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The present study aimed to produce thermoplastic starch films with different concentrations of thermoplastic
pectin and the addition of 4% lignin microparticles as a reinforcing and active agent. The pectin improved the
modulus of elasticity, and decreased the elongation at break. In addition, it improved the UV light protection to
100% at 320 nm and 95.9% at 400 nm. The incorporation of lignin microparticles improved the thermal stability
of the blends made with 25% and 50% thermoplastic pectin when compared to the pectin-free blends. The blend
with 25% thermoplastic pectin led to an increase of 75.8% and 34% in elongation at break and deformation of the
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Exﬁjsim films, respectively. This blend also improved the UV light protection to 100% due to its dark brown color. Regard-
Biodegradable ing the permeability properties, the films with 25% and 50% thermoplastic pectin showed lower oxygen perme-

ability (48% and 65%) and an increase in the antioxidant activities from 2.7% to 71.08% and 4.1% to 79.28%,
respectively. Thus, the polymer blend with 25% thermoplastic pectin with the incorporation of lignin micropar-

Antioxidant

ticles proved to be a good alternative for use in foods sensitive to the effects of oxygen and UV light.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Starch and pectin are natural polymers that have aroused the inter-
est of researchers and food industries for the production of biodegrad-
able films, as they are renewable, non-toxic, low-cost, and widely
available resources. In the case of pectin, it can be extracted from citrus
fruit residues. In addition, these two polymers can be produced by the
extrusion technique, which allows a large-scale simulation of the use
of biopolymer films [1,2].

Starch films are transparent, odourless, colorless and have low oxy-
gen permeability. However, they are weak mechanical properties and
are brittle [2,3]. The films obtained from pectin, on the other hand,
have good gas barrier properties and delay lipid migration, however,
they have high permeability to water vapor [4,5]. In this way, it appears
that it is necessary to study the mixture of polymers for the production
of films with better properties.
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Furthermore, an effective alternative to improve the properties of
biodegradable films is the use of reinforcing agents, such as lignin,
which consists of a complex macromolecule found in plants along
with cellulose and hemicellulose. This molecule has been used in the
production of films to improve the mechanical and thermal properties
and partially block the UV light and the antioxidant activity. These prop-
erties are due to the presence of different functional groups in the lignin
molecule structure, which varies according to the botanical origin [6-9].
Lignin also has intrinsic properties, such as a high degree of cross-
linking, hydrophobicity, and an amorphous and three-dimensional
structure that make it attractive for several applications [8,10].

So far, no studies have focused on films made with starch, pectin,
and lignin produced by the extrusion technique. In turn, starch-based
films made by casting technique have already been studied, such as
starch/pectin [1,11-14] and starch/lignin-based films [10,15]. However,
there are few studies on films obtained by extrusion, including starch/
pectin [16,17] and starch/lignin-based films [18], while pectin/lignin
blends have been investigated only for the production of hydrogels as
biomedical materials [19]. Thus, the objective of this study was to eval-
uate the properties of thermoplastic starch/pectin films, with the
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incorporation of lignin microparticles, since the mixture of these mate-
rials was not found in the research already carried out.

2. Material and methods
2.1. Material

The following ingredients were used to produce the films: starch
(406 RO3; Cassava S/A); high methoxylation pectin (75.7%; Dinamica
Quimica); glycerol (99.5%; Sigma-Aldrich); stearic acid (95%; Exodo
Cientifica); citric acid (99.7%; Proquimios Comércio and Inddstria
Ltda). Lignin isolated from black kraft liquor was kindly donated by
the Laboratory of Bioactive Product Development and Technological So-
lutions at the Federal University of Vigosa (Rio Paranaiba Campus). The
reagents methanol (Vetec), and 2,2-diphenyl-1-picryl-hydrazyl (DPPH;
Sigma Aldrich) were also used.

2.2. Methods

2.2.1. Synthesis of lignin microparticles (MPL)

For the production of the lignin microparticles (MPL), a TE-350 ball
mill with a video camera was used (Tecnal, S3o Paulo, Brazil). For that,
10 g of sample was placed in the enclosed container together with
steel balls attached to the equipment and agitated for 2 min. The proce-
dure was repeated 3 times to obtain the lignin microparticles. The par-
ticle size reduced from 6.6 um to 3.1 pm. The MPL concentration used in
the film formulations was established by pre-tests.

2.2.2. Production of the films

For all formulations, an SJSL 20 NZ model twin-screw extruder was
used (40/1 L/D, and 20 mm of screw diameter, D) at 100 rpm, varying
only the temperature profile.

Thermoplastic starch was obtained according to the methodology
described by Ferreira et al. [20]. The starch was dried in an oven at
45 °C for 24 h (60% w/w in relation to the total mass). Then, it was
mixed with glycerol (24% w/w in relation to the total mass) used as a
plasticizer, distilled water (14% w/w), stearic acid (1% w/w) as a flow
agent, for facilitating the fluidity of the starch inside the extruder and
citric acid (1% w/w) to protect the material to be extruded from oxida-
tion. The mixture was cooked by extrusion under various temperature
combinations (80, 80, 90, 90, 100, 100 and 110 °C) and then extruded
at 120 rpm, with a 2 mm size matrix. The extruder generates filaments
that were pelletized to a length of 3 mm and a diameter of 3.2 mm. The
pelleted material was stored until blends were prepared [21].

