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ABSTRACT

his study aimed to utilize the lignin-based structures extracted from chestnut shells, an agricultural waste, in chitosan
T(CH) films. Lignin (L) was isolated from chestnut shells by alkali treatment (8% NaOH, 120°C/15 min), then sulfuric acid
precipitation (0.5M) and drying. In addition, black liquor was treated with ozone to obtain more homogeneous and compa-
tible lignin fractions. Black liquor obtained after an alkali treatment was further treated with ozone at ambient conditions
to gain alkali combined ozone-treated lignin (OL). L and OL were added to CH film-forming solutions to fabricate CH-L and
CH-OL films and films were characterized by barrier against water (WVP), morphological, thermal properties, optical and
antioxidant properties. Fourier transform infrared (FTIR) data confirmed that the isolated L and OL had different structures,
and the films indicated a potential interaction between lignin-based structures and CH matrices. Moreover, incorporating
L and OL into the CH films increased the opacity and antioxidant activity of films. The addition of lignin-based structures
caused a plasticizing effect on the CH films, corresponding with the tensile and thermal properties. The WVP of CH was not
significantly influenced upon the addition of lignin-based structures (p>0.05) .
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B ucalismada, tarimsal bir atik olan kestane kabugundan elde edilen lignin bazli yapilarin kitosan (CH) filmlerinde kullanilmasini
amaglanmistir. Lignin (L), alkali uygulamasi (%8 NaOH, 120°C/15 dakika) ardindan sulfurik asit ile ¢oktirme (0.5 M) ve ku-
rutma islemlerinin ardindan kestane kabuklarindan izole edilmistir. Bunun yani sira, siyah likér daha homojen ve diger yapilar
ile daha uyumlu lignin fraksiyonlari elde etmek icin ozon ile muamele edilmistir. Bu amagla, alkali muamelesinden sonra
elde edilen siyah likor, alkali kombine ozon uygulanmis lignin (OL) elde etmek i¢in oda sicakliginda ozon uygulamasina maruz
birakilmistir. Elde edilen Lve OL yapilari, CH-L ve CH-OL filmlerini Gretmek icin CH film ¢ozeltilerine eklenmis ve elde edilen film-
lerin su buhari gegirgenligi (WVP), morfolojik, termal, optik ve antioksidatif 6zellikleri belirlenmistir. Fourier transform kizilétesi
(FTIR) verileri ile, izole edilmis L ve OL'nin farkli yapilara sahip oldugu gozlenmis ve lignin bazli yapilar ile CH matrisleri arasinda
potansiyel bir etkilesim oldugu gosterilmistir. Ayrica, L ve OL'nin CH filmlerine ilave edilmesi, filmlerin opakligini ve antioksidan
aktivitesini arttirmistir. Lignin bazh yapilarin CH filmlere eklenmesi, mekanik ve termal 6zelliklerde gozlenen iyilestirme ile ayni
sekilde CH filmler Gzerinde plastiklestirici bir etkiye neden olmustur. Ancak, lignin bazli yapilarin ilave edilmesi, CH filmlerin
WVP degerlerini 6nemli 6l¢tde etkilememistir (p>0.05).
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INTRODUCTION

Currently, petroleum-based synthetic polymers, non-
biodegradable materials, have been extensively used as
packaging materials as they have good thermomecha-
nical properties, and they are cost-effective with being
lightweight. However, these polymeric materials cause
several problems such as global warming, depletion
of non-renewable sources, increasing energy demand,
increasing food and water shortage, and destruction of
rainforests [1]. Therefore, environmentally friendly ma-
terials obtained from renewable sources have been ex-
tensively studied to replace petroleum-based materials.

The materials from renewable sources can be used to
develop new sustainable packaging materials [2]. Chito-
san (CH), which is obtained from crustacean shells or in-
sects by N-deacetylation, has antimicrobial effects due
to its cationic groups creating electrostatic interactions
with anionic groups of cell walls of various microorga-
nisms [3, 4]. The intrinsic antimicrobial activity of CH
can be used to prepare active packaging materials. Ho-
wever, due to its poor mechanical resistance and high
affinity to water, it is used in limited applications [5, 6].

