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Abstract

This work aimed to develop films based on pequi (Caryocar brasiliense) pulp added of gelatin and plasticizer (glycerol or
sorbitol) and characterize their properties and biodegradation in different soils. The films were presented with a good appear-
ance, easy to handle, and with a predominant yellowish color. The greater the addition of plasticizers (3.5%), the greater the
elongation and the lower the tensile strength of the films. The higher the gelatin (7%) and the lower the plasticizer (1.5%)
concentrations, the higher the tensile strength. Thermal analysis allowed to observe a desirable characteristic for packing
films: a band between 260 =21° for both glycerol and sorbitol films, which is present in low crystalline films, reducing the
incidence of light in the products. Films were at the most 100% degraded over a period of 5 to 9 days. Thus, the films obtained
are recommended to be utilized for food packaging applications.
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1 Introduction products with a diversity of physical, mechanical, and high
biodegradation properties [2].

The petrochemical plastics are responsible for the death of The use of biodegradable polymers minimizes the prob-

billions of animals that ingest these materials when improp-  lems caused by the increasing deposit of polymeric materials

erly discarded in the environment [1]. This problem leads  that are discarded in the environment [3]. The polysaccha-
to a great opportunity for the development of biodegradable  rides most used in the manufacture of films currently include
starch and cellulose derivatives, alginates, pectins, chitosans,
and some gums due to their abundance in nature [4, 5].

Highlights Natural biodegradable polymers obtained from renew-
» Films were developed with pequi pulp added of gelatin and able sources have been utilized for the development of new

plasticizer. . . L
o Films with 7.0% gelatin and 1.5% plasticizer had higher tensile packaging [6]. They are recognized for food applications,

strength. which contribute to the sustainable development [7-9].
o The different types of soil interfered in the decomposition of the Agro-wastes derived from diverse sources including fruit’s
polymers.

. omaces and peels, husks, straws, and other plant fibers are
o Films were at the most 100% degraded over a period of 5 to 9 days. p p . p .
e Thermal analysis indicated desirable characteristic for food examples of renewable sources available to produce bio-

packing films. based polymers. Considering that 20-30% of fruits and
vegetables are discarded as waste during post-harvest han-
dling, the development of bio-based polymers is important
to reduce the use of synthetic plastics [10].
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its great potential, including raw material for film produc-
tion, it has been marginalized utilized so far by the industrial
sector [14].

Thus, the aim of this work was to produce films from
pequi (Caryocar brasiliense) pulp and evaluate their chemi-
cal and mechanical properties, stability, and biodegradation
in different soils.

2 Material and methods
2.1 Obtaining raw materials

Mature fruits of pequi (Caryocar brasiliense) were collected
from the soil of rural properties located in the city of Ita-
quirai, MS, Brazil. At the lab, fruits were selected by color
intensity to obtain fruits with uniform maturity. These fruits
were sanitized in running water and then submerged in 1 L
of water with 25 mL of HCI for 30 min. They were again
immersed in running water, before peeled and hand-stripped
with a stainless steel knife [15]. The pulp was processed in
a fruit centrifuge until became a very thin and homogene-
ous paste. For each 200 g of pulp, 60 mL of distilled water

Fig. 1 Illustration of the nine
film formulations based on
pequi pulp incorporated with
gelatin and glycerol
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was added (Fig. 1). Then, the pulp was sieved through a
mesh sieve containing holes 1 mm in diameter. The material
obtained was stored in a sterile glass packaging at — 20 °C
until utilized.

2.2 Characterization of the raw material

The homogenized pequi pulp was analyzed for the proximate
composition in triplicate according to the methods described
in the official analytical standards [16]. Moisture content was
determined by the oven drying method at 105 °C until con-
stant weight (method 950.46), lipid by the organic solvent
extraction method in Soxhlet apparatus (no. 960.39), protein
by the Kjeldahl method using factor 6.25 for the conversion
of nitrogen into protein (method 928.08), and ash by using
the muffle oven technique (method 920.153). Carbohydrates
were obtained by difference.

2.3 Obtaining of the biopolymer films
The films were obtained in triplicate by the casting tech-

nique, as described elsewhere [17]. The pequi pulp utilized
for the formulation was previously frozen. After thawing, the

. '
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filmogenic solution was prepared with 50 g of pulp for all
treatments. The gelatin was hydrated in 50 mL of distilled
water for 1 h. Then the plasticizer was added, and the solu-
tion was heated in a water bath at 85 °C for 10 min. After
homogenizing, 25-mL aliquots of the film-forming solution
were distributed in 150X 15 mm petri dishes. The films were
dried at 25 °C for 48 h. Concentrations of gelatin and plasti-
cizer (glycerol or sorbitol) were in accordance with Table 1.

2.4 Subjective evaluation of the biopolymer films

The following parameters were determined for the films using
visual and tactile analyzes: continuity (absence of rupture after
drying), homogeneity (absence of insoluble particles, bubbles
of air, or opacity zone), and flexibility (handling without risk
of rupture) [15].