To obtain the thermoplastic pectin (TPP) used the methodology de-
scribed by De Oliveira et al. [22], pectin (49% w/w relative to the total
mass) was mixed with glycerol (25% w/w relative to the mass of pectin)
used as a plasticizer, distilled water (30% v/v), and citric acid (1.5% w/w)
to lower the pH, relative to the total mass. Then, it was extrusion cooked
at various temperatures (35, 50, 75, 90, 100, 100, and 90 °C), extruded,
and stored until the preparation of the blends [21].

Subsequently, the TPS and TPP pellets were mixed with and without
the incorporation of 4% of lignin microparticles (relative to the mass of
starch and pectin) were extruded at different temperatures (50, 70,
75, 85, 90, 100, and 100 °C). The TPS, TPP, and MPL concentrations
used in the formulations are shown in Table 1. The blends were ex-
truded and stored for further use.

Then, the blends were pressed in a hydraulic press as follows: 10 g of
pellets were placed between two stainless steel plates and pressed at
110 °C. The pressing conditions were: 5 ton applied for five times, 5
ton for 5 min, and again 5 ton for 5 min [21].

2.2.3. Film conditioning and thickness
The films were conditioned at 23 4+ 2 °C and 50 £ 5% RH for 48 h,
before analysis [23]. The film thickness was measured by readings at
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Table 1

Formulation of polymer blends subjected to extrusion.
Formulations TPS (%) TPP (%) MPL (%)
POLO 100 0 0
P25L0 75 25 0
P50L0 50 50 0
P75L0 25 75 0
P100LO 0 100 0
POL4 100 0 4
P25L4 75 25 4
P50L4 50 50 4
P75L4 25 75 4
P100L4 0 100 4

15 different points, using a Mitutoyo digital micrometer (precision
0.01 mm; Mitutoyo Sul Americana, Suzano, SP, Brazil).

2.24. Scanning electron microscopy (SEM)

The morphology of the samples was analyzed by scanning electron
microscopy (SEM), using the LEO EVO 40 XVP microscope (Zeiss, Cam-
bridge, England), with an acceleration voltage of 15 kV. For that, the
samples (2 mm x 2 mm) were mounted on aluminum stubs for surface
and cross-section observation, using double-coated carbon, and coated
by gold plating under vacuum metallization.

2.2.5. Fourier transform infrared spectroscopy (FTIR)

The functional groups present in the samples were determined by
Fourier transform infrared spectroscopy (FTIR). The FTIR analyses
were performed on the Spectrometer Varian 600-IR Series (California,
United States) with coupled Gladi ATR accessory from PIKE technologies
and a diamond crystal. The spectral range was 4000 to 400 cm ™! with
256 scans and 4 cm ™! resolution.

2.2.6. Thermogravimetric analysis (TGA)

The thermal stability of the films was determined by thermogravi-
metric analysis (TGA) in the DTG60H-SHIMADZU apparatus (Kyoto,
Japan). The analysis was performed under a nitrogen atmosphere at a
flow rate of 50 mL/min, heating from 50 to 600 °C at a rate of 10 °C/min.

2.2.7. Mechanical properties

ATA-XT2 texture analyzer (Stable Micro Systems, England), with a 1
kN load cell was used for the perforation and tensile strength tests. For
the perforation test, the thickness was measured in the samples
(3 x 3 cm) at four different points, which was fixed in metal support
with a guide hole perforated perpendicularly to the plane of the plate.
The test conditions were: 5.0 mm spherical probe (A/TG), speed of
0.8 mm/s, and gage length of 1 cm after touching the sample. Fifteen
specimens were analyzed for each treatment [24]. The resistance to per-
foration/thickness (RP, N/mm) was calculated by dividing the maxi-
mum force at the breaking point by the film thickness to eliminate the
effect of thickness variations. Deformation (D, mm) was determined
through the breaking point of the specimens. For the tensile strength
test, the film thickness (10 x 1.5 cm) was determined at three different
points and fixed on the probe support by the two ends. The test condi-
tions were: 50 mm separation between clamping claws and speed of
0.8 mm/s. Fifteen specimens were analyzed for each treatment [25].
The maximum tensile strength (TS, MPa) was calculated by dividing
the maximum force by the transverse area of the specimen. The per-
centage of elongation at break (EAB) was calculated by the ratio be-
tween increased length and initial length after breakage of the tested
specimen. For the modulus of elasticity (ME, MPa) a tangent to the
stress-strain curve in the linear region (elastic region) was plotted,
and the ratio between the stress and the corresponding strain was cal-
culated [26].
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2.2.8. Water solubility

The water solubility of the films was determined through the per-
centage of soluble matter, according to Gontard and Guilbert [27],
with modifications. The films (3 x 3 cm) were dried in a drying oven
for 24 h at 105 °C, with subsequent cooling and weighing. Then, they
were immersed in 50 mL of distilled water and stirred at 100 rpm, at
25 °C for 24 h. After this period, the films were dried under the same
conditions and weighed. The water solubility was calculated according
to Eq. (1).

Solubility (%)

= ((M initial—M final)/M initial)) x 100 (1)
where: M initial is the mass (g) of the sample at the beginning of the
analysis, and M final is the mass (g) at the end of the analysis.

