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ARTICLE INFO ABSTRACT

Keywords: In the present work, faba bean protein (FBP) films plasticized with glycerol and reinforced with different
Proteins films amounts (2.5, 5.0, 7.5 and 10% by weight of FBP) of lignin extracted from pine cones (PL) have been obtained by
Faba beans solution casting. The results obtained showed an elongation at break of 111.7% with the addition of 5% PL to the
f;g:iﬁone FBP film, which represents an increase of 107% compared to the FBP control film. On the other hand, it was
Packaging observed by thermogravimetric analysis (TGA) that the incorporation of lignin improved the thermal stability of

the FBP film, leading to an increase in the protein degradation temperature, being this increase higher in the
sample film reinforced with 10% PL. The barrier properties of the FBP films were also affected by the presence of
lignin, leading to a decrease in water vapor permeability (WVP) in comparison to the unreinforced film. The
results show that the sample reinforced with 2.5% PL had the lowest WVP value, with a reduction of 25%
compared to the control film. Chemical analysis by Fourier transform infrared spectroscopy (FTIR) confirmed the
formation of intramolecular interactions between lignin and proteins which, together with the inherent hydro-
phobicity of lignin, resulted in a decrease of the moisture content in the films reinforced with PL. This research
work has allowed the development of biobased and biodegradable films with attractive properties that could be
of potential use in sectors such as packaging.

1. Introduction

Currently, due to growing environmental and economic problems,
lignocellulosic biomass, which is a renewable resource, constitutes a
promising alternative to non-renewable petroleum resources. For
instance, biopolymers obtained from natural sources offer a great op-
portunity since they have interesting properties, such as renewability
and biodegradability (Sadasivuni et al., 2020; Yadav et al., 2018) and, in
some cases, they can offer even biocompatibility (Gnanasekaran, 2019;
Nagarajan et al., 2019). Therefore, they can be considered as environ-
mentally friendly materials (Bourtoom, 2009).

An interesting application of biopolymers includes packaging that
could replace single-use synthetic plastics that cause a great amount of
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waste (Denavi et al., 2009; Dey et al., 2021; Walker et al., 2021). That is
one of the reasons why different sectors such as the food industry have
focused on finding materials with biodegradable properties in order to
find new packaging to protect and extend food shelf life (Mon-
talvo-Paquini et al., 2014). A wide range of biopolymers can be found in
nature, among them lipid-based polymers, proteins and polysaccharides
including cellulose and starch, among others (Shankar et al., 2015), that
represent promising options to be used as biobased and biodegradable
materials. With regard to polysaccharides, they can provide different
properties, including thickening, crosslinking, and adsorption (Xia et al.,
2020). In the case of cellulose, it could provide high crystallinity to these
biobased materials (Khalil et al., 2017). Starch offers excellent
biocompatibility and exceptional film-forming properties (Agarwal,
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2021). In the case of proteins, they have been used as films for pack-
aging, especially because of their apparent good oxygen barrier prop-
erties, and unique structure that allow having good mechanical
properties. This is caused by the existence of a high amount of polar
groups in its structure, leading to high intermolecular binding (Anker
et al., 2000). However, this property is still low compared with synthetic
polymers (Bourtoom, 2009). Another drawback of protein films is their
poor water vapor barrier due to their inherent hydrophilicity (Gonzalez
et al., 2011; Montalvo-Paquini et al., 2014). To overcome some of the
limitations presented by proteins, different strategies have been inves-
tigated, including mixing with hydrophobic additives, e.g fatty acids
(Jongjareonrak et al., 2006; Niegelhell et al., 2017), lipids (Garcia et al.,
2000; Rhim, 2004), waxes (Kim et al., 2002; Niegelhell et al., 2017), or
simply changing the drying conditions (Denavi et al., 2009). Another of
the studied methods include the use of cross-linkers such as formalde-
hyde (Rhim et al., 2000), glutaraldehyde (Marquie, 2001), and glyoxal
(Makishi et al., 2013), among others. All these strategies try to enhance
the cohesion properties of the protein polymeric matrix with the main
objective of improving the barrier and mechanical properties (De Car-
valho and Grosso, 2004). Nevertheless, some of them give somewhat
cytotoxicity and are not suitable for use in food packaging (Gonzdlez
et al., 2011). One of the most widely used alternatives to enhance the
flexibility, extensibility and processability of proteins involves the use of
plasticizers (Kokoszka et al., 2010; Ramos et al., 2013), being glycerol
the most commonly used because it is biodegradable, non-toxic and
recyclable properties (Pagliaro et al., 2007; Wolfson et al., 2007).
Currently, the use of proteins combined with some other natural mate-
rials as biopolymers is being studied. Surprisingly, despite that lignin is
the second most abundant natural polymer on the earth after cellulose,
its use as additive in protein-based polymers has barely been investi-
gated (Austin and Ballaré, 2010; Upton and Kasko, 2016). Lignin is an
amorphous polymer that contains three phenylpropanolic monomers
linked by carbon - carbon and ether bonds (Upton and Kasko, 2016). It
has many reactive hydroxyls groups that are capable of forming strong
hydrogen bonds with polymers, which could allow improving physical
properties such as adhesion, adsorption, among others (Ciobanu et al.,
2004; Liu et al., 2005). In addition, lignin is a low-cost raw material and
it has been normally used as low-value fuel (Upton and Kasko, 2016).
Therefore, it could be used to obtain lignin-based materials with higher
added value. Lignin can be considered as a good reinforcement for
proteins due to its intrinsic hydrophobicity that could contribute to
improve moisture resistance to protein-based films (Gadhave et al.,
2019). In addition, the hydrogen in the phenolic group of lignin can
readily interact with some functional group in protein to give a
cross-linked structure. This may contribute to the increase in tensile
strength, thermal stability, and Young’s modulus (Gadhave et al., 2019;
Huang et al., 2003). There are some studies that report the use of lignin
and its positive effects on protein-based films. Arancibia et al. (2014),
obtained bilayer films with isolated soy protein isolated, lignin, and
formaldehyde. The use of lignin provided a noticeable improvement in
protection against UV-VIS light, which might happen due to the strong
light absorption of lignin and its capacity for autoxidation. Gomide et al.
(2021), reported the improvement in the thermal and mechanical
properties in protein-based films of whey protein isolate with different
amounts of lignin microparticles. Moreover, the films containing the
highest amount of lignin microparticles of 0.75% (w/w) showed anti-
oxidant properties. Zadeh et al. (2018) reported interesting properties of
isolate soy protein films for packaging applications. They reported the
use of lignin-based additives, namely lignosulfonate and alkali lignin.
With regard to lignosulfonate, this allowed to improve mechanical
properties and water absorption, meanwhile, films with alkali lignin
offered high light absorption in the UV region.

