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ABSTRACT: Presented herein is the integral valorization of residual biomass to
film composites by their fractionation into building blocks in a multicomponent . - —® — — ®

cascade isolation approach. First, pine cones were subjected to alkaline /\

pretreatment, followed by soda pulping. Two different hemicellulose/lignin- | !

based fractions were recovered from the extractives of these treatments, with a : .
yield of 19%. Then, chloride- and peroxide-based bleaching methods were . # : "
proposed to treat the soda-pulped samples, obtaining two cellulose-rich fractions i ‘ ‘
with different chemical compositions and recovery yields (32% and 44%, f {
respectively). From these cellulose fractions, two types of nanocelluloses with £ -

different lignin contents were obtained: cellulose nanofibrils (CNF), with a lignin _

content of 1%, and lignocellulose nanofibrils (LCNF), with a lignin content of 900 |
16%. The LCNF displayed lower crystallinity and viscosity but greater diameter “. o

and thermal stability than the CNF. The reinforcing capability of different amounts

of both nanocelluloses on the first hemicellulose/lignin-based fraction (PCA-L) to

form films was evaluated. The thermomechanical, barrier, antioxidant, moisture sorption, and mechanical properties were assessed
and compared. In general, the LCNF films showed less moisture sorption and better thermomechanical and antioxidant properties
than the CNF films. These results reveal LCNF to be a promising reinforcing agent for designing all-lignocellulose-based composite
films to be used in food packaging applications.

KEYWORDS: Biomass integral fractionization, Nanocelluloses, Biobased nanocomposites, Gas barrier properties,
Thermomechanical properties, Food packaging films

B INTRODUCTION chanical pulping side streams were used together with cellulose
nanofibrils (CNF) to form composites.'”

A biorefinery is an array of processes where lignocellulosic
CNF have been widely proposed to be applied in food

biomass may be fractionated and converted into high-value-

added products.' ™ In Europe, the forest is the most abundant packaging'*™"" not only due to their good oxygen barrier
biomass feedstock, with approximately 182 million hectares of properties but also because they are biobased, biodegradableL,
forest,” which generate a turnover of more than 486 billion and transparent and exhibit unique mechanical properties.l)
euros. Pines are one of the most common trees in forests, bein Traditionally, CNF have been isolated from different versions of
the Scots pine the most abundant species in European forests." bleached pulp, but recently, unbleached pulps”*~*’ have also
The exploitation of forestland to obtain timber stock produces been used to isolate CNF-containing lignin (lignocellulose
high amounts of logging residues that are often left in the nanofibrils, LCNF). The use of LCNF instead of CNF in
mountains, resulting in a negative environmental impact and risk packaging may potentially offer new funtionalities to the
of wildfire."" A sustainable waste management approach may be products because lignin has shown antioxidant,”* UV-block-

to convert this low-value-added residual biomass into valuable
materials. In previous studies, pine needles, pine cones,
branches, bark, and chips were proposed as raw materials to
produce cellulose fibers and nanocelluloses.'>™"* Cashew tree —
residues were used as a source of bacterial cellulose." Received: October 20, 2020 anatle
Hardwood bark was the proposed raw material to isolate Re“?ed: January 10, 2021
suberin and synthesize a polyepoxy acid-based hydrophobic Published:  January 29, 2021
coating.” "' Softwood bark was valorized into nanocellulose-

reinforced polysaccharide-based nanocomposites.'® Galactoglu-

comannan—lignin networks isolated from chemothermome-

ing,* and antimicrobial®* properties, among others. Different
nanocomposites designed from CNF and other wood
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Figure 1. Biorefinery cascade process for the sequential recovery of hemicellulose/lignin-based (PCA-L and PCAA-L) and cellulose-based (PCAAC-S

and PCAAP-S) fractions and cellulose nanofibrils (CNF and LCNF).

components (lignin, hemicelluloses, pectins, etc.)*~>" have
been formulated. However, despite the attractive properties that
lignin and LCNF can offer together due to their chemical
affinity, the use of LCNF as a reinforcement of lignin matrix
composite films is still unexplored.