2.2.9. Water vapor permeability (WVP)

The water vapor permeability was determined by the gravimetric
method. The films (1 cm in diameter) were sealed in permeation cells
containing silica gel. The cells were placed in a desiccator with a saturated
sodium chloride solution (NaCl) at 75 4 3% RH and 23 + 1 °C. Then, the
samples were weighed over time (8-hour intervals) for 5 days to deter-
mine the weight gain related to the transfer of water vapor through the
film [28]. The water vapor transmission rate and the water vapor perme-
ability were calculated according to Eqs. (2) and (3), respectively.

WVIR = G/t-A (2)
where: WVTR is the water vapor transmission rate (g/m?-day); G/t is
the slope of each line (g/day), and A is the permeation area of the spec-
imen (m?).

WVP = WVTR - e/ps (RH; —RH;) (3)
where: WVP is water vapor permeability (g m~' s~! Pa—'); WVTR is
the water vapor transmission rate; e is the film thickness (um); ps the
saturation water vapor pressure at the test temperature (2800 kPa);
RH; is the relative humidity of the chamber, and RH, is the relative hu-
midity inside the cell.

2.2.10. Oxygen permeability (PO>)

Four blends with the best results for thermal stability (TG/DTG), me-
chanical properties, solubility, and WVP were selected, two of them
with the addition of MPL and two without MPL. The oxygen transmis-
sion rate of the films was measured on a Mocon Oxtran 1/50 (Minnesota
- USA), at 50% RH, 23 °C, and 1 atm of partial oxygen pressure gradient.
The oxygen permeability (PO,) (cm®> mm m~2 day ' atm') was calcu-
lated by multiplying the oxygen transmission rate by the film thickness.
The determinations were performed in duplicate [29].

2.2.11. Antioxidant activity

The antioxidant potential of the films was determined by the 2,2-
diphenyl-1picryl-hydrazyl (DPPH) free radical capture method. For
that, 0.2 g of sample was mixed with 2 mL of 80% methanol. The mixture
was vortexed for 3 min and allowed to stand at room temperature for
3 h. Then, the mixture was vortexed for 3 min. An aliquot of the meth-
anolic extract was mixed with 3.9 mL of 0.1 mM DPPH in 80% methanol.
The mixture was vortexed for 1 min and allowed to stand in the dark for
30 min and 60 min. Absorbance readings were performed in a spec-
trometer (SP 2000UV, Monza, Italy) at 517 nm using 0.1 mM DPPH in
80% methanol as a control. The radical scavenging activity was calcu-
lated according to Eq. (3) [30]:

RSA (%) = ((Asample_AcontTol)/Acantrol) x 100 (4)

where:

Acontroi: Absorbance of the DPPH solution without the sample
Asample: Absorbance of the sample with DPPH.
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2.2.12. Optical properties

The color parameters L*, a*, and b* were determined in a CM-700
colorimeter (Konica Minolta, Japan), with D65 illuminant, observation
angle of 10°, and specular reflectance included mode (SCI). The
measurements were performed with the films superimposed on
white-colored paper. The saturation index (C*) was calculated accord-
ing to the equation C* = [(a*? + b*2)!2].

The transparency of the films was determined by measuring the
transmittance percentage (% T) at 600 nm, using a spectrophotometer
(Bel Spectro S-2000; Monza, Italy), according to ASTM D1746-03 [31].
The films (3 x 1 cm) were fixed to allow the beam to pass through
the specimens without any obstacle. Transparency (T) was calculated
according to Eq. (5):
T = (Log%T)/6 (5)
where, T is the transparency of the film, and 6 is the film
thickness (mm).

The UV light absorption capacity of the films was determined in an
S-2000 spectrophotometer (Bel Spectro, Monza, Italy) at 280 nm,
320 nm, 400 nm, 600 nm, and 800 nm.

2.2.13. Statistical analysis

The experiment was carried out in a completely randomized design
(CRD) with three repetitions. The results of the thickness (mm), solubil-
ity (%), RP (MPa), D (mm), TS (MPa), EAB (%), ME (MPa), WVP (gm ! s-
1Pa—'), PO, (cm® mm m—2day~! atm'), optical properties, and antiox-
idant activity were subjected to analysis of variance (ANOVA) using the
SISVAR software [32], at p < 0.05, and means were compared by Tukey's
test. The results of SEM, FTIR, and TGA, were subjected to the descriptive
analysis.

3. Results
3.1. Scanning electron microscopy (SEM)

The surface micrographs of the blends without MPL exhibited a ho-
mogeneous, compact structure, without the presence of pores, with
some points of non-plasticized starch or starch molecules that
underwent retrogradation, which decreased with the increase in the
thermoplastic pectin concentration. These characteristics were main-
tained with the incorporation of MPL. However, non-dispersed MPL
was found in the formulations containing higher thermoplastic starch
concentrations (POL4 and P2514), which reduced with increasing the
concentration of thermoplastic pectin.

Probably, the presence of non-dispersed MPL in the blends contain-
ing higher thermoplastic starch concentrations was due to the different
polarity of the polymers. Starch contains oxygen carbon and oxygen-
hydrogen bonds, making it a polar molecule, while pectin has polar
and nonpolar molecules, and Kraft lignin is nonpolar according to pH.
Therefore, lignin interacts with the nonpolar groups of pectin by cova-
lent and hydrogen bonds, forming more uniform films. In contrast,
starch partially interacts with lignin, due to the difference in polarity,
through hydrogen bonds between the functional groups of the mole-
cules [10,19].