Faba bean (Vicia faba L.), are considered to be one of the oldest grain-
legume crops, and still has an important world production (Alharbi and
Adhikari, 2020; Hendawey and Younes, 2013). They are a rich source of
carbohydrates (51-68%, dry matter) and proteins (20-41%, dry matter).
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The growing conditions and the type of grain influence the proportion of
protein and carbohydrate (Hendawey and Younes, 2013). Faba bean has
been traditionally used in Mediterranean countries, as well as other
countries as Pakistan, India, China among others. It has been also used as
animal feed and to prevent soil erosion as a cover crop (Vioque et al.,
2012), so the idea to use this high-protein content bean in other high
added-value applications could be promising. Faba bean has been pro-
posed as biobased polymer for films with potential uses in the food in-
dustry (Montalvo-Paquini et al., 2013; Saremnezhad et al., 2011)

The purpose of the present study is to analyze how the addition of
different lignin contents derived from pine cone (2.5, 5.0, 7.5 and 10 wt
%) influences the thermal, mechanical, morphological, barrier and op-
tical properties of FBP films. Furthermore, the effect of lignin on the
water susceptibility of the FBP film, as well as on its structural modifi-
cations, has also been studied. The authors expect lignin and faba bean
protein to interact through hydrogen bonding, as both components
possess hydroxyl functionalities that could react with each other and
help to improve the linkage between them in the film.

2. Experimental
2.1. Materials

Faba beans of the gloria variety used were provided by the Research
Institutes of Sweden (RISE). The lignin was obtained from pine cones of
the Pinus Pinea species, collected in pine forests in the mountains of
Alicante (Spain). Glycerol (C3HgO3, purity >99.0%) was supplied from
Sigma Aldrich (Madrid, Spain). Hydrochloric acid (HCl, purity of 36%)
and sodium hydroxide (NaOH, purity >97.0%) were provided by VWR
(Darmstadt, Germany).

2.2. Isolation of faba bean protein (FBP)

The isolation of bean protein (FBP) was performed according to the
methodology reported by Rojas-Lema et al. and is widely used in protein
isolation (Rojas-Lema et al., 2021). For this, faba bean were dehulled,
and then milled in order to obtain a powdered flour. The milling process
was carried out in a rotary mill from Brabender (Duisburg, Germany).
Subsequently, faba bean flour was added to distilled water at a ratio 1:10
(w/v) and the pH of the obtained solution was adjusted to 9.0 using a 2
M NaOH solution to improve the protein solubility. The final solution
was stirred at room temperature for 1 h, then it was centrifuged in a
Sorvall Lynx 6000 centrifuge from Thermo Scientific (Langenselbold,
Germany) at 3700 G for 30 min and 18 °C. The pH of supernatant was
adjusted to 4.0 using a 1M HCl solution to precipitate the protein. It was
stirred at room temperature for 1.5 h and centrifuged at 3700 G for 30
min and 18 °C. The precipitates were collected and re-dispersed in
distilled water with a ratio 1:10 (w/v). The pH of the suspension was
changed to 4.0 and then, centrifuged in the same conditions as above.
Finally, the precipitated protein obtained was frozen and freeze-dried.

