(ANOVA), and treatment means were compared using 
Tukey’s test at the 5% significance level (p < 0.05) with 
Statistica 7.0 software (Stat-Soft, Tulsa, OK, USA).

3. Results and Discussions

PLA/TPS/gelatin extruded sheets presented good 
processability and were successfully obtained. The results 
obtained for the formulations, taking into account the effect 
of the gelatin amount, are presented as follows.

3.1 Sheets appearance, thickness and density

It was possible to observe visually, as shown at Figure 1, 
that the increase in the amount of gelatin (FG3 and FG5) 
resulted in a more yellowish appearance than formulation FG1, 
which was white. All sheets presented opaque appearance. 
Similar results were also observed by Fakhouri et al.[10,12]. 
Extruded TPS based materials are opaque and whitish due 
to the alignment of the chains and subsequent crystallization 
induced by extrusion which do not occurs in films produced 
by casting technique[10].

Thickness and density values obtained for PLA/TPS 
and PLA/TPS/gelatin sheets are presented in Table  2. 
No significant difference was detected (p > 0.05) between 
formulations with distinct gelatin amounts. Choi et al.[21] 
observed an increase in density of an artificial skin (composed 

by sodium alginate and gelatin) as gelatin amount was 
increased. The authors used gelatin amounts between 
50 and 90% from the polymeric content which is higher 
than mounts used here explaining the statistically equal 
results. Shirai et al.[17] also produced PLA/TPS blends by 
calendering-extrusion and observed lower density values 
(0.96 to 1.19 g.cm-3). They used a proportion between PLA 
and TPS of 1:3.33 while at the present study a proportion of 
about 2.5:1 was used, which could explain the difference.

During the calendering-extrusion process, sheets thickness 
is controlled by the rolls speed, the distance between them 
and the stretching capacity of the formulation. According to 
Table 2, the thickness values obtained for all the sheets was 
closer (316 to 391 µm), suggesting that gelatin addition did 
not interfere in the processability of the PLA/TPS blends.

3.2 Sheets morphology

The blend morphology was assessed by SEM observation 
of the sheets’ surface and fracture. In the micrographs 
presented in Figure 2 it is possible to observe that sheets 
fractures presented different characteristics. The control 
formulation (Figure 2, FC-A) presented a porous structure 
while the formulation with 1 wt% of gelatin showed 
fibrous characteristic that provides hollows in the structure. 

Figure 1. Sheets photographic images FC (control sample), FG1 (0.5% gelatin), FG3 (1.5% gelatin) and FG5 (2.5% gelatin).

Table 2. Density and thickness values of the extruded PLA/TPS/
gelatin sheets.

Formulation Density (g.cm-3) Thickness (µm)
FC 1.25 ± 0.09 357 ± 47

FG1 1.31 ± 0.09 316 ± 25
FG3 1.22 ± 0.07 391 ± 40
FG5 1.04 ± 0.10 320 ± 79
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The formulations FG3 and FG5 presented structures with 
low porosity and higher solidity.

At the surface of all formulations, it is possible to observe 
that non-gelatinized starch granules are present. Between the 
formulations with gelatin, FG1 was the one that presented 
a more irregular surface. Similar results were obtained by 
Zhang et al.[22] that observed protrusions at the surface of 
gelatin/starch films, and that the density of the irregularities 
increased directly with the starch proportion. The authors 
suggest that the two phases present different shrinking rates 
during the drying period. In the case of the present study, it 

is probable that the conformation rate of the polymers was 
different during the cooling step after lamination.

Guzman-Sielicka et al.[16] produced PLLA, gelatin and 
TPS blends containing calcium carbonate by thermopressing. 
They observed an increase in the surface porosity when 
the amount of gelatin was increased in the formulations. 
This effect was undetectable in the images of Figure 2 
probably due to the smallest proportions of gelatin used 
(up to 5 wt% in relationship to the total formulation) while 
the authors used from 10 to 40 wt%.