In addition to the better affinity between pectin and lignin, the
greater uniformity of the blends containing higher TPP concentrations
may be due to the lower viscosity of pectin, which dragged the MPL
through the extruder, thus providing a better MPL dispersion [19].

It is known that starch and pectin have strong interfacial adhesion,
due to the similarity of their structures, as both are polysaccharides,
making miscible blends [12,33].

Irregular surfaces such as protrusion and roughness were observed
mainly in the cross-sectional area due to the fracture region of the
blends and the thermopressing. In addition, phase segregation may
have occurred during the manufacturing process, once the plasticized
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polymer pellets were obtained separately, for later preparation of the
blends. Consequently, during extrusion, the low-viscosity pellets (TPP)
flowed more quickly in the extruder, with little contact with the
high-viscosity polymer (TPS) thus leading to the phase separation.
This behavior is shown in Fig. 2, in which the lighter and more transpar-
ent regions refer to the starch molecules, while the dark brown regions
refer to pectin, and the light brown refers to the mixture of both poly-
mers [12].

3.2. Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy was used to determine the possible interac-
tions between TPS, TPP, and MPL of the polymeric blends.

Fig. 3 shows similar spectra between the polymer structures, with
bands observed at 3287 cm ™! (OH stretching vibrations), 2924 cm™!
(CH stretching of stearic acid and methylene groups, and methyl
group of the pectin chains), 1649 cm~! (hydrogen bonds), and
925 cm~ ! and 1149 cm ™' (« 1,4 glycosidic bonds). Other common
bands were observed at 1076 cm™! (C-O-C stretching vibrations of
the saccharide structure, glucopyranose ring), 1016 cm~! (C-OH
stretching), 1410 cm ™! (characteristic of glycerol) and 1739 cm™! and
1201 cm ! corresponding to stearic and citric acids and ester linkages
of pectin [10,34-39].

The spectrum of the lignin microparticles showed characteristic
bands of this macromolecule at 1599 cm~!, 1516 cm~!, and
1419 cm ™! corresponding to C—C vibrations of the aromatic rings.
The bands located at 1319 cm ™!, 1206 cm ™!, and 1110 cm™! were re-
lated to the vibrations of the syringyl and guaiacyl rings. The band at
1027 cm ™! referred to the guaiacyl units, and the band at 824 cm™!
corresponded to the C—H vibration of aromatic rings [22,40,41].

A slight change in the band intensity was observed at 1725 cm™ !,
and 1201 cm ™! corresponding to the pectin ester groups, probably
due to the different concentration of this component in the blends
[34,38]. Aromatic compounds from MPL were observed in the blends,
evidenced by the appearance of a peak at 1519 cm™!, which was
more pronounced in the blends POL4, P50L4, and P100L4, due to the
presence of aromatic rings from lignin [10].

3.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis is essential to assess the degradation
temperature of the samples, and whether they are heat sensitive or
heat resistant.

The DTG plot (Fig. 4C) shows that the films made with pure TPS
(POLO) and pure TPP (P100LO) exhibited three degradation peaks,
whereas the blends showed four degradation stages. For all formula-
tions, the first stage was related to the evaporation event and water
loss (from 50 °C to 120 °C). The films made with pure TPS (POLO), and
TPS + MPL (POL4) presented two more degradation stages, which is
characteristic of thermoplastic starch and lignin, as follows: (II)
120 °C/255 °C elimination of glycerol and decomposition of hemicellu-
loses from MPL, with mass loss of 15.86% and 10.8%; (III) 300 °C/
350 °C starch and lignin degradation, with 50.51% and 51.10% of mass
loss [10,42,43].

As expected, the films made with TPP (P100L0O) and TPP + MPL
(P100L4) presented two more degradation stages. The first stage re-
ferred to the glycerol degradation at 160 °C, with mass loss of 15.21%
and 25.14%, and the pectin degradation at 240 °C, with mass loss of
37.54% and 43.08%, respectively [11,38]. The TPP-based film showed
lower thermal stability when compared to the TPS-based film (POLO),
once maximum peak temperatures of 224 °C and 312 °C were observed
for the formulations P100LO and POLO, respectively.

This is mainly due to the difference in the molecular structure of the
polymers. In the structure of pectin, there is the presence of carboxylate
groups (COO-) that promote greater degradation reactions in which it is
induced by several inter and intramolecular hydrogen bonds. [12,44].
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When analyzing the blends with and without the incorporation of
MPL, a characteristic behavior was observed for both polymers, which
showed that the blends were immiscible, once only one peak overlap
was observed (Fig. 4D), as previously reported by Moreira et al. [12].

There was an increase in Tonset in blends with 25% and 50% TPP
when compared to the formulation made with 100% TPS. However,
the blends containing a higher TPP concentration (75%) showed a re-
duction in Tonset. The addition of MPL did not change this parameter,
except for the concentration of 75% (P75L4), which showed a reduction
in temperature.

The maximum degradation temperature (Tmax) decreased with the
incorporation of TPP, which indicates a slight interaction between the
polymers, which changed de degradation temperature in the polymeric
matrix TPS [12]. However, when the lignin microparticles were added,
an increase in the maximum degradation temperature of the blends
P25L4, P50L4 and P75L4 was observed due to the presence of aromatic
compounds from MPL, thus improving their thermal stability (Table 2)
[10,45].