2.3. Isolation of pine cone lignin (PL)

The lignin was extracted from a side stream of a pine cone bio-
refinery process as described by Trifol et al. (2021) with minor modifi-
cations. Briefly, pine cone particles were treated with two consecutive
alkali treatments, firstly at 1.5 M NaOH at 110 °C for 1 h and thereafter
at 1M NaOH and 155 °C for 3 h. The mixture was separated by filtration
and the liquor fraction obtained from the second alkali treatment was
subjected to an acid precipitation in order to obtain the lignin. For this,
the liquor was heated to 60 °C under magnetic stirring, and sulfuric acid
(64 wt%) was added dropwise until reaching pH 2. The solution was
kept for 30 min under magnetic stirring and cooled in an ice bath.
Subsequently, the solution was centrifuged at 3000 rpm for 5 min to
recover the sediment fraction. Finally, the sediment was frozen and
freeze-dried to obtain the pine cone lignin (PL) used.
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The obtained fraction showed a lignin content of 73%, the rest was
16% of hemicelluloses (mainly xylose and arabinose), 4% of cellulose
and 6% of ashes. The average molecular weight (M,,) of lignin fraction
was 11,740 g/mol with a polydispersity index (PDI; M,/M,) of 2.92
(Trifol et al., 2021).

2.4. Preparation of FBP/PL films

Faba bean protein films were prepared by a solution casting method.
Control film was prepared dissolving 3% (w/v) of FBP in distilled water
and then, adding 30% (w/w) of glycerol with respect to the dry weight
of FBP. The resultant solution was adjusted to pH of 10.5 using a 2 N
NaOH solution and kept under mechanical stirring for 1 h. Then, the
resultant solution was heated in a water bath to 80 °C during 30 min,
and then cooled down to room temperature in order to promote protein
denaturation. FBP/PL films were prepared using the same process as for
the control film but with the addition of different amounts of PL (2.5, 5,
7.5, and 10 wt% based on the dry weight of FBP) after 1 h of stirring.
After lignin addition, the solution was adjusted to pH 10.5 and stirred by
2 h, and then denatured as indicated before. The different solutions
prepared were placed into Petri dishes and dried for 24 h at 50 °C to
remove water. The films were then conditioned in a desiccator at 25 °C
and 50% relative humidity (RH) for 48 h before testing. All films were
developed in triplicate. The film compositions can be observed in
Table 1.

2.5. Characterization techniques

2.5.1. Film thickness

A micrometer from Kalkum Ezquerra (La Rioja, Spain) with a
sensitivity of £0.001 mm was used to measure the thickness of the films.
All films were measured on at least ten random points in different parts
of the film, and the average value was determined.

2.5.2. Thermal properties

The thermal stability of the FBP/PL films was examined in triplicate
by thermogravimetry (TGA) on a thermogravimetric balance Linseis
model PT1000 (Selb, Germany). The samples, weighing about 13-15
mg, were placed in 70-pL standard alumina crucibles and subjected to a
heating program from 30 °C to 700 °C at a heating rate of 10 °C/min in
nitrogen atmosphere (with a constant flow rate of 66 mL/min).

2.5.3. Mechanical properties

Tensile tests of the films were carried out in a universal test machine
Elib 50 from S.A.E. Ibertest (Madrid, Spain), following the standard
method ISO 527-3:2018. Tests were performed using a load cell of 100
N and a cross-head speed of 5 mm/min at room temperature. Rectan-
gular samples (6 x 80 mm?) of each film were placed between the
clamps with an initial gap of 50 mm. Five samples of each composition
were tested and the corresponding tensile strength, Young’s modulus
and elongation at break were averaged.

2.5.4. Moisture content
The moisture content (MC) of FBP control film and FBP/PL films was
determined gravimetrically through the weight loss measurement of the

Table 1
Composition and coding FBP films with different amounts of PL.
Code Content
Proteins (g)  Glycerol (§)  Water (8§)  PL (wt% on dry FBP)
FBP 3 0.9 96.1 0
FBP/PL-2.5% 3 0.9 96.1 2.5
FBP/PL-5.0% 3 0.9 96.1 5.0
FBP/PL-7.5% 3 0.9 96.1 7.5
FBP/PL-10% 3 0.9 96.1 10.0
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films, following the procedure described by Gonzalez et al. (2019). For
this end, preconditioned samples (1 x 1 cm?) were weighed. Then they
were dried for 24 h in an oven at 105 °C and weighed again. The MC of
each film was obtained in triplicate following Equation (1).

Initial film weight — Dried film weight

M =
(%) Initial film weight

x 100 (D)

2.5.5. Water solubility

The water solubility (WS) of FBP control film and its composites with
PL was obtained triplicate following the method described by Masamba
et al. (2016), with few modifications. For this, the different films were
cut into square pieces (1 x 1 cmz), dried for 24 h in an oven at 105 °C
and subsequently weighed. The films were then deposited into a tube
with 10 mL of distilled water during 24 h at room temperature. The
undissolved films were then dried in an oven at 105 °C for 24 h and
finally weighed. The water solubility of films was determined by
following Equation (2):

Initial film weight — Dried film weight

1 2
Initial film weight x 100 )

WS (%) =

2.5.6. Static contact angle

The film surface wettability was studied through the water contact
angle (0) measurement using an optical goniometer EasyDrop-FM140
from Kruss Equipment (Hamburg, Germany) following the ISO
828:2013. In this case, a drop of distilled water (5 pL) was deposited on
the film surface exposed to air during the drying process and the angle
between the droplet and the film surface was determined using an image
analyzer software. All the contact angles measurements were carried out
at 15 s after the droplet was deposited on the film surface. For each film,
ten measurements of the water contact angle were collected and
averaged.