Here, for the first time, an integral fractionation of residual
biomass is presented by means of a multicomponent cascade
recovery approach to obtain hemicellulose/lignin-based frac-
tions and nanocelluloses that will be valorized into multifunc-
tional films. Among the different logging residues, pine cones
were chosen as the raw material to be fractionated due to its vast
availability as a forest residue (pines can produce annually 180—
100 kg of pine cones per hectarea®”) and as an agro-food residue
from the pine nut industry with a yearly estimated production of
around 27 thousand tones.”" The scope of this paper includes (i)
developing a sequential isolation approach to fractionate the
pine cones almost integrally into hemicellulose/lignin and
cellulose-rich fractions, (ii) isolating CNF and LCNF from the
cellulose-rich fractions and studying the influence of their lignin
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content on the nanocellulose processing and film-forming
ability, and (iii) correlating the influence of the content of
nanocellulose lignin with the performance of different hemi-
cellulose/lignin-based films in terms of thermomechanical,
barrier, and moisture-resistance properties.

B EXPERIMENTAL SECTION

Materials and Chemicals. Pine cones were collected from a pine
forest (Pinus sylvestris) (Stockholm, Sweden) and conditioned at 40 °C
for 1 week. They were ground in a mill (Moretto granulator,
Universalmuehle GR18/10M1A, Germany) to 2—S mm to ensure
their impregnation with the cooking liquids during the alkaline
processes and, therefore, the effectivity of all the chemical steps within
the biorefinery processes. All chemicals were used as received without
further purification: 30 vol % H,O, solution (CAS No. 7722-84-1,
Merck), H,SO, (72 vol %, LabService AB, Sweden), NaOH (98%,
reagent grade, Sigma-Aldrich), NaClO, (puriss 80%, Sigma-Aldrich),
and acetic acid (ACS reagent >99.8%). L-(+)-Arabinose (99.9%, CAS
No. 5328-37-0), p-(+)-galactose (99.9%, CAS No. 59-23-4),
(+)-glucose (99%, CAS No. 50-99-7), p-(+)-xylose (99%, CAS No.
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58-86-6), p-(+)-mannose (99%, CAS No. 3458-28-4), L-rhamnose
monohydrate (99%, CAS No. 6155-35-7), p(+)-galacturonic acid
monohydrate (97%, CAS No. 91510-62-2), and p-glucuronic acid
(98%, CAS No. 6556-12-3) were used as sugar references.

Biorefinery Process. An integral fractionation of pine cones is
proposed by the implementation of a cascade multicomponent isolation
approach (Figure 1) consisting of the following,

Alkali Pretreatment. Alkali pretreatment was performed as reported
previously elsewhere with two objectives to open up the cell wall
structures to enhance the isolation of the cellulosic fibers in the
following chemical steps and to recover the extracted amorphous cell
wall components from the liquid fraction (hemicelluloses and lignin)
generated during this pretreatment.d"?’2 First, 100 g of PC was added to
1L of 1.5 M NaOH in an autoclave inside a glycol bath at 110 °C for 1 h.
Thereafter, the alkaline suspension was washed with Milli-Q water to
obtain a solid fraction (PCA-S). The liquid phase was further purified
by using a 3.5 kDa membrane before being freeze-dried (PCA-L).

Soda Pulping. The PCA-S fraction was treated with a solution of 1
M NaOH in a 1:$ solid-to-liquid ratio at 155 °C for 3 h. The resulting
suspension was washed by filtration, and the solid (PCAA-S) and liquid
phases were separated. The liquid phase was heated to 60 °C under
magnetic stirring and acidified (pH 2) via dropwise addition of 64 wt %
H,S0,.** Then, the solution was kept under magnetic stirring for 30
min and cooled via an ice bath. Finally, the suspension was centrifuged
at 3000 rpm for S min to recover the sedimented fraction (PCAA-L).

Bleaching Treatment. The PCAA-S fraction was divided 50—50,
and every part was submitted to two parallel procedures.

(i) Peroxide-based bleaching: First, 10 g of dried PCAA-S was
bleached with a solution of 8 wt % H,0, (100 mL of liquid in
total) at pH ~ 11—12 at 90 °C. The process was performed in
two steps of 3 h each. The insoluble sample was filtered and
cleaned with deionized water (PCAAP-S).

Chloride-based bleaching: First, 10 g of dried PCAA-S was
added to 320 mL of Milli-Q water and then heated to 70 °C.
Then, 2 mL of acetic acid and 9.2 mL of a solution of 25 wt %
NaClO, were added every hour for the next 8 h.>* Finally, the
insoluble sample was filtered and cleaned with deionized water
(PCAAC-S).