The incorporation of thermoplastic pectin to the thermoplastic
starch film gradually reduced the mass loss between the blends at the
end of the analysis, as shown in Table 2. The addition of the lignin micro-
particles led to a decrease in mass loss of the TPS (POLO) and TPP
(P100LO) films. However, the blends with higher TPP contents (P50L0
and P75L0) presented a reduction of mass loss at the end of the degra-
dation process. In contrast, no changes were observed for the blend
P25L0 with the incorporation of the microparticles.

Zhang et al. [15] reported an improvement in the thermal stability of
TPS based films containing up to 15% lignin, with maximum tempera-
ture values from 297 °C to 316 °C due to the presence of phenolic com-
pounds and the hydrophobicity of lignin. An improvement in thermal
stability was observed for the blends with 25% and 50% TPP due to
their better compatibility with MPL, in which the nonpolar fraction of
TPP interacts with MPL that is nonpolar [33,46,47].

Aqlil et al. [10] and Calgeris et al. [45] reported that the improvement
in the thermal stability of the films is due to the stability of the aromatic
structure of lignin at high temperatures. In addition, lignin interacted
with at least one of the polymers, leading to the formation of a cross-
linking network, mainly with TPP, as observed in the SEM images
(Fig. 1).

3.4. Mechanical properties

The mechanical properties allow evaluating the application of biode-
gradable and active films. These properties determine the resistance of
the films to protect a certain amount of food and to guarantee ease of
transport, handling, and storage.

As shown in Table 3, the incorporation of TPP into the TPS-based film
increased the maximum tensile strength (TS) and modulus of elasticity
(ME) and reduced the elongation at break (EAB) and deformation (D). A
reduction in resistance to perforation (RP) was observed, and the lowest

Table 2
Thermogravimetric analysis of films.

Sample T onset (°C)? T max (°C)® Weight loss 600 °C (%)
POLO 195 312 87,46
P25L0 249 308 79,42
P50L0 266 306 77,3
P75L0 192 306 74,72
P100LO 184 224 77,69
POL4 197 312 86,09
P25L4 249 312 79,43
P50L4 267 309 79,3
P75L4 189 308 75,9
P100L4 191 226 76,84

2 Temperature of onset of the maximum peak of degradation.
> Maximum degradation temperature.
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SURFACE CROSS - SECTION

P100L4

Fig. 1. SEM micrographs of the films obtained by extrusion: (I) films POLO (100% TPS), P25LO0 (75% TPS/25% TPP), P50L0 (50% TPS/50% TPP), P75L0 (25% TPS/75% TPP), P100L0 (100% TPP),
POL4 (100% TPS/4% MPL), P25L4 (75% TPS/25% TPP/4% MPL), P50L4 (50% TPS/50% TPP/4% MPL), P75L4 (25% TPS/75% TPP/4% MPL), P100L4 (100% TPP/4% MPL).

value was observed for the blends with higher TPP concentrations. A
similar result was observed for the blends with MPL. These results indi-
cate that the incorporation of TPP conferred a greater rigidity with lower
deformation, making the films more fragile.

The incorporation of MPL changed some properties of the films. The
blend P2514 presented increased EAB and D, that is, the film exhibited a
greater deformation, becoming less fragile. In the P50L4 blend, there
was a reduction in EAB, that is, it exhibited low elasticity. Concerning
the TPS-based films (POL4), a reduction in RP was observed, which be-
came less resistant due to the incompatibility between starch and the
lignin polymers, generating imperfections (Fig. 1). For the TPP-based

film (P100L4), there was a reduction in TS and RP, and an increase in
ME, that is, the film presented lower ductility and higher rigidity. This
improvement observed for the TPP-based films is mainly due to the
greater interactions between this polymer and MPL. For the other prop-
erties and other blends, no significant differences were observed be-
tween the films with and without the addition of MPL.

Moreira et al. [12] evaluated different proportions of high and low
methoxyl pectin and glycerol, and also observed that the higher TPS
concentration conferred lower rigidity when compared to the blends
containing higher TPP concentration. This behavior is shown by the
lower ME and TS, and higher EAB values of the blends with higher TPS

Table 3

Mechanical properties of films.
Sample TS (MPa) ME (MPa) EAB (%) RP (N/mm) D (mm)
POLO 0,53 + 0,17% 0,004 + 0,001° 83,54 + 2,47¢ 22,62 + 2,62 5,72 + 0,479
P25L0 1,26 + 0,16 0,031 £ 0,004 24,97 + 0,70 33,01 & 1,679 3,65 + 0,33¢
P50L0 0,99 + 0,25%¢ 0,027 + 0,08 30,72 + 6,21° 22,07 + 0,58 3,63 & 0,29°
P75L0 1,42 & 0,235 0,139 + 0,013¢ 823 + 2,832 18,15 + 1,90%¢ 2,55 + 0,13%
P100LO 3,57 + 0,38° 0,236 + 0,027¢ 10,77 + 1,15% 31,28 + 4,269 248 + 0,22
POL4 049 + 0,13 0,004 + 0,001° 91,21 + 4,87¢ 13,48 + 0,46° 6,34 + 0,04°
P25L4 1,47 + 0,21 0,021 + 0,006%° 43,88 + 9,48¢ 32,71 + 2,344 4,90 + 0,05¢
P50L4 0,80 + 0,03% 0,054 + 0,003 16,21 + 2,45% 22,09 + 2,115 3,56 + 0,19¢
P75L4 1,33 £ 0,215 0,085 + 0,019 13,72 + 1,79% 26,46 + 2,099 3,25 + 0,10
P100L4 2,02 + 0,25¢ 0,460 + 0,058° 4,83 + 0,56° 16,77 + 2,53% 2,08 + 0,18%

Means followed by equal letters in the column do not differ statistically from each other, by the Tukey's test (p < 0.05).
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Table 4
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Solubility analysis, water vapor permeability, film thickness and the oxygen permeability rate and coefficient at 23 °C/50% RH and 1 atm of partial oxygen pressure gradient.