2.5 Characterization of the biopolymer films
2.5.1 Thickness

The film thickness was measured using a Mitutoyo Digimatic
Co. Proof. The final value represented the average of 5 random
measurements taken at different parts of the film.

2.5.2 Color

The color was determined by averaging three measurements,
one at the center and the other two at the perimeter (edge dis-
tance) using a CR-400 colorimeter (Konica Minolta, Chroma
Meter, Japan). The films were placed on a whiteboard defined
as standard, and the CIE-Lab scales were used to measure
the color of the films. L* indicates the brightness and a* and
b* the chromatographic coordinates, where L* ranges from 0
(black) to 100 (white), a* from green (—) to red (+), and b*
from blue (—) to yellow (+). The color was determined by
Eq. 1 [15]:

AE* = \/ (AL¥)? + (Ad*)? + (Ab*)? )

Table 1 Experimental design variables and their real and coded val-
ues for obtaining of pequi pulp films

Coded variables  Real variables

Gelatin (g 100 mL™! of Glycerol/sorbitol (g

solution) 100 mL™! of solu-
tion)
-1 3.0 1.5
0 5.0 25
+1 7.0 3.5

2.5.3 Opacity

The opacity was determined using a CR-400 colorimeter
(Konica Minolta, Chroma Meter, Japan). The measurements
were made in triplicate after calibration of the colorimeter
with a white and a black background. The values for opacity
were calculated according to Eq. 2 [18]:

v=20 5100
=—x

Y, @
where Y =opacity of the bioplastic (%); ¥, =opacity of the
film against a black background; and Y, = opacity of the film
against a white background.

2.5.4 Solubility in water

The solubility in water was determined according to the
method proposed elsewhere [15]. Triplicate samples were
prepared with 2-cm-diameter circles extracted from the
bioplastics. The initial dry matter of the samples was
obtained by drying them in a forced-air circulation and
renovation oven for 24 h at 105 °C. After the first weigh-
ing, the samples were immersed in a recipient containing
50 mL distilled water and maintained under constant slow
agitation at 150 rpm in an orbital shaker at 25 °C for 24 h.
The swollen samples were then removed and dried in a
forced-air circulation and renovation oven at 105 °C for
an additional 24 h before determining the final dry mat-
ter. The solubility in water of the film was represented by
the total soluble material dissolved in water, calculated
according to Eq. 3.

(mi - mf)
my

S =

" x 100 3)
where §,,=solubility in water (%); m;=initial dry mass of
the sample (g); and m,=final dry mass of the sample (g).

2.5.5 Moisture content

Moisture content was determined by the oven drying method
at 105 °C until constant weight (method 950.46) [16].

2.5.6 Water vapor permeability

The water vapor permeability (WVP) was determined
according to the modified standard method E-96 [19]
for samples in triplicate. The films were fixed in per-
meation aluminum cells containing calcium chloride
and sealed with paraffin to ensure migration of mois-
ture only through the exposed area of the bioplastic.

@ Springer
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The permeation cells were placed in desiccators kept at
25 °C and 75% relative humidity. The amount of water
vapor migrating through the film was determined from
the gain in mass of the calcium chloride, measured every
24 h for 7 days [17]. The effect of the air space between
the region below the film and the surface of the calcium
chloride of the test cells was not considered in the calcu-
lation [15]. The WVP was calculated according to Eq. 4.

_w X
A AP S

where WVP = water vapor permeability (g mm) (m? day
kPa)~'; AW=mass gain (g); L=initial film thickness (mm);
t=storage time (days); A =exposed film area (m?); and
AP =partial pressure difference (kPa).

2.5.7 Tensile strength and elongation

The tensile strength and elongation at break were deter-
mined in triplicate using a TA-XT2 Texture Analyzer
(SMS, Surrey, UK), operated according to the standard
method ASTM D 882-83 [20], as modified elsewhere
[15]. The films were cut into rectangles of 80 mm long
and 25 mm wide and fixed to claws with initial distance
to the separation of 6 cm. The velocity of the tests was
fixed as 1 mm s~!. Tensile strength was calculated divid-
ing the maximum force for film rupture by the cross-
sectional area of the film (Eq. 5). Elongation in the rup-
ture was determined dividing the difference of the final
distance coursed up to the rupture and initial distance of
separation by the initial distance of separation multiplied
by 100 (Eq. 6).

_ Fm

IS = — &)

where TS =tensile strength (MPa); Fm =maximum force at
the moment of rupture (N); and A =cross-sectional area of
the film (m?).

(dr — do)
—— X1
do

E = 00 (6)
where E =elongation (%); do=initial distance of separation
between claws (cm); and dr =distance to rupture (separation
between the claws at the moment of rupture) (cm).

2.5.8 Infrared spectroscopy
The infrared spectroscopy analyses of the films were car-
ried out in a spectrometric FT-IR (Model Prestige 21.