Recently, lignocellulosic fibers obtained from agro-in-
dustrial wastes have been extensively studied to utilize
them as sustainable products, potentially reducing the
dependence on petroleum-based materials [7]. The
landfilling of agro-industrial wastes and further incine-
ration of them result in additional environmental thre-
ats; thus, their utilization provides an environmentally
friendly solution due to the partial degradation. The
lignocellulosic structures (lignin, hemicellulose, and
cellulose) are extracted from various parts including
stalk, stem, seed, leaf, grass/reed, and fruit of agricul-
tural wastes [8]. The nut shells such as chestnut shells
are generally converted into fuel as solid (coal), liquid
(ethanol, biodiesel, etc.) and gas (biogas, etc.) by using
it as biomass [9]. In recent years, intensive research has
been carried out on alternative application areas for
the utilization of these components, such as using the
lignin in these shells as value-added materials. These
waste materials can be utilized as films or coatings with
antimicrobial and antioxidant properties or as fillers in
polymeric structures while reducing the carbon footp-
rints arising from their burning [2]. Thus, one of those
nut shells, chestnut shells, was selected as lignocellulo-
se source to be used in CH films.

Lignin (L) is an amorphous phenolic polymer with a
complex structure produced by the copolymerization
of three phenylpropanoid monomers [8]. L also has
antimicrobial, antioxidant, and light barrier properties
[8, 10]. Although L has been used as fillers in various
polymers [11-14], poor dispersion and compatibility of
Lin these polymers limit its applications [15]. Therefore,
recent studies have focused on the modification of L by
different techniques such as alkylation [16], acetylation
[17], hydroxy methylation [18], and ozonation [10]. In
the ozonation process, ozone attacks aromatic rings of L
and activates these fractions positioned at lignin surfa-
ce [19, 20]. This process produces carboxyl groups, ha-
ving the potential to increase the solubility of the L and
create esterification sites [19, 20]. Then the resultant
ozonated L (OL) could be used in further applications.

Two major problems threaten the environment: the
over-use of petroleum-based materials and the landfil-
ling of agricultural residues. Therefore, this study aims
to solve these problems by utilizing chestnut shell lig-
nin as an additive in CH-based films. Among the active
packaging applications, converting an agro-waste into a
filler (L) with antioxidant properties in bio-based poly-
mers (CH) has a great potential. Besides, to improve the
reactivity of L, an ozonation process was applied. The
effectiveness L and OL addition to the properties of CH
films including the water barrier, mechanical, thermal,
surface, and active properties were determined.

MATERIALS and METHODS

Materials

Chestnuts were purchased by a local producer in Aydin
and peeled to collect shells (CS). CS was then dried at
75°C and ground (average particle size of 300 um) be-
fore storing at 4°C until use. Chitosan (CH) (ChitoClear®
CG1600, >320 kDa, and more than 75% of deacetylated)
was supplied by Primex (Siglufjordur, Iceland). The other
chemicals were obtained from Sigma-Aldrich (St. Louis,
Missouri, USA) as of analytical grade.

Ozonation and Characterization of Lignin-based
Structures

The de-lignification steps of CS are presented in Figure
1. Briefly, CS (a liquid/solid ratio of 10%, w/w) was firstly
exposed to water extraction to remove the hemicellulose
and water-soluble extracts and then treated with NaOH
(8%, w/w) at 121°C for 15 min. The water extraction step
before alkali treatment has the potential to increase lignin



yield for lignin degradation processes to be carried out in
later stages [21]. Black liquor was collected after filtration
and washing until neutral pH was reached. The collected
liguor was exposed to H,SO, (to pH 2) for lignin precipi-
tation. The obtained solid phase was dried at 70°C after
filtration and washing with acid to obtain solid lignin (L).
The black liquor was also modified by ozonation for 60 min
[10]. Ozone was generated by an ozone generator (Ozo-
tech OZ4PC10, Yreka, CA) with an ozone concentration
of 0.65 ppm. After the ozonation process, insoluble parts
were removed by filtration, and ozonated lignin structures
were collected by precipitating with acidified water at pH
2.0 (H,SO,). The solid part was washed and dried at 50°C to
obtain ozonated lignin (OL).