Sample Solubility (%) PVA (g'm~'-s7!'-Pa”') x 103 Thickness (mm) PO, (cm®> mm m~2 dia—! atm™!)
POLO 0,59 + 0,16% 5,58 + 0,532 0,43 =+ 0,04 -

P25L0 0,47 + 0,05% 7,07 &+ 0,29 0,35 + 0,01 1,65 + 0,04
P50L0 0,46 + 0,08 9,01 + 1,39 0,33 + 0,027 1,95 + 0,15
P75L0 0,41 + 0,04% 8,65 + 0,45 0,42 + 0,02"¢ -

P100LO 0,67 + 0,10° 13,73 + 0,48¢ 0,51 + 0,02¢ -

POL4 0,37 + 0,117 1042 + 1,51¢ 0,46 + 0,01 -

P25L4 0,34 + 0,122 9,08 + 0,52 0,42 + 0,02 0,85 + 0,02°
P50L4 0,33 + 0,107 10,79 + 0,49° 0,35 =+ 0,02%° 0,68 + 0,21°
P75L4 045 + 0,04 8,61 + 0,67 0,42 + 0,02 -

P100L4 0,43 + 0,097 8,67 + 0,86 0,45 + 0,02< -

Means followed by equal letters in the column do not differ statistically from each other, by the Tukey's test (p < 0.05).

concentration, due to the presence of amylopectin molecules, which has
a branched and more flexible structure than amylose, thus promoting a
film with greater ductility.

3.5. Thickness, solubility, WVP, and PO,

The film thickness as well as interactions and arrangements can af-
fect the solubility, and the permeability to water vapor and oxygen.
Thinner films tend to have more hydrogen bonds and other chemical in-
teractions [48].

No changes were observed in the film thickness in the present study
for the polymer blends containing different TPS/TPP concentrations.
However, a slight increase in thickness was observed for the formula-
tions POL4, P25L4, and P50L4 with the addition of MPL, probably due
to the weak interactions between MPL and TPS. The formulation
P100L4 had a decrease in thickness, that is, the thermoplastic pectin
had stronger interactions with MPL when compared to TPS (Table 4).
These results corroborate with those found in scanning electron micros-
copy (Fig. 1) and FTIR (Fig. 3).

The determination of solubility allows assessing the solubility of the
material in an aqueous medium for a given time. The results indicate
whether the film can be used for foods with high water activity and
high moisture, which requires poorly water soluble films.

No difference was observed in the solubility of TPS/TPP-based films
with and without the addition of MPL. However, for all treatments,
the pure TPP film (P100L0O) was more soluble than the films POL4,
P2514, and P50L4, which contained TPS in the formulations. The blends
with higher TPS contents (P25L4 and P50L4) showed lower solubility
(27%) due to the presence of MPL, while the blend with the highest
TPP concentration (P75L4) showed an increase in solubility of approxi-
mately 9%. Kraft lignin is hydrophobic, which impairs the water absorp-
tion in the films [10].

The WVP of films is an important parameter, as it determines the
ability of a film to absorb water from the atmosphere into food. In-
creased water absorption can accelerate the deterioration and contrib-
ute to microbial growth [49,50].

No significant effect was observed for the WVP between the films
with MPL, while differences were observed for the films without the ad-
dition of MPL, with a higher WVP value for the treatment P100L0O. The
films P75L0, P50L0, and P25L0 also presented higher values when com-
pared with POLO (Table 4), showing that the addition of TPP to the
starch-based films increased the water vapor permeability.

This behavior is due to the presence of OH groups and high methoxyl
pectin, which have an affinity for water. Probably, the combination with
starch led to the formation of hydrogel complexes, resulting in greater
hydrophilicity [1].

When comparing all treatments, the film with 100% TPS (POLO)
showed higher WVP with the incorporation of MPL (POL4). On the
other hand, the film with 100% TPP (P100L0) showed a decrease in per-
meability with the addition of MPL (P100L4) (Table 4). This behavior is
probably due to the greater affinity between pectin and lignin micropar-
ticles, as shown by scanning electron microscopy (Fig. 1), thus filling the
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empty spaces in TPP, and impairing the permeate (water) to pass
through the film. In contrast, little interaction of the thermoplastic
starch (TPS) was observed for the film made with 100% TPS and addi-
tion of MPL, due to differences in polarity, leading to imperfections be-
tween the starch molecules and the lignin microparticles.

In the analysis of water solubility, the polymer is immersed in water,
therefore, all molecules present in the polymeric matrix will come into
contact with water [51]. In the WVP analysis, water vapor is transported
by the polymer, where three mechanisms occur: absorption of water
vapor on the film surface, diffusion of water vapor through the film
and, finally, water vapor desorption. on the surface of the film [52].
Therefore, the decrease in solubility values in the films after the addition
of MPL probably occurred due to the presence of hydrophobic particles
in the blends, protecting the films from water absorption [10]. Likewise,
the addition of MPL promoted an increase in the rate of permeability to
water, probably due to the weak interaction of MPL with polymers,
which may have facilitated the diffusion and desorption of the water
molecule in the polymeric network [20].