210,045, Shimadzu, Kyoto, Japan) in the spectral region
of 4000-500 cm™~! [15].

@ Springer

2.5.9 Scanning electron microscopy

The surface morphology of the films was observed using
a scanning electron microscope (JEOL, JSM-6060, Japan),
brand operated at 20 kV and 50 mA. Before testing, the
samples were placed on an aluminum support and cov-
ered with a thin gold layer (Sputter Coater, SCDO50) to
improve the thermal conduction. Photographs were taken
with 100 X magnification [17].

2.5.10 Differential scanning calorimetry

Glass transition temperatures and the melting enthalpy varia-
tions of films were determined by using differential scanning
calorimeter (Shimadzu, model DCS 60, Osaka, Japan) with
the cooling module by liquid nitrogen. Samples with about
6—10 mg were hermetically sealed in aluminum capsules
and preconditioned at 25 °C and 50% relative humidity. The
measurements were performed in an inert atmosphere of
ultra-dry nitrogen gas chromatographic grade, to the same
feed flow rate and the drag of 50 mL min~!. The tests were
started at 40 °C, and then samples were heated at a rate of
10 °C min~! until attaining 200 °C. The material reference
for this analysis was the atmospheric air [17].

2.5.11 X-ray diffraction

X-ray diffraction analyses were performed using a D8
Advance Bruker diffractometer with Cu radiation. The
analysis conditions were as follows: (i) voltage and current:
40 kV and 40 mA, respectively; (ii) scanning range: 26 from
5° to 30°; (iii) step: 0.1°; and (iv) speed 1° min~", provided
with secondary beam monochromator graphite. The vari-
ation of the sizes of the crystals was determined using the
PC—APD software Diffraction. The samples were stored
at 25 °C room temperature and 50% RH and analyzed in
triplicate [17].

2.6 Soil burial biodegradation test

The biodegradation was evaluated by soil burial biodegrada-
tion tests that were carried out in triplicate in three different
types of soil (clayey, foresty, sandy) collected in the region
of Dourados, Mato Grosso do Sul, Brazil. Plastic (high-den-
sity polystyrene) trays with dimensions of 30X20X7 cm
(Iength, width, height) and hexagonal plastic screens were
also utilized. For the experiment, the film samples were laid
in a screen, placed in a tray, and then covered with 5 cm
of soil (Supplementary Material). The trays were stored in
BOD (bacteriological chamber) at 28 °C and relative humid-
ity of 30%. Daily, the films were carefully dug out of the
soil together with the screen, removed from the excess soil
with the help of a brush, and photographed. The film was
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returned to the tray and maintained at the same conditions
for the next 24 h.

2.7 Statistical analysis

The Statistica® 6.0 (Stasoft, USA) program was used to
calculate the analysis of variance (ANOVA). The Tukey test
was used to determine the differences between the films’
properties in the range of 95% confidence. The evaluations
were performed from data obtained in triplicates, and the
results were presented by the mean + standard deviation.

3 Results and discussion

3.1 Obtaining and determining the composition
of the pequi pulp

Chemical analyses showed the nutritional importance of the
pequi pulp as an energy and mineral source (Table 2). The
composition is in accordance with results reported elsewhere
[14]. The composition of all raw materials directly affects
the properties of the polymeric films and their applications.

Table 2 Proximate composition of pequi pulp

Parameters evaluated Pulp (g 100 g~ 1y*

Moisture 58.13+0.01
Lipids 31.52+0.01
Crude protein 3.72+0.06
Fixed mineral residue 0.92+0.03
Carbohydrates 5.71

*Arithmetic mean of three replicates + standard deviation. Values on
wet basis

Despite not evaluated here, pequi is recognized by its anti-
oxidant activity [13], which is an important aspect related
to food packaging applications [21].

3.2 Obtaining and subjective evaluation
of the biopolymer films

The visual characteristics determined for the pequi pulp
films are shown in Table 3. The films with the different for-
mulations were homogeneous, without fracture or rupture
after drying, without insoluble particles, bubbles, and a
continuity without absence of rupture. In part, these char-
acteristics are due to the plasticizers (glycerol and sorbitol),
which are often used in film formulations to improve flex-
ibility [22].

The films added with glycerol showed excellent handling,
while the films added with sorbitol showed only good han-
dling, as they were firmer. This characteristic made their
removal from the petri dishes difficult. However, after
released, the films were easily handled, without risk of
breakage. In accordance, glycerol was reported elsewhere
as a better plasticizer than sorbitol in films added with gela-
tin [18].

In general, the films produced with pequi pulp had a yel-
lowish color due to the internal mesocarp (Figs. 1 and 2).
The edible portion of the fruit had a very light yellow to dark
orange color (Supplementary Material).

3.3 Color, opacity, solubility in water, water vapor
permeability, tensile strength, and elongation

Color attributes are of paramount importance, as they
directly influence consumer acceptance of products. The
color parameters (L*, a*, and b*) and opacity of the pequi
pulp films are shown in Table 4.