Nanocellulose Isolation. The bleached fractions (PCAAP-S and
PCAAC-S) were dried and milled to 20 mesh in a Wiley mill. A 1 wt %
suspension in Milli-Q water was achieved by vigorous stirring of the
solid material for 2 h. Then, the suspension was passed through a
homogenizer M110EH Microfluidic processor (Microfluidics, West-
wood, Massachusetts, USA). In the first pass, the suspension went
through 400/200 um chambers in series at a pressure of 650 bar;
thereafter, it was passed four times through 200/100 ym chambers at a
pressure of 1650 bar. The solutions were stored at 4 °C and coded as
LCNF and CNF, respectively.

Preparation of Nanocomposite Films. Two different sets of
composites were produced by film casting using the PCA-L fraction as
the polymeric matrix and different concentrations (30%, 45%, and
60%) of both nanocelluloses (LCNF and CNF) as reinforcement
systems. The PCA-L fraction and the different composite formulations
were dispersed homogeneously in water at 40 °C under magnetic
stirring during 2 h. Thereafter, the suspenions were ultrasonicated for
15 min to be finally cast and dried at room temperature during 7 days.
The solid concentration of the final suspension was approximately 0.4
wt %, resulting in a grammage of 0.012 g/ cm?. The thickness of the
prepared films were around 80 ym for the CNF formulations and 100
pum for the LCNF films with a typical standard deviation of 5 ym for
both types of nanocelluloses.

Characterization of Biorefinery Fractions and Biobased
Composite Films. Chemical Composition. The total amount of
soluble extractives in water and ethanol of the PC was determined by
Soxhlet extraction, as reported in Garcia-Garcia et al."* The TAPPI test
method T222 om-06 (TAPPI, 2006) was followed to calculate the
Klason lignin content. The carbohydrate composition was evaluated by
conventional two-step Saeman hydrolysis, followed by quantification of
the released monosaccharides using high-pH anion-exchange chroma-

(ii)
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tography with pulsed amperometric detection (HPAEC-PAD, Dionex
ICS-3000, Thermo Fisher Scientific, Sunnyvale, California, USA). The
ash content of each sample was determined by thermogravimetric
analysis in a Mettler Toledo TGA/DSC 1 STAR (Mettler Toledo,
Columbus, Ohio, USA) system following a previously published
method.*

Gravimetry Yield. The gravimetric yield of each step within the
biorefinery process was calculated by measuring the dry mass of the
samples before and after each chemical step.

Scanning Electron Microscopy (SEM). A Hitachi S-4800 (Hitachi,
Tokio, Japan) field emission scanning electron microscope at 5 kV was
used to assess the isolation of the cellulose fibers. Samples were sputter-
coated with a 2.5 nm thick layer.

Fourier Transform Infrared (FTIR) Spectroscopy. The samples were
analyzed in triplicate by FTIR spectroscopy (FTIR, PerkinElmer
Spectrum 100 FTIR, PerkinElmer, Waltham, Massachusetts, USA),
(ATR, Golden Gate from Graseby Specac LDT, Kent, England) at 4.0
cm™ resolution in a range of 850—4000 cm ™, calculated as the average
of 16 individual scans. The crystallinity index (CrI) of the cellulose was
calculated as estimated by Nelson and O’Connor™ (eq 1), where Hy3;
is the height of the peak at 1371 cm™, and H,g, is the height of the peak
at 2900 cm™".

H,
1371
Crl = ——
2900

(1)

Thermogravimetric Analysis (TGA). The thermal behavior of the
samples was evaluated by TGA in an inert atmosphere. Each dried
sample (3—S mg) was pyrolyzed from 25 to 800 °C at 10 °C/min with
N, (50 mL/min) in a Mettler Toledo TGA/DSC 1 STAR system
(Mettler Toledo, Columbus, Ohio, USA).

X-ray Diffraction (XRD). XRD patterns were obtained by using a
Bruker CCD-Apex (Bruker, Billerica, Massachusetts, USA) apparatus
equipped with an X-ray generator (Ni-filtered Cu Ka radiation). The
instrument was operated at 40 kV and 40 mA in a 26 range of 5°—40°
with a 0.06° step. The crystalline index (CI) was estimated by using the
empirical method proposed by Segal et al.*” (eq 2)

Lo — L
Cl=22__am w100
1200

)

where I, corresponds to the maximum intensity of the reflection plane
200 (approximately 26 = 22°), and I,,, corresponds to the minimum
intensity of the amorphous part of the sample (approximately 20 =
18°).