The incorporation of MPL into the polymeric blends reduced the rate
and the coefficient of oxygen permeability, proving its efficiency as an-
tioxidant agents.

The reduction in oxygen permeability values is directly related to the
presence of lignin microparticles in the films. In addition, MPL led to an
increase in tortuosity associated with the crosslinking effect, with the
formation of a three-dimensional network by covalent bonds,
preventing mass transport [29,53]. The phenolic groups from lignin
also acted as antioxidant agents, presenting greater activity at higher
concentrations, as shown in Table 5.

3.6. Antioxidant activity
The antioxidant activity is essential to evaluate the quality of the

active film for use in foods susceptible to lipid oxidation, which impairs
the food quality by changing the sensory characteristics. The analysis of

Table 5

Antioxidant analysis of TPS/TPP films without and with MPL obtained by extrusion.
Films RSA (%)
Time 30 min 60 min
POLO 2,61 + 0,98° 2,83 + 1,77°
P25L0 2,8 + 0,53* 2,72 + 0,49°
P50L0 4,12 £+ 0,35° 4,12 4+ 0,282
P75L0 4,61 £+ 0,14° 4,69 + 0,197
P100LO 8,69 + 038" 8,96 + 051"
POL4 66,83 + 1,32¢ 71,52 £+ 1,33¢
P251L4 66,51 + 1,83° 71,08 + 1,86°
P50L4 75,89 + 1,579 79,28 + 0,83¢
P75L4 80,03 + 0,37¢ 82,42 + 0,229
P100L4 81,27 + 0,61°¢ 83,29 + 0,64°

Means followed by equal letters in the column do not differ statistically from each other,
by the Tukey's test (p < 0.05).
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Table 6

Color analysis of films obtained by extrusion.
Sample L a b c* h°
POLO 85,55 + 1,12¢ —0,7 £+ 0,13° 3,18 + 1,427 328 + 1,38% 104,96 + 7,43°
P25L0 77,18 + 2,02¢ 1,85 &+ 0,92 19,87 + 2,12° 19,97 + 2,19° 84,90 + 2,11%°
P50L0 76,25 + 1,94¢ 2,61+ 1,17° 20,88 + 0,92° 21,07 £ 0,96° 82,92 + 3,08
P75L0 59,72 + 1,72° 10,48 + 0,97¢ 27,20 + 546° 2923 + 5,10° 68,33 + 4,13
P100LO 52,16 + 3,19%" 12,53 + 2,11¢ 21,28 + 6,17° 24,74 + 6,34 58,80 + 3,54°
POL4 42,50 + 6,78° 0,77 + 0,31 1,45 + 0,68° 1,77 & 0,36 57,41 £ 25,14°
P25L4 40,30 + 7,46 0,76 + 0,50% 1,64 + 0,55° 1,94 + 0,22° 63,46 + 22,42°
P50L4 40,10 + 7,76° 1,48 + 0,88 2,36 + 0,797 2,88 + 0,93* 60,01 + 15,35%
P75L4 40,08 + 7,65° 1,84 & 0,83 2,64 + 0377 331 4+ 047% 56,46 + 13,112
P100L4 4091 + 7,0° 1,14 £ 0,69 2,73 + 0,147 3,02 + 0317 68,30 + 11,65%

Means followed by equal letters in the column do not differ statistically from each other, by the Tukey's test (p < 0.05).

antioxidant activity by DDPH assay showed low antioxidant activity of
the TPS- and TPP-based films (Table 5).

The films with MPL (4%) exhibited higher antioxidant activity when
compared to TPS/TPP films, mainly those containing higher TPP concen-
trations (P75L4 and P100L4). In addition, the time of exposure to the
DPPH radical influenced the results, with higher values observed for
the films containing lignin microparticles (Table 5).

These results are due to the presence of phenolic groups, hydroxyls,
and double bonds in the structure of the lignin microparticle, which
acted as an antioxidant agent in the polymeric blends. These functional
groups act as free radical scavengers, donating hydrogen, and stopping
the oxidation reactions, due to the stabilization of free radicals [7,19,53].

3.7. Optical properties

The addition of TPP provided a lower L* (luminosity), higher a* (red/
green), b+ (yellow/blue) and C* (saturation) values, and lower h°
(hue), while the addition of 4% MPL reduced all color parameters, due
to the dark brown color of MPL.

The blends with TPS/TPP (P25L0, P50L0, and P75L0) presented pos-
itive a* (red), b* (yellow), and C* (saturation) values, which increased
with increasing the TPP concentrations, while lower values were ob-
served for the hue angle (h°).

When analyzing the films POLO to P100LO (Table 6 and Fig. 2), the
TPP changed the color of the films to a darker tone, from light beige to

P25L0

POLO

(P 7

POL4 P251L4

PS0L4

yellowish-red and then brown. As expected, the TPS-based film
(POLO) showed a higher hue angle (h°®), with a tendency for the blue
color, due to the lighter color of starch when compared to pectin,
which is white and light beige, respectively.