Table 3 Factorial planning

- ) Treatment Coded variables Real variables (g Characteristics of the  Characteristics the
matrix, with the coded and real 100 mL~" of solution) glycerol films sorbitol films
values for the development
of the pequi pulp films and Gelatin ~ Glycerol/  Gelatin  Glycerol/ C H M C H M
the subjective evaluation of sorbitol sorbitol
the corresponding films. C
continuity, H homogeneity, 1 -1 -1 3.0 1.5 XXX XXX XXX XXX = XXX XX
M handling, xxx excellent, xx 2 +1 -1 7.0 1.5 XXX XXX XXX XXX XXX XX
good, x disabled 3 -1 +1 3.0 35 XXX XXX XXX XXX XXX XXX

4 +1 +1 7.0 35 XXX XXX XXX XXX XXX XX

5 -1 -0 3.0 2.5 XX XXX XXX XXX XXX XXX
6 +1 -0 7.0 2.5 XXX XXX XXX XXX XXX XX

7 0 -1 5.0 1.5 XXX XXX XXX XXX XXX XXX
8 0 +1 5.0 3.5 XXX XX XXX XXX XX XXX
9 0 0 5.0 2.5 XXX XXX XXX XXX XXX XXX
10 0 0 5.0 2.5 XXX XXX XXX XXX XXX XXX
11 0 0 5.0 2.5 XXX XXX XXX XXX XXX XXX

@ Springer
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Fig. 2 Illustration of the nine
film formulations based on
pequi pulp incorporated with
gelatin and sorbitol

The luminosity (L*) of the films varied from 81.8 to 88.3
for films made with pequi pulp and glycerol and from 83.1
to 90.2 for films made with pequi pulp and sorbitol, thus
indicating a reasonable transparency, which can be explained
by the yellowish color characteristic of the pequi pulp. The
parameter a* varied between 1.3 to 4.6 for films with glyc-
erol and 2.6 to 3.7 for films with sorbitol. These values indi-
cate that the films do not tend to green and red colors.

The opacity of the films ranged from 23.1 to 29.9% for
films made with pequi pulp and glycerol and 21.6 to 26.4%
for films made with pequi pulp and sorbitol. The higher the
concentration of plasticizer (glycerol/sorbitol), the opaquer
the films presented themselves. Films with the addition
of glycerol and gelatin presented the highest opacity val-
ues. The T2, T4, and T6 films with 7% gelatin were those
with values between 27.3 and 29.9%. Similar values were
reported for films produced with chickpea flour (Cicer ari-
etinum L.) with different concentrations of glycerol [22].

The effects of the independent variables on the responses
of tensile strength, elongation, thickness, water solubility,
moisture, and water vapor permeability (WVP) of films

@ Springer

made with pequi pulp, gelatin, and glycerol or sorbitol as
plasticizer are presented in Tables 4 and 5, respectively.

The tensile strength values of films with pequi pulp and
glycerol ranged from 32.5 to 160.6 MPa whereas films with
pequi pulp and sorbitol ranged from 57.56 to 171.76 MPa.
It was reported elsewhere tensile strengths of 9.87 and
18.06 MPa for edible films based on sago starch and gelatin
plasticized with glycerol or sorbitol, respectively [23]. Here,
it was observed that the tensile strength increased with the
increase in the gelatin and the plasticizer contents. This was
due to the ability of the plasticizer to reduce interactions
between polymeric chains, decreasing the resistance of the
film and increasing its flexibility [24]. Similar results were
reported by other authors [18, 25].

Elongation of the pequi pulp films ranged from 5.0 to
89.8% when plasticized with glycerol and from 4.5 to 60.9%
when plasticized with sorbitol. Glycerol has a greater plas-
ticization effect compared to sorbitol [18]. Films with the
addition of the glycerol have a greater plasticizing effect than
films with the addition of the sorbitol when utilized in films
based on proteins and polysaccharides [18, 26].
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Both the films made with pequi pulp added of glyc-
erol or sorbitol presented a thickness that varied from
0.15 to 0.60 mm. It was observed from T4 (7.0 g of gela-
tin and 3.5% of the plasticizer glycerol or sorbitol) that
the greater the addition of pequi pulp and the plasticizer
(glycerol or sorbitol), the greater the thickness of the
films. Similar results were observed for edible starch
films added of Barbados cherry [24].

Regarding the solubility in water, the variation
between the glycerol and sorbitol did not present a
defined behavior for pequi films. The solubility values
demonstrated that pequi films with glycerol presented a
variation of 27.1 to 40.9% between treatments (Table 3).
T3, T4, and T8, with the higher concentration of the
plasticizer, showed greater solubility in water than the
other treatments [25], which may be related to the weak-
ening of the protein-polysaccharide interactions, due to
the lipid content present in the pequi [14] that forms a
physical barrier against moisture, polysaccharides, and
proteins [26].