Size Exclusion Chromatography (SEC). An SEC 1260 Infinity
system (Polymer Standard Services, Germany) was used to determine
the molecular weight distributions of the lignin-based fractions. Five
milligrams of each sample was dissolved in a solution of 2 mL of DMSO
+ 0.5% LiBr (w/w), which was thereafter filtered through a 0.45 mm
PTFE membrane.*

Transmission Electron Microscopy (TEM). TEM images were
obtained to analyze the morphology of the nanocelluloses with a
Hitachi T7700 (Hitachi, Tokio, Japan) system at 100 kV. A drop of a
0.05 wt % suspension was cast in a carbon-Formvar grid that was dried
at room temperature for at least 2 h before being inserted into the TEM
instrument.

Viscosity. The viscosity of a 0.9 wt % suspension of nanocelluloses
was investigated in a Discovery DHR-2 rheometer (TA Instruments,
New Castle, Delaware, USA) with a 60 mm diameter aluminum plate-
cone geometry at 25 °C.

Moisture Uptake. Two films of 50 mg for each sample were
preconditioned at 23 °C and 50% RH overnight before being weighed.
Afterward, the samples were dried at 105 °C overnight and weighed
again. The difference between these two weights divided by the dry
weight of the material was defined as the moisture uptake.**

Tensile Properties. The tensile strength, strain, and modulus of each
film were measured in an Instron Universal Testing Machine Model
5944 (Instron Engineering Corporation, Norwood, Massachusetts,
USA) equipped with pneumatic jaws and a 250 N load cell. Five
specimens (S mm X 50 mm) of each preconditioned film were tested
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Figure 2. Biorefinery process to recover hemicellulose/lignin- and cellulose-based fractions and characterization of the solid biorefinery fractions. (A)
Schematic representation of the bioprocess including recovery yields after each chemical treatment. (B) Chemical composition of the fractions in terms
of glucose, lignin, pectins (galacturonic acid*'), hemicelluloses, ash, and extractives. (C) Hemicellulose monosaccharide composition of the different
fractions. (D—G) Scanning electron micrographs of (D) PC cross section, (E) PC surface, (F) PCAAP-S, and (G) PCAAC-S. (H) FTIR spectra of the
biorefinery fractions. (I) XRD patterns of the fractions. (J) TG and (K) DTG curves of the biorefinery fractions.
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with an initial distance between the grips of 20 mm and a strain rate of
the grips of 2 mm/min.

Oxygen Permeability. The oxygen transmission rate (OTR)
(normalized to a 100 ym film) of the films at 23 °C and 50% RH
was determined using a MOCON OX-TRAN TWIN system (Modern
Controls, Inc.,, New Castle, Minnesota, USA) following the ASTM
standard D3985-8 (ASTM 2005). The obtained OTR values were
normalized to a 100 g#m film by multiplying the OTR Value by the
thickness of each film*° (to obtain the values in mL gm m? day™" so the
influence of the thickness is dlsregarded) and then dividing it by 100 to
obtain the OTR values of a 100 um film,”” which is close to the average
thickness of the films in this work.

Water Vapor Transmission Rate (WVTR). The WVTR (normalized
to a 100 um film) of the films was measured in triplicate according to
the norm NF H 00-03022 at 23 °C and 50% RH, using calcium chloride
as the desiccating agent and a cross section of 5 cm” (S). The mass
increase of the cups was plotted agamst time, with slope n. The obtained
WVTR values (in g ym m~> day”") were normalized to a 100 pm films

by multiplying the WTVR value by the thickness of each film* and
dividing it by 100* to disregard any film thickness influence.
WVTR X !
=n —
N ®3)

Antioxidant Properties. The antioxidant properties were inves-
tigated in duplicate by DSC (Mettler Toledo, Columbus, Ohio, USA)
in an oxidative atmosphere as reported elsewhere.”® Briefly,
approximately 3 mg of each film was placed in a DSC crucible and
heated from 30 to 350 °C at 5 °C/min under an oxygen atmosphere
(250 mL/min).