2.5.7. Color parameters

Color of the FBP control film and its composites with PL was deter-
mined with a KONICA CM-3600d COLORFLEX-DIFF2 colorimeter, from
Hunter Associates Laboratory (Virginia, USA). The colorimeter was
calibrated using a standard white tile and the measurements were ob-
tained using standard illuminant D65 and an observer angle of 10°. L*,
a*, and b* color coordinates were measured on each film. Five different
measurements were taken and the corresponding color coordinates were
averaged. The total color difference (AE) was determined by Equation
(3):

AE=\/(AL') + (4a’)’ + (ab')? -

where AL*, Aa* and Ab* are the color parameters differences between
samples and the control film (L* = 40.9, a* = 1.7, b* = 11.7).

2.5.8. Water vapor permeability (WVP)

The WVP test was performed gravimetrically in triplicate following
the ISO 53097:2002 standard. For this end, circular films (10 cm?) were
placed and sealed on permeability cups from TQC Sheen B.V. model
VF2200 (Capelle aan den IJssel, Netherlands). Two grams of dried silica
gel (0% RH) was placed in each cup and subsequently sealed with the
films and placed in a desiccator with a saturated KNO3 solution at a RH
of approximately 80% and at 25 + 1 °C. Finally, each cup was weighed
hourly for a total of 6 h. The variation of cup weight was plotted as a
function of time and the slope was obtained by linear regression, to
calculate the water vapor transmission rate (WVTR) by the following
Equation (4):

Am

WVTR =—— (C))
txXA

where Am is the weight gain of the cup (kg) at time t (s) and A is the
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exposed area of the film (m?).
On the other hand, the water vapor permeability (WVP) was calcu-
lated according to the following Equation (5):
WVTR

wvp=_ TN 5
Sx (RH, —RHy) "¢ )

where S is saturation pressure of water vapor at test temperature (Pa),
RH, is the relative humidity inside of the desiccator (%) and RHj is the
relative humidity inside the cup (%) and e is the average thickness of
sample (mm).

2.5.9. Field emission scanning electron microscopy (FESEM)

A FESEM model ZEISS ULTRA55 Oxford Instruments (Abingdon, UK)
was used to analyze the morphology of the cryofractured surfaces of the
different films. Prior to observation, the samples were metallized with a
gold-palladium alloy in a sputter coater EMITECH mod. SC7620
Quorum Technologies Ltd., (East Sussex, UK). Samples were analyzed at
an accelerating voltage of 2 kV.

2.5.10. Attenuated total reflection-fourier transform infrared spectroscopy
(ATR-FTIR)

The FTIR curves for the FBP films were obtained using an infrared
spectrometer with an attenuated total reflection accessory (ATR) from
PerkinElmer (Massachusetts, USA). Each sample was subjected to a total
of 16 scans in 4000 and 500 cm ™! range using a resolution of 4 cm ™"
The obtained spectra were baseline corrected and normalized to a

limiting ordinate of 1 absorbance unit.

2.5.11. Statistical analysis

Statistical analysis was performed to establish the effect of lignin
content on the mechanical, optical and water susceptibility properties of
the different obtained films. Analysis of variance (ANOVA) was per-
formed on the experimental data and mean values were compared at a
95% confidence level (p < 0.05) according to Tukey’s test using Ori-
ginPro2018 software.

3. Results and discussion
3.1. Thermal properties

The effect of PL content on the thermal stability of the FBP films was
studied by thermogravimetric analysis (TGA). Fig. 1 shows the TGA and
the first derivative curves (DTG) plots of lignin, FBP film and FBP/PL

films. The main degradation temperatures of the films are summarized
in Table 2. It can be seen that FBP film and its composites with PL show

a)

70

60

50

40 4

—PL

Weight loss (%)

0] —FBP
FBP/PL-2.5%
204 ——FBP/PL-5.0%

——FBP/PL-7.5%

101 FBP/PL-10%

Temperature (°C)

T T T T T T
100 200 300 400 500 600 700
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Table 2

Thermal degradation temperatures and residue mass of pine cone lignin (PL) and
FBP films reinforced with different amounts of PL obtained by thermogravimetry
(TGA).

Sample T Tmax Stage Tmax Stage Tmax Stage Residue
(O] 1(°0) 2(°0) 3(°C) Mass (%)
PL 489+ - 253.4 + 377.9 + 36.4 + 1.1°
0.9" 2.3° 2.1°
FBP 61.9 + 105.8 + 236.3 + 295.5 + 20.5 + 0.2°
1.5° 2.5% 2.0° 1.9°
FBP/PL- 56.4 & 101.1 + 244.4 + 298.4 + 20.6 + 0.4°
2.5% 2.3 2.0° 1.2° 1.4°
FBP/PL- 55.5 + 103.1 + 241.5 + 301.3 + 21.2 +0.3°
5.0% 1.6° 3.1° 0.5" 2.1°
FBP/PL- 65.8 + 101.3 + 240.8 + 304.7 + 24.2 + 0.3°
7.5% 1.5¢ 1.8° 1.3° 1.2°
FBP/PL- 88.4 + 121.4 + 242.4 + 309.3 + 25.6 + 0.5¢
10% 4.9° 3.7° 2.1° 1.7°