However, with the addition of sorbitol, the water solu-
bility presented a considerable increase in comparison to
pequi films plasticized with glycerol under the same con-
ditions, ranging from 22.4 to 94.2% (Table 4). For both
plasticizers, the values obtained were in general much
superior to those found elsewhere for gelatin films added
with glycerol (25.44%) or sorbitol (26.13%) [24]. The high
solubility in water of the films does not render the film
unfeasible, as it may be necessary to be subjected to the
direct contact with water in the packaging process [24].

The moisture content of the pequi films plasticized
with glycerol presented values ranging from 0.01 to 0.03%
(Table 4), which were much higher than those found for
the pequi films plasticized with sorbitol (0.001 to 0.008%)
(Table 5). These low values were already expected due to
the hydrophilicity of the gelatin, resulting in a high affin-
ity with water. However, these values were much lower
than those reported for cassava starch films with different
concentrations of glycerol or sorbitol [27], which ranged
from 0.25 to 0.35%.

The WVP of pequi pulp films with the addition of the
glycerol varied from 3.77 to 9.0 g mm m~2 day~! kPa~!
(Table 4). The pequi pulp films plasticized with
sorbitol showed WVP values between 3.07 and
8.37 g mm m~2 day~! kPa~!. This variation in WVP may
be related to the presence of fatty acids in the pequi pulp
that when incorporated into the matrix causes the reduc-
tion of the free space for the passage of water, decreasing
the WVP [28]. On the other hand, it is observed for the T4,
with a higher concentration of gelatin and plasticizer, that
both the films added with glycerol and sorbitol presented
higher WVP.

@ Springer

3.4 Analyses of the effects and the statistic models

The effects of different concentrations of the variables
gelatin, glycerol (or sorbitol), and their interactions were
obtained for the experimental responses (tensile strength,
elongation, thickness, solubility in water, moisture, and
WVP) (Table 6).

Then, the analysis of variance (ANOVA) was carried out,
with the purpose of testing the adequacy of the obtained
models for each experimental response (Table 7). Response
surfaces were obtained for the statistically significant
responses (Fig. 3). The models were considered statistically
significant if the F ;. .eq Was higher than the Fi, 1.eq and
predictive if it was at least 5 times higher [15].

Four of the responses (resistance to traction, elonga-
tion, thickness, and moisture) were statistically significant
for the films made with pequi pulp, gelatin, and glycerol
(Fig. 3A-D) while three of them (resistance to traction,
elongation, and thickness) were statistically significant
(p <0.05) for the films made with pequi pulp, gelatin, and
sorbitol (Fig. 3E-G). None of the responses was statistically
predictive.

The tensile strength of the films was positively affected
by the concentration of gelatin and negatively influenced
by the concentrations of plasticizer (glycerol/sorbitol)
(p <0.05). Thus, the higher concentrations of gelatin
(7.0%) combined with low concentration of glycerol or
sorbitol (1.5%) induced the formation of films with a high
tensile strength (Fig. 3A, E). On the other hand, the high-
est elongations were obtained at the highest concentration
of glycerol or sorbitol (3.5%) combined with the low con-
centration of gelatin (3.0%) (Fig. 3B, F). In addition, the
increase in both gelatin and plasticizers caused an increase
in thickness (p <0.05). The interaction of gelatin and plas-
ticizers showed a significant effect, varying linearly, in a
positive direction, indicating that the greater the amount
of gelatin and plasticizer in the forming solution of pequi
films, the greater the thickness (Fig. 3C, G). The moisture
content of the films increased significantly (p <0.05) with
the highest concentration of gelatin and glycerol, which is
related to the polar amino acids and the high hygroscopic-
ity of the gelatin.

3.5 Scanning electron microscopy

The micrograph analyses of films made with pequi pulp and
the plasticizers were carried out for the three treatments
that showed the best results for the mechanical tests: T2
(7.0 g of gelatin 100 mL~! and 1.5 g of glycerol or sorbitol
100 mL™"), T6 (7.0 g of gelatin 100 mL~" and 2.5 g of glyc-
erol or sorbitol 100 mL™"), and T7 (5.0 g 100 mL~! gelatin
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Table 6, Effect of th? factors on Variables Factor Glycerol Sorbitol
the variables according to the
experimental design Effect P Effect p
Resistance to traction Average 84.17 0.000680 84.17 0.000680
(X)) Gel 55.28 0.027414 55.28 0.027414
(X,) Gly or Sor —29.68 0.331443 —29.68 0.331443
(X))? —88.14 0.004424 —88.14 0.004424
(X,)? 49.28 0.134309 49.28 0.134309
XDx(X,) -32.36 0.200731 -32.36 0.200731
Elongation Average 40.05 0.001052 15.8045 0.001052
(X;) Gel —23.90 0.051449 —34.7688 0.051449
(X;) Gly or Sor 491 0.747374 28.4890 0.747374
(X,)? 60.88 0.001297 30.7391 0.001297
(X,)? -5.57 0.715289 4.9877 0.715289
XXX, -9.65 0.439187 —3.0665 0.439187
Thickness Average 0.119 0.000004 0.0845 0.000020
(X,) Gel 0.051 0.002128 0.0370 0.008023
(X;) Gly or Sor —0.008 0.579065 0.0363 0.042142
(X))? 0.038 0.007590 0.0348 0.010288
(X,)? —-0.012 0.401418 0.000749 0.957563
XDx(Xy) 0.012 0.314177 0.005000 0.658503
Moisture Average 0.027 0.000003 0.0053 0.115360
(X,) Gel 0.009 0.005262 —0.0022 0.639270
(X;) Gly or Sor —0.007 0.050568 —0.0036 0.618283
(X))? 0.005 0.026865 0.0003 0.943989
(X,)? —0.004 0.182157 0.00006 0.993097
XDx(Xy) 0.002 0.309332 —0.0025 0.67022
Water vapor permeability Average 7.693 0.000634 8.19498 0.001468
(X,) Gel 0.215 0.898942 —0.27604 0.898792
(X;) Gly or Sor —2.594 0.344315 —5.17084 0.164819
(X))? 1.291 0.460363 2.42211 0.293869
(X,)? 1.045 0.691583 3.33897 0.341738
XDx(Xy) 3.238 0.162485 3.57520 0.216795