3.3 Water vapor permeability (WVP), moisture content 
and water solubility

The water vapor permeability (WVP), moisture content 
and water solubility results are shown in Table 3. Permeability 
can be defined as the product of diffusivity and solubility 
when Fick and Henry laws fully apply. For most edible films 
the water vapor strongly interacts with polymer structure, 
which results in diffusion and solubility coefficients 
dependent on driving force[23-25].The addition of gelatin 
increased significantly the WVP of the sheets, conferring 
more hydrophilicity to the materials. The tightly bonds 
(hydrogen bonds and hydrophobic interactions) present 
in gelatin structure and the polar groups of amino acids 
resulted in brittle materials in dry state with high moisture 
absorption, as described by Karnnet  et  al.[26]. Gelatin is 
composed of repeated sequences of amino acids such as 
glycine, proline and hydroxyproline. These sequences are 
responsible for the triple helical structure of gelatin and its 
ability to form gels and immobilize water molecules. It is 
possible that gelatin have a greater water retention capacity 
than starch, explaining the higher values of WVP of gelatin 
added sheets[27].

Al-Hassan and Norziah[28] obtained WVP results ranging 
from 4 to 5 x 10-6 g.m-1.Pa-1.day-1 for sorgo and gelatin 
films (glycerol was used as plasticizer). Fakhouri et al.[11] 
reported WVP values of 3.38 g.m-1.Pa-1.day-1 for lipophilic 
corn starch and gelatin films plasticized with caprilic acid. 
Jamshidian et al.[29] characterized pure PLLA films produced 
by casting related lower WVP values (2.7 × 10-15 kg.mm-2.s 
1.Pa 1) than the ones obtained in this study, under relative 
humidity gradient of 0-90%. Soares  et  al.[14] obtained 
WVP values ranging from 21.6 to 43.68 x 10-6 g.m-1.Pa-1.
day-1 in TPS/PLA (70/30) films produced by extrusion and 
thermopressing. Similar results of WVP were reported by 
Shirai et al.[17] in PLA/TPS (70/30) sheets plasticized with 
adipate and citrate esters, under the same gradient humidity.

The results of moisture content (Table 3) of the sheets 
did not show significant difference (p > 0.05). However, 
it is possible to note that as the amount of gelatin in the 

Figure 2. Sheets micrographs where (A) fracture (magnification: 
800 x) and (B) surface (magnification: 1,600 x): FC (control sample), 
FG1 (0.5% gelatin), FG3 (1.5% gelatin) and FG5 (2.5% gelatin).

Table 3. Water vapor permeability (WVP), moisture content and water solubility values of PLA / TPS / gelatin sheets: FC (control sample), 
FG1 (0.5% gelatin), FG3 (1.5% gelatin) and FG5 (2.5% gelatin).

Formulation WVP (g.m-1.Pa-1.day-1) (x 106) Moisture (%) Water Solubility (%)
FC 2.83a ± 0.07 4.51 ± 0.32 8.67a ± 0.34

FG1 3.25a ± 0.003 4.39 ± 1.78 11.44b ± 0.65
FG3 3.45a ± 0.07 5.73 ± 0.28 20.34c ± 2.09
FG5 10.10b ± 1.14 5.44 ± 0.18 27.72d ± 2.79

Means followed by the same letters in the column did not show differences at 5% of significance level according Tukey test.
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formulation increased there was a significant increase in 
solubility (p < 0.05). This result is probably due to the 
increased solubility of gelatin in water since plasticized 
gelatin films are completely soluble[30].