[a] Ty was calculated with a weight loss of 1%.
? Different letters in the same column indicate a significant difference (p <
0.05).

three degradation stages (Rojas-Lema et al., 2021). The first degradation
stage is related to the evaporation of moisture contained in the films. In
this first stage, the addition of lignin in the FBP film hardly has an effect
on the moisture evaporation temperature, except for the sample rein-
forced with 10% lignin, where there is a significant increase in the
degradation temperature, changing from 105.8 °C for the unreinforced
FBP film up to 121.4 °C for the film reinforced with 10% PL. This in-
crease in temperature in the first stage of the film reinforced with 10%
PL may be due to the good dispersion of the lignin particles in the
protein matrix, which act as a barrier effect hindering the water vapor
evaporation (Yang et al., 2015). The second degradation stage involves
the degradation of the glycerol used as plasticizer. In this case, it can be
observed that the addition of lignin in the FBP film leads to a slight
increase in the degradation temperature, obtaining a degradation tem-
perature of around 242 °C for all the reinforced FBP films regardless the
PL content. The higher degradation temperature may also be the result
of the barrier effect caused by the good dispersion of the lignin particles
in the film, which delays the degradation of the glycerol (Gomide et al.,
2021). Finally, the third degradation process is associated with the
protein degradation, which takes place at around 295.5 °C. After the
addition of different amounts of PL to the FBP films, the final degrada-
tion temperature increases as the lignin amount in the FBP matrix rises,
reaching the highest degradation temperature in the sample with 10%
PL, 309.3 °C. This increase in protein degradation temperature can be
due to the higher thermal stability of lignin with respect to proteins, and

05 —PL
——FBP
—— FBP/PL-2.5%
04 —— FBP/PL-5.0%
—— FBP/PL-7.5%
FBP/PL-10%
o 03
-
o
024
01 -><>/
0,0

T T T T T
100 200 300 400 500 600 700

Temperature (°C)

Fig. 1. Thermogravimetric (a) and first TG derivative (b) plots of lignin and FBP films reinforced with different amounts of PL.
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also to the interactions between proteins and lignin, that lead to an
improvement in the overall thermal stability compared to the control
FBP film (Zadeh et al., 2018). As it has been reported by Oliveiro et al.
(Oliviero et al., 2011), hydrogen bonding interactions between amino
acid groups in zein protein and lignin functional groups have a positive
effect on thermal stability. As they confirmed in zein-lignin nano-
composites, these interactions are more intense at low lignin concen-
trations. The strong hydrogen bonding is responsible for destructuring
secondary structures of the zein protein which allowed an extensive
protein conformational change with a positive effect on overall prop-
erties, including mechanical and thermal behaviour.

With regard to lignin, as can be seen, its degradation occurs slowly
over a wide temperature range. Several authors have shown that its
degradation extends to temperatures higher than 900 °C (Haykiri-Acma
et al., 2010; Sameni et al., 2014). This wide range of lignin degradation
is due to the structural complexity of this molecule, which is formed by a
multitude of aromatic rings with high branching. The higher thermal
stability of lignin, together with fixed carbon and mineral matter formed
during its pyrolysis is the reason why the residue observed at 700 °C in
the films increases as the lignin content in FBP films increases (Wadrzyk
et al., 2021).

3.2. Mechanical properties

The thickness and tensile mechanical properties of FBP film and FBP/
PL films are shown in Table 3. Results show that, the control film (FBP)
has a tensile strength around 4.9 MPa, a Young’s modulus close to 182
MPa and an elongation at break of 54%. The addition of PL to the FBP
film results in higher tensile strength, with the tensile strength
increasing as the PL content in the film rises. As can be seen, the FBP film
reinforced with 10% PL has the highest tensile strength, with a value of
9.3 MPa, which represents an increase of around 90% with respect to the
values obtained for the unreinforced FBP film. This increase in tensile
strength may be due to the good compatibility between proteins, glyc-
erol and lignin, since the hydroxyl groups (-OH) contained in FBP and
glycerol are able to bind to the hydrophilic groups present in PL,
creating strong linkages between the matrix and the reinforcement
(Gomide et al., 2021). On the other hand, it can be observed that the
Young’s modulus also increases as the PL content in the FBP films in-
creases, except in the film with a 5% of PL content, where a decrease is
observed with respect to the film reinforced with 2.5% PL. In this case,
the film with the highest stiffness is the FBP film containing 10% PL,
with a Young’s modulus value of 378.2 MPa, representing a 108% in-
crease over the control film. As with tensile strength, the increase in
Young’s modulus in PL-reinforced films may be due to strong intra-
molecular and intermolecular interactions between proteins and lignin
that restrict segment rotation and molecular mobility, thus increasing
the resistant mechanical properties (Huang et al., 2003).

Table 3
Thickness and tensile properties of FBP films reinforced with different amounts
of PL.