and 1.5 g of glycerol or sorbitol 100 mL~"). The micro-
graphs were 500-fold increased (Figs. 4 and 5).

The films added of glycerol (Fig. 4) or sorbitol (Fig. 5)
presented a homogeneous surface without the presence of
cracks. However, the presence of a granular and porous
structure was observed for the three treatments. The
presence of lipids can be identified in the micrographs
by means of rounded structures, without the formation
of a continuous layer in the film-forming matrix as seen
in the transversal image (Figs. 4D-F and 5D-F). Similar
results were observed for films based on bocaiuva flour
prepared with different concentrations of glycerol as plas-
ticizer, with the addition of essential clove oil [15]. It is
important to consider that the pequi pulp has high levels of
lipids (31.52%), which may have interfered in the degree
of optical heterogeneity of the film matrix [29]. The higher
the solid fat content and the hydrophobicity of the lipid,

the lower the water vapor transference [28], which is in
accordance with the WVP values obtained.

3.6 Differential scanning calorimetry

Thermal differential scanning calorimetry (DSC) analy-
ses were performed for T2 (7.0 g of gelatin 100 mL™!
and 1.5 g of plasticizer 100 mL~") and T7 (5.0 g of gela-
tin 100 mL~! and 1.5 g of plasticizer 100 mL™"). It was
observed that for the films added with glycerol as plasti-
cizer, the loss of mass was very similar for both treatments
(Fig. 5A, B). It was identified the presence of two intensity
peaks in the range of 18.6 to 95.6 °C for T2 and in the
range of 79.5 to 101.3 °C for T7. These peaks confirm
a pattern of degradation with the predominance of two
distinct stages: the first at low temperatures (7,) and the
second more intense and endothermic (7%) related to the
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Table 7 ANOVA of the fit for

the tensile strength, elongation, Variables Source of variation ~ SS DF MS Focuaed  Frabulated
thilclg_li?ssv Hflolilsture’ and \lvater Tensile strength Gel/Gly ~ Regression 19,010.71 5 3802.142  7.87 5.05
iy of he e s TN
glycerol, and for the tensile Total 21,424.61 10
strength, elongation, thickness, Elongation Gel/Gly Regression 6539.088 5 1307.8176  9.89 5.05
and water solubility of the pequi Waste 660.535 5 132.107
E(l)lrlgitﬁollms added of gelatin and Total 7199.623 10
Thickness Gel/Gly Regression 0.006598 5 0.0013196  11.05 5.05
Waste 0.000597 5 0.0001194
Total 0.007195 10
Moisture Gel/Gly Regression 0.00025 5 0.00005 8.92 5.05
Waste 0.000028 5 0.0000056
Total 0.000278 10
Tensile strength Gel/Sor Regression 15,992.55 5 3198.51 19.05 5.05
Waste 839.62 5 167.924
Total 16,832.17 10
Elongation Gel/Sor Regression 3862.057 5 772.4115 9.85 5.05
Waste 391.702 5 78.3404
Total 4253.759 10
Thickness Gel/Sor Regression 0.00481 5 0.000962 8.48 5.05
Waste 0.000567 5 0.0001134
Total 0.005377 10

SS sums of squares, DF degrees of freedom, MS mean square, F Fisher’s test

release of absorbed water present in the sample. These two
peaks can be attributed to the modification of the phases
rich in lipids and starch [30].

For the films added with sorbitol as plasticizer, the loss
of mass was very similar for both treatments. Beyond the
two peaks also observed for the films added with glyc-
erol, it is possible to identify a third peak for both T2 and
T7 (Fig. 5C, D), corresponding to the degradation of the
fructose present in the pequi pulp. Similar results were
observed for banana puree films [31]. The degradation
in the third peak corresponded to the loss of mass due to
the evaporation of water, sugar, starch, and proteins that
degraded irreversibly.