Water solubility of the control and FG5 (2.5% 
gelatin) sheets ranged from 8.67 to 27.72%, respectively. 
The dissolution of hydrophilic polymers is accounted to the 
penetration of water in the polymer bulk and subsequent 
swelling, followed by disruption of hydrogen and Van der 
Walls forces between polymer chains[31]. Water absorption 
and matrix solubilization of hydrophilic polymers was 
already investigated and the proposed mechanism takes into 
account the mechanical relaxation of the polymer chains 
as well as kinetic and thermodynamic factors[32]. Authors 
demonstrated that the predominant factor is kinetic in nature 
(water diffusion) although the thermodynamic factor and the 
physical state of water (liquid or vapor) may led to higher 
liquid water permeability than vapor water permeability. 
It is worth noting that polymer conformation was found to 
play an important role in water-matrix interactions in the 
case of water-sensitive films. The addition of a plasticizer 
(PEG400) to methylcellulose films was found to increase 
the dissolution rate in water due to the disruption of 
methylcellulose microstructure cause by the presence of 
PEG400[33]. A similar effect could explain the fact that water 
solubility increased more than 3 times with only 2.5% gelatin 
(FC5). Since starch and gelatin were both gelatinized in 
the extrusion processs, the new interactions formed during 
molecules rearrangement probably presented lower energy 
than those of the original materials.

Evaluating the solubility of gelatin and corn starch films 
plasticized with caprilic acid, Fakhouri et al.[11] observed 
values up to 44.82%. Soares et al.[14] determined the solubility 
of the sheets produced with PLA/TPS as equal to 35.2%. 
The higher solubility found by these authors in comparison 
with the present study was due to the difference between the 
proportion of PLA and TPS employed to produce the sheets, 
which was 30:70 (PLA/TPS). In the present research, the 
proportion of PLA/(TPS + gelatin) was 50:50. Due their 
hydrophobic character, PLA is not soluble in water and the 
higher concentration promoted solubility with different values.

3.4 Moisture sorption isotherms

The moisture sorption isotherms of the PLA/TPS and 
PLA/TPS/gelatin sheets are presented in Figure 3 and the 
GAB model parameters are listed in Table 4. It is worth 
noting that the information derived from isotherms is 
helpful to determine the required water barrier properties 

of the packaging material necessary for the protection of 
a particular system. Furthermore, the sorption isotherm 
provides information about the hydrophilicity of TPS based 
materials. In the first part of the sorption curve (aw < 0.30), 
the amount of water adsorbed was similar for all the sheets. 
This first part corresponds to water field adsorbed as a 
monolayer, where polar groups of high binding energy to 
hydrophilic components (starch and proteins) are saturated 
with water molecules which are considered integral parts 
of the solid phase[25].

An increase in the moisture content was observed between 
aw from 0.3 to 0.9 mainly to PLA/TPS sheets with gelatin 
addition. According to other authors[34,35], the accumulation 
of water occurs at the polymeric matrix surface as well as 
at intermolecular free spaces resulting in partial swelling, 
which in turn may expose additional hydrophilic binding 
sites. It is possible that the gelatin addition to the sheets’ 
formulation promoted a higher exposure of binding sites 
increasing the interaction with water molecules. In this 
stage, it could be considered that water can bind either to 
starch primary or secondary hydroxyls in association with 
glycerol or gelatin in association with glycerol, or bind it 
directly to the free glycerol.

The GAB model fairly represented the experimental data 
with correlation coefficient of 0.99, and similar behavior 
was observed in PLA/TPS sheets with addition of adipate 
and citrate esters and produced by calendaring-extrusion[17], 
TPS/PLA films produced by extrusion and thermopressing[36,37], 
and thermoplastic wheat flour and PLA blends[34].

Table 4. GAB model parameters for moisture sorption isotherms for PLA / TPS / gelatin sheets: FC (control sample), FG1 (0.5% gelatin), 
FG3 (1.5% gelatin) and FG5 (2.5% gelatin).

Formulation
GAB parameters

mo (g water/g dry solids) K C R2

FC 0.031 0.84 8.65 0.99
FG1 0.042 0.83 6.59 0.99
FG3 0.036 0.89 8.86 0.99
FG5 0.044 0.81 5.73 0.99

mo = monolayer water content; K = sorption heat of the multilayer; C = Guggenheim constant; R2 = correlation coefficient.