The properties of L and OL were screened by Fourier trans-
form infrared (FTIR) spectrums, ranging from 500 cm™ to
4000 cm™ (Spectrum Two, Perkin Elmer, USA).
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Preparation of Film Samples

CH film-forming solution (1%, w/w) was prepared in an aci-
dic medium (acetic acid, 1%, w/w) followed by the addition
of glycerol (0.3%, w/w) as plasticizer. L and OL at 10% (w/w,
based on CH) were added to this solution and the solutions
were mixed. The air bubbles were removed by vacuum and
the adjusted amounts of the film-forming solutions were
poured onto Teflon® coated plates with a diameter of 150
mm. The conditioning step was carried out at 25°C and
53% relative humidity (RH) for one week after peeling the
dried films. CH film was chosen as the control film, and
other film samples were named CH-L and CH-OL films, inc-
luding L and OL, respectively. The thickness of final films
was also recorded with a micrometer (Quantu-Mike IP65,
Mitutoyo, Japan).
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Figure 1. Schematic representation of obtaining L and OL structures .
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Characterization of Film Samples

The changes in the film structure were assessed by FTIR
spectra (500-4000 cm™) recorded with the FTIR spectro-
meter (Spectrum Two, Perkin Elmer, USA).

The effect of the addition of L and OL on the surface cha-
racteristics was assessed using scanning electron micros-
copy (SEM) (Quanta 450 FEG, Oregon, USA). The microst-
ructural images were obtained at low vacuum medium (10
kV of accelerating voltage).

The mechanical resistance of film samples was calculated
with strain-stress curves obtained from the tensile tests
(Lloyd LR5, AMETEK, Inc, UK) based on the ASTM D882 re-
ference method [22]. For the experiments, films were mo-
unted with film-extension grips operating at 50 mm/min.

The ASTM E96/E96M-16 [23] based on cup method was
used to determine the water vapor permeability (WVP).
Films were transferred to permeability cups, including dis-
tilled water (5 mL), and the weight changes arising from
the differences in relative humidity at each side of films
during 48 h were recorded. The transmission rate of water
was calculated by linear regression using the slopes obtai-
ned after reaching the steady state period for weight loss
as a function of time. WVP measurements were perfor-
med using the transmission values [24].

The thermal properties of film samples were determined
by a thermogravimetric analyzer (Hitachi, NEXTA STA 200,
USA) to assess the addition of L and OL how affected the
thermal stability. Briefly, 5-8 mg of film sample was we-
ighted and heated at 10°C/min (25-450°C) with a nitrogen
flux of 20 cm3/min. The weight loss during the heating was
measured using the thermogravimetric (TG) curves.

The opacity of film samples was measured using the absor-
bance of the film sample (1x4 cm rectangular film strips)
at 660 nm (Shimadzu, UV-1601, Japan) and measured by
using the related film thickness (absorbance units (AU)
nm/um).

The color measurement was carried out using a colorime-
ter (CR-400, Konica Minolta, Inc., Japan) as CIE L* (ligh-
tness), a* (red-green) and b* (yellow-blue) coordinates.
The background was the white standard calibration plate
with the values of Y =92.7, x =0.3160, y = 0.3321.