3.7 X-ray diffraction

The analysis of the XRD diffractograms (Fig. 6A, B)
allowed the identification of a band in the region between
20 =21° for both the glycerol and sorbitol films, which
is present in low crystalline films. Similar results were
reported elsewhere for films prepared with fish protein
incorporated with glycerol and clove essential oil [32].
The crystallinity pattern depends on the length of the amy-
lopectin chains, density, and the presence of water in the
sample. For the T7 added with glycerol, it can be clearly
seen a crystalline region at the peak of diffraction at 260
between 25 and 33 °C (Fig. 7).

@ Springer

3.8 Biodegradation

The biodegradation in soil is an important indicative of
the susceptibility of different polymers to microbiological
attack. This metabolic activity existing in the soil contributes
to the degradation of these materials. There is no standard-
ized method for assessing the biodegradation of films as it
consists of the chemical degradation of polymeric materi-
als caused by the action of microorganisms, such as fungi,
bacteria, and microalgae [33]. Quantitative data obtained
from the monitoring of the chemical and physical character-
istics of the films, e.g., weight reduction, composition, and
degree of crystallinity, can provide more information about
the biodegradation process [34, 35]. However, in this study,
the issue was to obtain a preliminary overview by the visual
monitoring of the biodegradation on different soils.

The visual characteristics of the three soils (sandy,
foresty, clayey) utilized for the degradation tests are shown
in Supplementary Material. The chosen of the films T2, T6,
and T7 for this evaluation was based on the results for the
mechanical tests. Films were prepared for both glycerol and
sorbitol plasticizers.

It was observed that the T2 (7.0 g of gelatin 100 mL ™!
and 1.5 g of plasticizer 100 mL™") presented itself in an
advanced stage of degradation after 1 day and totally
degraded on the 2nd day under the sandy soil, independently
of the plasticizer (glycerol/sorbitol) used, whereas the T6
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(7.0 g of gelatin 100 mL~" and 2.5 of glycerol g 100 mL™")
was totally degraded on the 4th day in contact with this soil,
while the T7 (5.0 g of gelatin 100 mL~" and 1.5 g of glycerol
100 mL™!) on the 5th day in contact with the soil (Supple-
mentary Material). During the initial stages of degradation,
the high chains of the molecules are hydrolyzed to form
lower molecular weight chains, thus being able to be accel-
erated by the temperature and moisture of the soil, allowing
some microorganisms to catalyze the degradation [36]. In
the present study, it may have occurred the biodegradation
of the films by the microorganisms naturally present in the
evaluated soils, as a source of carbon and energy.

(ww)
ssauoIylL

G

0.16
0.14
0.12
0.10
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In the foresty soil, the T2 showed a complete degrada-
tion on the 9th day for the films added with the glycerol
and on the 7th day for the films added with the sorbitol.
For all T2, T6, and T7 treatments, an accelerated mass
loss was observed during the initial 5 days under the
foresty soil (Supplementary Material). Since the foresty
soil presents a greater diversity of microorganisms and a
higher moisture, it was expected that the films present an
accelerated decomposition in comparison with the sandy
soil and the clayey soil. However, it presented a behavior
similar to the sandy soil and increased time for the total
decomposition of the films, in comparison to the clayey

@ Springer
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SEI  12kV WD15mm  5§S41

Fig.4 Micrograph of pequi pulp film, surface images. A T2 (7.0 g of
gelatin 100 mL™! and 1.5 g of glycerol 100 mL™"); B T6 (7.0 g of
gelatin 100 mL~! and 2.5 of glycerol g 100 mL™"); and C T7 (5.0 g
of gelatin 100 mL™" and 1.5 g of glycerol 100 mL™"). Micrograph of

8Bl 12V

CEME Sul

WD1dmm 884

Fig.5 Micrograph of pequi pulp film, surface images. A T2 (7.0 g of
gelatin 100 mL™" and 1.5 g of sorbitol 100 mL™'); B T6 (7.0 g of
gelatin 100 mL~! and 2.5 of sorbitol g 100 mL™"); and C T7 (5.0 g
of gelatin 100 mL~! and 1.5 g of sorbitol 100 mL™!). Micrograph of

soil. It is possible that the moisture in the foresty soil
may have diffused into the polymer causing the film to
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WD15mm 554

pequi pulp film, transversal images. D T2 (7.0 g of gelatin 100 mL™!
and 1.5 g of glycerol 100 mL™"); E T6 (7.0 g of gelatin 100 mL~" and
2.5 of glycerol g 100 mL™"); and F T7 (5.0 g of gelatin 100 mL~" and
1.5 g of glycerol 100 mL.™")