Sample Thickness Tensile Young’s Elongation at
(pm) Strength Modulus (MPa)  break (%)
(MPa)
FBP 2925 + 4.9 +0.2° 182.4 +17.2° 54.0 + 3.5"
12.5°
FBP/PL- 258.7 + 4.8+0.5° 239.4 + 125>  60.5 + 5.9°
2.5% 11.8°
FBP/PL- 351.2 + 5.3 +0.8" 196.2 + 8.6¢ 111.7 £ 7.7¢
5.0% 33.7¢
FBP/PL- 297.5 + 5.5 + 0.4° 243.5 +9.24 99.9 + 1.9¢
7.5% 17.14
FBP/PL- 3725 + 9.3 +0.3¢ 378.2 + 5.2° 56.4 + 4.9°
10% 23.3¢
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As shown in Table 3, the incorporation of PL to the FBP film leads to
an increase in the elongation at break for all samples, except for the film
reinforced with 10% PL, which has an elongation at break similar to the
control film. As can be seen, the sample reinforced with 5% PL has the
highest elongation at break with a value of 111.7%, which represents an
increase of around 107% compared to the control film. For PL contents
higher than 5%, a decrease in elongation at break is observed. This in-
crease in the elongation at break of reinforced samples with a lignin
content lower than 10% may be due to the molecular weight variation of
lignin, since the low molecular weight fraction can lead to a plasticizing
effect, while the high molecular weight fraction leads to brittle mate-
rials, as demonstrated by Baumberger et al. (1998). Similar behavior
was observed by J Huang et al. (2003) after addition of different
amounts of alkaline lignin (AL) in soy protein isolate films. They re-
ported that the incorporation of 10% AL in the soy protein film led to a
simultaneous increase in tensile strength and elongation at break,
whereas higher AL content led to a decrease in the elongation at break.
Duval et al. (2013) also observed an increase in Young’s modulus and a
slight increase in elongation at break after addition of 15% kraft lignin in
wheat gluten films. These unexpected properties in the films demon-
strate the complexity of the interactions between proteins and lignin.

3.3. Water susceptibility

One of the main drawbacks of protein-based films is their high sus-
ceptibility to water due to their hydrophilic nature. Table 4 shows the
water solubility, moisture content and contact angle values of FBP film
and FBP/PL films. The results show that, the incorporation of PL to the
FBP film leads to a decrease in moisture content. However, changes in
moisture content are not statistically significant with increasing pine
cone lignin content. Similar behaviour has been reported by Oliviero
et al. in zein protein and different lignin content (Oliviero et al., 2011).
They reported the control zein film had a water uptake of about 12%
while the addition of lignin (lignosulfonate) in the 1-10 wt% range, did
not provide a significant decrease in the water uptake due to the hy-
drophilic nature of the sulfonic acid groups. Anyway, they observed a
slight decrease in water uptake of zein-lignin (lignosulfonate) nano-
composites up to 3 wt% lignin content. In contrast, they observed that
the addition of alkaline lignin (AL) did provide a clear decrease in water
uptake due to the hydrophobic nature of AL, specifically for a lignin
content of 1 wt%. Thus, they confirmed that depending on the type of
lignin, it can tailor the moisture absorption properties. In this work, the
decrease in moisture content is not statistically significant which agrees
with the results reported on zein-lignosulfonate nanocomposites. In this
case, the slight reduction in moisture content in films reinforced with PL
could also be due to the low availability of hydrophilic groups in the
protein by the formation of intermolecular interactions via hydrogen
bonds between this and lignin, resulting in a reduction of the number of
active sites capable of interacting with water molecules (Sakunkittiyut

Table 4
Water solubility, moisture content and contact angle of FBP films reinforced
with different amounts of PL.

Samples Water solubility Moisture content Water contact angle
(%) (%) ®)
FBP 31.1 + 0.6" 15.5 + 1.1% 57.3 £ 0.3"
FBP/PL- 30.2 &+ 0.5° 15.3 £ 0.6" 56.5 + 0.7°
2.5%
FBP/PL- 30.0 +1.2° 14.9 £ 0.2° 45.9 + 1.2°
5.0%
FBP/PL- 30.4 + 0.5" 13.7 £ 0.1° 43.6 +1.4°
7.5%
FBP/PL- 29.9 + 0.9° 13.7 + 0.4" 40.9 + 0.7¢

10%

 Different letters in each property indicate statistically significant differences
between samples (p < 0.05).

 Different letters in each property indicate statistically significant differences
between samples (p < 0.05).
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etal., 2013; Yang et al., 2015). With regard to the water solubility of the
FBP films, Table 4 shows that the addition of PL into the FBP films hardly
affects it, obtaining for all the PL-reinforced FBP films similar water
solubility values to that of the control FBP film, around 30%. The surface
hydrophilicity of the FBP films was also confirmed by measuring the
water contact angle on the film side exposed to air during films drying.
As shown in Table 4, the water contact angle of the control FBP film is
57.3°. After the addition of PL into it, the water contact angle decreases
with increasing PL content. It can be seen that the lowest contact angle
was obtained in the film with the highest lignin content (10%), in which
a water contact angle of 40.9° was obtained, representing a decrease of
about 29% with respect to the control FBP film. Although this result can
be contradictory, this behavior is due to the increase in surface rough-
ness caused by the presence of lignin in the film, which favors wetting
and could mask the hydrophobic effect of lignin observed in the mois-
ture content (Crouvisier-Urion et al., 2016).