The antioxidant capacity of films, L, and OL were evalua-
ted as the inhibition percentage of the DPPH radical. Film

samples were dissolved in an acidic media (acetic acid, 1%,
w/w) while L and OL were dissolved in aqueous dioxane
(90%, v/v) solution and treated with DPPH radical for 40
min at 25°C. The antioxidant activity was measured using
the absorbance of each solution at 517 nm as the inhibiti-
on percentage of DPPH radical.

Statistical Analysis

Minitab 17 (Minitab Inc., Brandon, UK) statistical package
was used to find the differences among film samples at a
95% confidence level. An analysis of variance (ANOVA) and
Tukey’s multiple comparison tests were used with three
observations for each sample and three replicates.

RESULTS and DISCUSSION

Properties of Extracted Lignin-based Structures
FTIR spectrums of L and OL ozonated during 60 min are
presented in Figure 2.

Ozonated lignin structures showed different FTIR spect-
rums depending on the ozonation period.

The major peaks observed at 1100 cm®, 1650 cm™, and
~3300 cm™ were associated with the vibration of ether
bonds, the —-C=0 groups vibrational stretching, and the
absorption of free phenolic hydroxyl, as also indicated by
Zhang et al. [25]. The ozonation process resulted in chan-
ges in the peaks around 1500-1600 cm™, 800 cm™, 1000
cm™, and, 1200 cm™. Similar changes were also reported
by Souza-Corréa et al. [26] for sugar cane bagasse lignin
after the ozonation process. During the ozonation process,
lignin is first oxidized to hydroxyl and phenol groups, and
further oxidation causes a fraction of benzene to produ-
ce more carboxyl and ketone groups [27]. Kwon et al. [28]
and Barrera-Martinez et al. [29] reported that the aroma-
tic structures could be selectively attacked by ozone, and
the side chains on the benzene ring could be preserved.
The intensities of peaks between 1400-1600 cm™ decrea-
sed, which might be related to the breakage of the benze-
ne ring by ozonation [30]. The peaks that appear at ~1700
cm™ related to C=0 stretching (ester, ketone, and carboxyl
groups) were observed, indicating that ozone might parti-
ally degrade aromatic rings and release the carboxyl gro-
ups into the lignin matrix. Similarly, Mamleeva et al. [31]
observed that ozone treatment destroyed aromatic struc-
tures in pine wood.
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Figure 2. FTIR spectrums of L and OL ozonated during 60 min.

Properties of Film Samples on led to an increase in elasticity which might be due to
The physico-mechanical properties including elongation  the plasticizing effect. L-based structures have previously
(E), tensile strength (TS), thickness, WVP of films are pre-  been reported to enhance mechanical properties of CH
sented in Table 1. [32, 33], agar [34], and cellulose [35] based films, which
might be related to the lignin stability and hydrogen bonds
The TS of film samples enhanced after adding the lignin-  formed within the polymer matrix [36]. Contrary to these
based structures (p<0.05). The presence of lignin increa-  results, Crouvisier-Urion et al. [4] and Rai et al. [37] stated
sed the TS values indicating a good reinforcement. CH-L  that the low compatibility between L and CH decreased
films had the highest TS values, while CH-OL had the  the TS and E values.
highest elongation (p<0.05). Ozonated lignin incorporati-

Table 1. TS, elongation at break, thickness, and WVP values of film samples.

Thickness WVP
()
Sample TS (MPa) E (%) (um) (g mm/kPa h m?)
CH 12.88+0.16° 19.52+2.07° 60.7+14.4° 11.2241.89°
CH-L 17.84+4.07° 19.3245.66° 89.5£16.4° 8.42+0.98°
CH-OL 14.98+3.25% 26.75£3.16° 70.5+8.3° 9.47+1.30°

*° Different superscripts in the same column are significantly different (p <0.05) according to Tukey’s test.
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Figure 3. Thermal degradation curves of film samples.