The TPP-based film showed a darker color than it was expected,
probably due to the heat treatment during the production of the films,
which led to non-enzymatic browning, known as caramelization.
Some factors are responsible for darkening, including heat
(temperature > 120 °C), pH values (9 < pH < 3), and time of exposure,
which is catalyzed by the presence of acids. For the production of the
films, citric acid (antioxidant agent) and stearic acid (anticaking
agent) was used. Thus, both compounds may have contributed to the
high temperature (extrusion and pressing) for the caramelization of
pectin during thermopressing and production of the films [54-56].

No differences in color intensity and luminosity were observed for
the films POL4 to P100L4 (Table 6), which exhibited an opaque dark
brown color. The incorporation of MPL into the films may have stan-
dardized the color, masking the color differences between the films
P50L0 and P75LO0 (Fig. 2).

Opacity (lower transparency rate) is a desirable parameter to de-
crease the passage of light in the packaging material used to protect
photosensitive foods [57], and the lower the value, the greater the opac-
ity of the film. Thus, the incorporation of MPL into the films increased
opacity, thus reduced the transparency, regardless of the amount of
thermoplastic starch and thermoplastic pectin used (Table 7). This

P100L0

P75L4

P100L4

Fig. 2. Films obtained after the extrusion and pressing: POLO (100% TPS), P25LO (75% TPS/25% TPP), P50LO (50% TPS/50% TPP), P75L0 (25% TPS/75% TPP), P100LO (100% TPP), POL4 (100%
TPS/4% MPL), P25L4 (75% TPS/25% TPP/4% MPL), P50L4 (50% TPS/50% TPP/4% MPL), P75L4 (25% TPS/75% TPP/4% MPL), P100L4 (100% TPP/4% MPL).
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Table 7

Transmittance analysis (%) and opacity of films obtained by extrusion.
Sample Transmittance (%) Tsoo

280 nm 320 nm 400 nm 600 nm 800 nm

POLO 0,74 + 0,75° 2,89 + 2,18 11,14 + 517 19,37 + 7,35° 26,15 + 8,63° 324 + 1,48°
P25L0 0,00 + 0,0° 0,35 + 0,25" 11,62 + 3,82 31,25 + 3,35 41,46 + 2,61 3,61 + 0,20
P50L0 0,00 + 0,0° 025 + 033" 9,03 + 1,96 33,01 £ 1,36° 4539 + 1,25° 474 + 0,19°
P75L0 0,00 + 0,0 0,00 + 0,0° 2,23 + 0,68° 27,75 £ 4,12 44,49 £ 542 3,59 + 0,55%
P100LO 0,00 + 0,0° 0,00 + 0,0° 0,46 + 0,23° 29,75 + 1,76° 55,26 + 1,66° 2,82 + 0,18°
POL4 0,01 + 0,017 0,01 + 0,03° 0,00 + 0,0° 0,01 + 0,01¢ 0,14 + 0,09° 0,00 + 0,0
P25L4 0,00 + 0,0° 0,00 + 0,0° 0,00 + 0,0° 0,01 + 0,01¢ 0,28 + 0,21¢ 0,00 & 0,0
P50L4 0,00 + 0,0° 0,00 + 0,0° 0,00 + 0,0° 0,07 + 0,09° 1,93 + 1,47¢ 0,00 & 0,0°
P75L4 0,00 + 0,0° 0,00 + 0,0° 0,00 + 0,0° 0,00 + 0,0 0,49 + 0,69° 0,00 + 0,0
P100L4 0,00 + 0,0 0,00 + 0,0° 0,00 + 0,0° 0,00 & 0,0 022 + 0,23¢ 0,00 & 0,0

Means followed by equal letters in the column do not differ statistically from each other, by the Tukey's test (p < 0.05).

result corroborates with the luminosity results, in which opaque mate-
rials do not transmit light, thus interconnecting with the decreased lu-
minosity of the films with MPL. This behavior was expected due to the
naturally dark coloring of the lignin microparticles.

According to Wang and Rhim [58], opacity is directly affected by
both the crystallinity of the material and the compact structures of
the polymer chains that hinder the light passage. Thus, the micropar-
ticles may have filled the empty spaces between the polymer chains,
providing more compact films, thus promoting greater opacity of the
blends.

A reduction in the transmission of UV light (280 nm, 320 nm,
400 nm) was observed in the blends made with thermoplastic pectin
without the addition of MPL, due to its naturally darker color when
compared with the thermoplastic starch (Table 6). As expected, the pro-
duction of blends with the incorporation of lignin microparticles de-
creased and even blocked light transmission at all wavelengths
evaluated, including ultraviolet light (280 nm and 320 nm), visible
light (400 nm and 600 nm), and infrared region (800 nm) (Table 7).

4. Conclusion

The present study is a pioneer in the use of thermoplastic starch
and thermoplastic pectin with the incorporation of lignin micropar-
ticles to produce polymeric films by extrusion for use in active
packaging. Regarding the film properties, pectin increased the me-
chanical strength and UV protection of the blends. The films with
25% and 50% thermoplastic pectin containing the lignin microparti-
cles showed greater thermal stability, and the blend exhibited better
mechanical properties when compared to the reference standards.
All blends with the incorporation of lignin microparticles presented
an increase in UV protection, becoming more opaque, with a dark
brown color. The blends P25L4 and P50L4 presented a lower oxygen
permeability and good antioxidant capacity. Therefore, the formula-
tion made with 25% thermoplastic pectin containing lignin micro-
particles has proven to be an effective alternative for use in foods
sensitive to oxygen and UV light.
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