3.4. Structural chemical properties

Fig. 2 shows FTIR-ATR spectra of the control FBP film and the FBP
films reinforced with PL in the wavenumber range comprised between
4000 and 500 cm ™. First, the control film exhibits characteristic bands
between 500 and 750 cm ™, which correspond to the glycerol plasticizer
(Gomide et al., 2021). These bands can be observed in all the spectra
shown in Fig. 2. Other main peaks are observed at 900 and 1150 cm™?,
ascribed to the N-H bond and C-H stretching vibration (type III amide).
The bands between 1400 and 1550 cm ™! are related to the type II amide
N-H stretching, while peaks between 1600 and 1700 cm ™" are related to
the C=0 and C-N stretching vibration of the type I amide (Carvalho
et al., 2020). It can be observed a decrease in these last peaks with an
increase in lignin concentration. This effect is especially noticeable in
the FBP/PL-7.5% film. A similar phenomenon was registered by Alvar-
enga et al. (Gomide et al., 2021), who related this decrease in the in-
tensity of the peaks to the presence of secondary proteins that lose their
conformation during the heating of the solutions that would form the
film, provoking different interactions between the elements in the so-
lution that, as a result, decrease the intensity of the main bands of the
control FBP film. Another reason for this observation could be the
dilution effect of faba bean proteins, as they are partially substituted by
lignin. The peaks at 2850 and 2980 cm™! are ascribed to the stretching
of the C-H group, and the peak at 3272 cm ™! is associated with the O-H
and N-H groups contained in the faba bean protein (Ramos et al., 2013).
The addition of lignin to FBP did not provoke significant changes in the

FBP/PL-10%

FBP/PL-7.5%

FBP/PL-5.0%

FBP/PL-2.5%

Normalized absorbance

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Fig. 2. FTIR spectra of FBP films reinforced with different amounts PL.
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FTIR spectra, but only the protein dilution effect aforementioned and
some changes in the intensity of the type III amide characteristic peaks,
which could be an indicator of certain interaction between polypeptide
chains in the proteins and lignin.

3.5. Morphological properties

Fig. 3 shows the cryofractured cross-sections of the different films
obtained by FESEM. First, FBP control film (Fig. 3a) is seen to have a
homogeneous and smooth surface with some porosity in it. This
morphology matches the results observed in a previous study (Rojas--
Lema et al., 2021). The addition of PL changes the microstructure of the
FBP films, making more pores and microcracks to appear all over the
surface. The concentration and size of the pores seems to increase with
the lignin content. A similar surface modification was observed by Yang
et al. (Yang et al., 2015) in wheat gluten films containing lignin nano-
particles. This is especially noticeable in the 7.5 and 10% PL samples
(Fig. 3d and e), which could be related to an excessive amount of lignin
particles in the films, resulting in the formation of agglomerates. This
increase in the number and size of pores as the lignin content increases
can negatively affect the mechanical and barrier properties of the films.
It has been observed that lignin reinforced FBP films with contents
higher than 5% PL led to a decrease in ductile mechanical properties,
lower elongation at break, and higher water permeability.

3.6. Water vapor barrier properties

To evaluate the barrier properties of the films, the water vapor
permeability (WVP) was studied, as they are a limitation for protein
films, which are highly hydrophilic. Fig. 4 gathers the WVP results for
the FBP control film and the FBP films with PL. As can be seen, the FBP
film showed a WVP of approximately 3.02:107'° kg m/m?s-Pa. The
addition of 2.5% of lignin positively affected WVP, reducing it down to
2.27.10715 kg m/m?s-Pa respectively, which is a reduction of perme-
ability 24.7% to the control film. This means that barrier properties
against water vapor improved in the films thanks to the incorporation of
PL. This reduction could be ascribed to a good dispersion of lignin in the
FBP polymeric matrix, obstructing water vapor diffusion and increasing
the length of the flow path through the films (Dias et al., 2019). More-
over, the hydrophobicity of lignin may have supported this effect by
reducing the affinity of the film towards water molecules (Duval et al.,
2013). On the other hand, the addition of moderate lignin contents in
the FBP film, 5% and 7.5% PL, did not have a substantial influence on
the WVP, with very similar values to those recorded in the control film.
In the sample reinforced with 10% PL, it is noted that the WVP increases
compared to the unreinforced film, obtaining a value of 3.39-107° kg
m/m?s-Pa, which represents an increase of about 13%. This fact could
be related to an excess of lignin particles in the film, which may have
formed agglomerates that provoked the formation of less cohesive film,
making water vapor diffusion easier. A similar behavior was observed by
Alvarenga et al. (Gomide et al., 2021). These results agree with the
findings observed in FESEM images, where sample with 10% of PL
showed higher concentration of holes and pores in the microstructure,
which would clearly increase water vapor permeability and decrease
barrier properties.

3.7. Optical properties

Visual appearance of the films is an essential aspect regarding their
use in the food packaging industry, as this may affect how the customer
perceive the product. At first glance, the control film is the only one that
offers some transparency, while the rest of the films exhibit a strong dark
color, as a result of the incorporation of lignin. The visual appearance of
the control film is very similar to the one shown in previous studies
(Rojas-Lema et al., 2021).