The incorporation of lignin-based structures slightly inc-
reased the thickness (p<0.05). Similarly, Rai et al. [37] re-
ported higher thickness values for lignin added CH films
depending on the lignin concentration. The addition of
-based structures did not significantly decrease the WVP
values of CH films. OL added films had slightly higher WVP
values compared to CH-L (p>0.05). The lower WVP values
obtained for CH films including lignin might be related to
the water repellent properties of aromatic moieties natu-
rally found in lignin structure [37]. The slightly higher WVP
values found in CH-OL compared to CH-L films could be
related to the compatibility of L with CH and OL with CH. A
similar reducing effect of L-based structures was observed
by Yang et al. [38] and Shankar and Rhim [34] for poly(lactic
acid) and agar-based films, respectively. The insoluble na-
ture of L could obtain lower WVP values by increasing the
hydrophobic character of films, as also stated by Aadil et
al. [11].

The thermal degradation behavior of film samples is pre-
sented in Figure 3.

Film samples presented a similar trend during the thermal
analysis, which experienced an initial weight loss at appro-
ximately 120 °C followed by a second weight loss between
190 and 350 °C. The weight loss observed at 120 °C was
due to the evaporation of water found in film samples. The
degradation of the acetylated and deacetylated units of
CH and L-based structures caused the second weight loss
observed between 190 and 350 °C. Besides, the degradati-
on temperature of CH films reached a bit higher degree af-
ter the addition of L-based structures, indicating that L and
OL could stabilize the degradation of CH films, to an extent.
Lignin could create a more complex structures (aromatic
structure) at high temperatures leading to decrease the
extent of decomposition in the film structure [39] Besides,
Chen et al. [40], Nair et al. [41], and Aradmehr and Javan-
bakh [39] reported similar thermal properties for CH films
when incorporated with L-based structures.

The optical properties of film samples are presented in
Table 2.
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Table 2. Optical properties of film samples.

Opacity
Sample (AU nm/um) L* a* b*
CH 1.69+0.54° 94.98+0.12° -0.01£0.03¢ 6.19+0.38¢
CH-L 3.62+0.49° 74.32£2.03¢ 3.94+0.37° 15.74+1.12°
CH-OL 2.35+0.15%° 86.23+0.62° 1.27+0.10° 12.45+0.63°

*° Different superscripts in the same column are significantly different (p <0.05) according to Tukey’s test.

The incorporation of L led to higher opacity values while  Sa et al. [33] also observed increased opacity with impro-
lowering the lightness values (p<0.05). L and OL incorpo-  ved UV-barrier properties for CH films when incorporated
rated film samples presented significantly higher opacity,  with cellulose-lignin-cellulose nanocrystal from cashew
indicating that these films might be an efficient light barri-  byproducts. L naturally had a dark brown color, while a ligh-
er. Besides, CH films had the highest lightness values, whe-  ter brown color was obtained after the ozonation. Thus, OL
reas the significantly higher a* and b* values for Land OL  provided the CH films with less color and lightness change
added CH films were observed (p<0.05), as can be seen in than Ldid, which might be due to the chromophore nature
Figure 4. of lignin [42]. Similar changes in the color of CH films with
the incorporation of L, organosolv treated L, and fractio-
nated L-based structures by lzaguirre et al. [32].

Figure 4. Images of film samples (CH: control films, CH-L: CH films with lignin, CH-OL: CH films with ozonated lignin).
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Figure 5. Antioxidant activity of film samples.
a-c Different letters are significantly different (p <0.05).

The potential antioxidant capacities of CH films, including
l-based structures, were examined using the DPPHe radi-
cal scavenging ability of films to assess whether L-based
structures maintained their ability within the polymeric
matrix. L and OL showed 44.72+3.93 and 35.39+1.08%
DPPH scavenging activity, respectively (Figure 5). CH films
already had natural antioxidant activity without the addi-
tion of L-based structures. The amino and hydroxyl groups
found in CH were the reason for CH films’ antioxidant ac-
tivity [43]. Besides, notable increases were observed in
antioxidant activities with the addition of L and OL. The
antioxidant activity brought by L might be related to the
high free phenolic hydroxyl groups, their migration from
the film matrix and surface activity, and [39]. This behavior
was already observed by Crouvisier-Urion et al. [4], Crou-
visier-Urion et al. [44], and Aradmehr and Javanbakh [39]
for CH films in which lignin addition induced higher antio-
xidant activity values as a function of lignin concentration.
The lower antioxidant activity obtained for CH-OL than
CH-L could be related to the oxidation of some phenolic
residues during the ozonation process, thus decreasing
the activity [10].