SEI  12kV
CEME Sul

Wo1dmm 8841

pequi pulp film, transversal images. D T2 (7.0 g of gelatin 100 mL ™!
and 1.5 g of sorbitol 100 mL™"); E T6 (7.0 g of gelatin 100 mL~! and
2.5 of sorbitol g 100 mL™!); and F T7 (5.0 g of gelatin 100 mL~! and
1.5 g of sorbitol 100 mL.™")

swell and reducing the occurrence of microbial attack in
the films [37, 38].
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Fig.6 DSC glass transition of the pequi pulp films. A T2 (7.0 g of
gelatin 100 mL™" and 1.5 g of glycerol 100 mL™"). B T7 (5.0 g of
gelatin 100 mL~! and 1.5 g of glycerol 100 mL™!). C T2 (7.0 g of
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Fig.7 X-ray diffraction of the pequi pulp films. A T2 (7.0 g of gela-
tin 100 mL™" and 1.5 g of glycerol 100 mL™"), T6 (7.0 g of gelatin
100 mL™" and 2.5 of glycerol g 100 mL™"), and T7 (5.0 g of gela-
tin 100 mL™! and 1.5 g of glycerol 100 mL™'). B T2 (7.0 g of gela-

The soil microbiota was reported as the main responsible
for the decomposition of organic residues, through the cycling
of nutrients and the flow of energy in the soil [39]. Through a
natural biological process, biodegradable polymers composed
of organic residues are returned to the soil [40].

In the clayey soil, the total degradation of the films in con-
tact with the soil was observed from 7 to 9 days, depending on
the film’s composition (Supplementary Material). Bio-based
polymers have relatively low molecular weight and can be
degraded and decomposed with the application of enzymes,
ultraviolet radiation, and even by changing the pH [2].

-50.0 0.0 50.0 100.0 150.0 200.0
Temperature (°C)

gelatin 100 mL™' and 1.5 g of sorbitol 100 mL™"). D T7 (5.0 g of
gelatin 100 mL~" and 1.5 g of sorbitol 100 mL.™")

5004

400q

200()

Intensity (counts/s)

1004

w L] 2 2 30 kg 0 a0 >0 %

Angle 26 (°)

tin 100 mL~" and 1.5 g of sorbitol 100 mL™"), T6 (7.0 g of gelatin
100 mL~" and 2.5 of sorbitol g 100 mL™"), and T7 (5.0 g of gelatin
100 mL™" and 1.5 g of sorbitol 100 mL.™")

Beyond the influence of soils (biodegradation faster in
sandy soil), it was possible to observe that the treatments
with higher concentration of gelatin and smaller concen-
tration of the plasticizer (T2) needed a shorter time to get
totally decomposed. Differences in the nature of the plasti-
cizer (glycerol or sorbitol) were not clear. It was reported
elsewhere that blends made with cassava starch and glycerol
had their degradation influenced by both the starch and the
glycerol contents [41]. Polymers based on starch or fibers
show greater biodegradability compared to synthetic poly-
mers [42].
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The total biodegradation of the films occurred in very
short times when compared to studies carried out by other
authors. For example, we underline the biodegradation of
starch-based films in 100 days [43], a partial decomposition
(>90%) of films made with twelve starches from different
cultures after 31 days in composting vessels [44], and more
recently the almost entire decomposition of edible films of
cassava starch after 12 days under the soil [45]. According
to ASTM D6400, a material can be considered biodegrad-
able when it reaches a satisfactory ratio of conversion from
carbon to CO, within a period of 180 days [20].

The different types of soil interfere with the decompo-
sition of biodegradable polymers. Environmental factors
such as moisture, temperature, pH, the presence or absence
of oxygen, in addition to the C/N ratio present in the soil,
interfere in the nature, concentration, and activity of the
microorganisms present in the soil [40, 46]. As observed,
the soil that presents the smallest granulometry (sandy soil)
allows the film to have a greater plastic-soil contact, i.e., the
greater the contact of the contact surface of the material to
be biodegraded, the faster it is degraded, due to the action
of the microorganisms present in the soil. Soils that present
a finer texture allow the microbial biomass to proliferate
through physical protection, presenting greater moisture and
organic matter.

4 Conclusion

The films developed with pequi pulp with different con-
centrations of gelatin and plasticizer (glycerol or sorbitol)
were homogeneous, without fractures or cracks after drying,
easy to handle, and with an excellent tactile aspect. Their
mechanical properties were influenced by the concentra-
tions of gelatin and plasticizer: the highest concentrations
of gelatin (7.0%) combined with the lowest concentration
of glycerol or sorbitol (1.5%) induced the formation of films
with higher tensile strength. The thermal analysis allowed
to observe a notable characteristic, which is the presence
of only one peak of melting for the films added glycerol as
plasticizer, indicating a homogeneous mixture. The differ-
ent types of soil (sandy, clayey, and forestry) interfered in
the decomposition of the polymers, and the films in contact
with the soil that presents the smallest granulometry (sandy
soil) presented a favorable biodegradation from the first day.
Thus, the films obtained are recommended to be utilized for
food packaging applications.
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