Figure 3. Moisture sorption isotherm for the PLA / TPS / gelatin 
sheets: FC (control sample), FG1 (0.5%gelatin), FG3 (1.5% gelatin) 
and FG5 (2.5% gelatin).
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The monolayer moisture content (mo) indicates the 
maximum amount of water that can be adsorbed in a single 
layer per gram of dry film and it is a measure of number 
sorbing sites[38]. In general, it is associated with the material 
hygroscopicity and hydrofilicity. The inclusion of gelatin 
increased mo values, indicating greater water sorption 
capacity corroborating with WVP, moisture and solubility 
results discussed before. The mo values were lower than those 
reported by Abdillahi et al.[34] for wheat flour and PLA blends 
(0.05 to 0.09 g water/ g dry solids), and by Soares et al.[37] 
for TPS/PLA sheets (0.047 to 0.056 g water/ g dry solids). 
The difference was mainly due to the higher concentration 
of hydrophilic materials (starch and wheat flour) that was 
used to produce the materials.

“K” parameter is related to the sorption heat of the 
multilayer, and when K = 1, it is assumed that there is 
no interaction of the water vapor in the multilayer or no 
variation in the energy of sorption in multilayer, which occur 
in homogeneous solids[39]. In our study, this parameter was 
not affected by gelatin addition. Finally, the parameter “C” 
is associated with the sorption heat of the monolayer, and 
no clear correlation between the samples was observed. 
Despite the fact that the “C” values are consistent with 
values found in other studies that worked with starch based 
materials[17,40].

3.5 Mechanical properties

The results associated with mechanical properties 
such as tensile strength, Young’s modulus and elongation 
at break are presented in Table 5. The gradual addition 
of gelatin in PLA/TPS sheets significantly affected the 
mechanical properties (p < 0.05). A decrease of about 30% 
was observed in tensile strength, Young’s modulus and 
elongation at break when 5% of gelatin was added, which 
can be explained by the incompatibility between the blend’s 
components. The mechanical properties of the sheets are 
directly linked to interfacial adhesion between the blend 
polymers. When the polymers are mixed, it is interesting 
that the dispersion and the distribution of the particles occur, 
forming a single polymeric phase. Poor dispersal could 
result in the formation of clusters from the entanglement 
of the polymer chains, which reduces the transmission of 
tension[37]. In the SEM images observed before, the presence 
voids and non-gelatinized starch granules complicate the 
load transfer under stress, explaining the results.

Films made from blends of cassava starch and gelatin 
by casting technique presented increased tensile strength as 
gelatin was added, due to their reinforcement properties to the 
polymeric matrix[10,12]. In our study similar results were not 

observed, because of the presence of hydrophobic polymer 
like PLLA and their incompatibility between starch and 
gelatin, as described in other studies[15,41]. Although starch and 
gelatin are hydrophilic and compatible, they are immiscible 
and presented as two phases[13].

Several reports describe the production of PLLA/gelatin 
blend and TPS/gelatin blends by casting methods[10,12,13]. 
The main problem with films produced through this technique 
is the limitation on the quantity produced, and the use of 
solvents to disperse components. Although the gelatin addition 
affected the sheets’ mechanical properties, it was possible to 
produce them by extrusion and calendering process at pilot 
scale, which could be an alternative to offer biodegradable 
packaging for low moisture foods in commercial scale.

4. Conclusions

PLA/TPS/gelatin sheets were successfully produced by 
calendaring-extrusion process at pilot scale. The inclusion 
of gelatin in PLA/TPS blends interfered significantly in the 
microstructural, mechanical and water barrier properties, while 
density and the water vapor permeability were unaffected. 
The PLA/TPS/gelatin sheets obtained have the potential to 
become biodegradable packaging for food.
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