FTIR spectrums of film samples were obtained to reveal
whether an interaction was established between CH and
L-based structures (Figure 6).

The major peaks observed in FTIR spectrums were at 3100—
3500 cm ascribed to hydroxyl groups, at 3400-3300 cm*
related to amino groups, at ~3280 cm* associated with the
vibrations of NH groups, at 1650-1550 cm™ for Amide I-II
bands, and 1500 cm™ assigned to non-protonated amino
groups of CH [45]. The observed bands for CH-L and CH-OL
films were similar to the characteristic bands of CH-based
films without any reinforcement. The peak at 3300 cm™
for OH groups slightly shifted in CH-L, and CH-OL films
and minor changes were detected between 1600-1670
cm* assigned for amide bonds and stretching vibrations of
C-0. The changes found in peak intensities and band shifts
might be related to the possible interactions between OH,
=CO (in CH films) and ether groups (in L-based structures)
via hydrogen bonding [37]. Even though the intensities of
peaks 1600 cm™ — 1450 cm™ decreased due to the clea-
vage of benzene rings by ozonation, there is still aromatic
ring vibrations between these absorption range, sugges-



Figure 6. FTIR spectrums of film samples.

ting that the ozonation could not completely destroy the
benzene ring. Besides, after the ozonation, the partially
degradation of aromatic rings and the release of carboxyl
groups into the matrix might contribute to those obtained
interactions. Similar FTIR spectrums were observed by Ro-
sova et al. [46], Aradmehr and Javanbakh [39], and Chen et
al. [40] for CH films, including L-based structures.

The surface morphology images of films are presented in
Figure 7.

CH films showed smooth and homogeneous structure,
whereas incorporating L and OL in the CH films resulted in
more heterogeneous surfaces. L increased the roughness
of CH film with noticeable lignin aggregates at the film sur-
face, and OL presented a more homogeneous microstruc-
ture than CH-L films. Similarly, Crouvisier-Urion et al. [4]
and Sa et al. [33] stated increased surface roughness of CH
films incorporated with lignin. The improvement in tensile
and water barrier properties observed in CH-L and CH-OL
films, even having rough surfaces, might be associated
with the modification on the film surface composition.

E. S6gut and A.C. Seydim / Hacettepe J. Biol. & Chem., 2022, 50 (3), 275-285

Figure 7. SEM images of film samples (A=CH, B=CH-L, C=CH-OL)
(3000X magnification for all film samples).
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CONCLUSION

Lignin obtained from agricultural wastes could improve
the properties of packaging materials and provide a contri-
bution to the re-design of sustainable packaging materials
having active properties. Therefore, in this study, chest-
nut shells, one of the agro-wastes, were de-lignified under
an alkaline medium to obtain lignin (L), and the resultant
structure was ozonated (OL) for incorporation in chitosan
(CH) film. The water barrier and the mechanical strength
of films incorporated lignin-based structures increased;
however, the addition of fillers based on agro-waste redu-
ced the lightness values of CH films. Film samples showed
similar thermal degradation behavior and FTIR spectrums
compared to control films. According to the SEM images,
CH films had a smooth surface, and OL added CH films
presented better surface properties than CH-L films. Film
samples incorporated with L had higher values (p<0.05) ac-
cording to the DPPH radical scavenging activity test. The-
se results presented that adding lignin into biopolymeric
films could produce enhancement in biopolymers while
providing functional properties including antioxidant ac-
tivity.
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