Table 5 gathers the main color parameters of the developed films in
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Fig. 3. Images at 5000 x of cryofractured cross-section obtained by FESEM of the samples of (a) FBP; (b) FBP/PL-2.5%; (c) FBP/PL-5.0%; (d) FBP/PL-7.5%, and (e)

FBP/PL-10%.

4,0

WVP (x107" kg-m/m?-s-Pa)

Xl &
&

Fig. 4. Water vapor permeability (WVP) of FBP films reinforced with different
amounts of PL.

terms of the color coordinates of the chromatic space CIELab. L* is
representative for the lightness. As expected, the control FBP film with
the most translucent appearance were measured to be the lightest (L*
40.9). Incorporation of PL to the films reduced the measured L* to

Table 5
Optical parameters of FBP films reinforced with different amounts of PL.

Code L* a* b* AE (Control)'¥)
FBP 41.0 + 0.3" 1.7 +0.2° 11.7 £ 0.2 -
FBP/PL-%.5% 25.7 +0.1° 0.9+ 0.3 0.9 +0.1° 18.7 + 0.0°
FBP/PL-5.2% 25.1 + 0.0° 0.6 +0.1° 0.3+0.1° 19.5 + 0.1°
FBP/PL-7.2% 25.0 +0.1° 0.5 + 0.1¢ 0.6 +0.1¢ 19.4 + 0.1°
FBP/PL-10% 25.0 + 0.2° 0.2+ 0.1° 0.6 +0.3¢ 19.5 + 0.1°

[a] AE is*obtained from the color difference between the FBP film and every
FBP/PL film.

@ Different letters in each property indicate statistically significant differences
between samples (p < 0.05).

approximately 25 indicating that the films became darker (Weatherall
and Coombs, 1992). It should be noted that all the parameters of the
FBP/PL films are very similar between them, as their color is almost the
same. Color coordinate a* stands for green (negative) and red (positive),
so all the films have positive values due to presenting brown tonalities.
Additionally, a* appears to decrease as the PL content increases, this is
probably attributed to an increase in the darkness of the color with the
PL content. Similarly, color coordinate b*, which represents the change
from blue (negative) to yellow (positive), exhibits positive values, which
was also expected due to the films having certain yellowness, especially
the control FBP film. Furthermore, b* also decreases when PL is incor-
porated into the films, due to approaching to darker colors. Finally, as a
consequence of the very similar color between all the FBP/PL films, the
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AE parameter is practically invariable, as it indicates the difference in
color compared to the FBP control film.

4. Conclusions

The present work studies the effect of the incorporation of different
amounts of lignin extracted from pine cone (2.5, 5.0, 7.5 and 10 wt%) on
the thermal, mechanical, morphological, water susceptibility, chemical,
barrier and optical properties of glycerol-plasticized faba bean protein
films. The addition of lignin in the protein film increased its ductile
mechanical properties due to the plasticization effect of the low mo-
lecular weight fraction present in the lignin. In this case, an increase in
the elongation at break of the lignin-reinforced films was observed,
being the film reinforced with 5% the one with the highest elongation at
break, 111.7%, representing an increase of 107% compared to the
control film. Higher lignin contents (7.5 and 10%) led to a decrease in
the elongation at break due to the formation of aggregates that promote
the formation of pores and microcracks in its internal structure as could
be observed in the FESEM images. Regarding the mechanical strength
properties, it was observed that the addition of lignin led to an increase
in tensile strength, resulting in a higher increase as the lignin content
increases. The thermal stability of the FBP film was also affected by the
presence of lignin. In this case, the incorporation of lignin resulted in an
increase in the thermal stability of the FBP film, increasing the charac-
teristic degradation temperatures of glycerol and proteins. This increase
in thermal stability was more evident in the 10% PL reinforced film and
this was attributed to several factors such as the good dispersion of
lignin in the FBP polymeric matrix which hinders the degradation of
other components, the higher thermal stability of lignin and the for-
mation of intramolecular interactions between lignin and proteins,
which have been analyzed by FTIR. On the other hand, as it was stated in
the hypotheses of the work, the linkages formed between the lignin and
the protein, mainly through hydrogen bonds, led to a reduction in the
number of active sites in the protein that are able to interact with water
molecules. This phenomenon, together with the inherent hydrophobic-
ity of lignin, led to an increase in the hydrophobicity of the lignin-
reinforced FBP films, which was manifested by a decrease in moisture
content. In this case, it was observed that films with a higher lignin
content of 7.5 and 10% PL, showed the greatest reduction in moisture
content, decreasing it by about 12% compared to the control FBP film.
The addition of lignin to the FBP film also resulted in an improvement of
the barrier properties, with a noticeable reduction in WVP compared to
the control FBP film. As can be seen, the film with 2.5% PL is the film
with the lowest WVP value, which means a reduction of around 25%
with respect to the control FBP film. In addition, it was possible to
observe how the addition of lignin had a remarkable influence on the
colour and opacity of the films, obtaining completely opaque and dark
films. This study has demonstrated how lignin derived from pine cone
could be an interesting functional additive to improve the thermal,
barrier, mechanical and water susceptibility properties of faba bean
protein films, allowing to obtain bio-based films that offer a high po-
tential to be considered for their use in the packaging applications.
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