B RESULTS AND DISCUSSION

The different fractions obtained from the alkali, soda, and
bleaching treatments biorefinery process (Figure 1) are
displayed in Figure 2A. The overall gravimetric yield after
each treatment and chemical composition of each biorefinery
product are detailed in Figure 2A—C. The PC chemical
composition was in the range of what has been reported in the
literature.' #**~** During the alkali pretreatment, almost 40% of
the initial mass was lost due to the removal of extractives, lignin,
and pectins. The obtained solid fraction after the pretreatment
(PCA-S) displayed the same amount of hemicelluloses in their
composition as the PC (23%). However, 9% less mannose was
reported in PCA-S than in PC, indicating that mannose was the
most abundant hemicellulosic monosaccharide extracted during
alkalinization, although no large amounts of mannose were
found in the liquid extract. This fact indicated that the alkaline
pretreatment degraded the mannose, and the resulting degraded
products were lost during the dialysis.** The lignin recovered in
the PCA-L fraction was 11.5% of the initial lignin content in the
PC, with a molecular weight of Mn = 1714 g/mol, Mw = 2174 g/
mol, and PDI = 1.26. After the alkaline pretreatment, the PCA-S
fraction was submitted to a soda pulping process, losing 18% of
its mass and resulting in a sample (PCAA-S) with a lignin and
hemicellulose content similar to that of the PCA-S fraction. The
liquid fraction was acidified, and 12% of the initial PCA-S was
recovered as a lignin-rich fraction (PCAA-L), with 73% lignin in
its composition. The molecular weight of this lignin resulted in
values of Mn = 4025 g/mol, Mw = 11740 g/mol, and PDI = 2.92,

which are in line with other reports in the literature.**’

The PCAA-S sample was divided into two equal parts and
subjected to two different bleaching processes in order to obtain
two different cellulosic-rich fractions with and without lignin in
their composition. Bleaching with peroxide led to a sample
where lignin was partially removed. However, the attempts to
use peroxide to completely remove lignin from the pulp failed,
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and a sodium chlorite-based bleaching was proposed as a hardest
bleaching treatment. Bleaching with chlorite led to a sample
(PCAAP-S) with 16% of lignin, whereas after bleaching with
peroxide (PCAAC-S), only 1% of lignin was kept in the samples.
Therefore, the higher purity of PCAAC-S resulted in a greater
mass loss during the chlorite-based bleaching than that after
bleaching with peroxide. In total, 38 g of cellulose-based
fractions was recovered (16 g of PCAC-S and 22 g of PCAAP-S),
which led to a 76% recovery yield of the PCAA-S.

The fractions obtained after each chemical treatment were
physicochemically characterized. The change in the morphology
was followed by SEM micrographs (Figure 2D, E). The cross
section (Figure 2D) shows aligned fiber bundles bonded
together by amorphous components (such as pectins, lignin,
and hemicelluloses). Figure 2E reveals a large-pore-based inner
part stiffened by alignment of the sclerenchyma fibrous
section.” The removal of the amorphous components as the
biorefinery process progressed enabled the fiber bundles to be
individualized into fibers with similar diameters (approximately
14 um) for both fractions, PCAAC-S (Figure 2F) and PCAAP-S
(Figure 2G). This diameter is similar to that reported for bast
fibers (i.e., jute, cotton, or flax), smaller than that of sisal or coir
fibers,*’ slightly smaller than that of fibers from pine wood
(which are approximately 30 ym),”* and smaller than that of
fibers from hardwoods such as Cordia goeldiana and Brosimun
parinarioides (above 100 ym).”"

The FTIR spectra in Figure 2H show the progressive removal
of the amorphous components after each chemical treatment.
The OH stretching band at 3300 cm™" corresponding to the
aliphatic moieties in polysaccharides became narrower in the
bleached samples due to the removal of ]_Jart of the amorphous
components, as reported by Garcia-Garcia."* Despite retaining
the same amounts of hemicelluloses during the pretreatment
and soda pulping, the peak at 1720 cm™ related to the C=0
vibrations in carboxylic acids and acetyl and methyl ester groups
associated with the lateral branches of the hemicelluloses” and/
or related to the lignin—carbohydrate complex bonds of
hemicelluloses™ disappeared in the PCAA-S spectra. These
results suggested that soda pulping debranched the hemi-
celluloses, probably via alkaline hydrolysis,** unlike pretreat-
ment. Finally, the intensities of the lignin-related peaks at 1595,
1512, and 1462 cm™** were significantly reduced after the
bleaching treatments, especially in the PCAAC-S sample, due to
the strongest delignification that was performed. The crystal-
linity index (CrI) of the cellulose for all the samples was
estimated by FTIR spectroscopy. An increase in the Crl from
0.75 for the PC sample to 0.98 for the PCAA-S sample indicated
that alkali treatments removed not only amorphous components
but also amorphous cellulose. Chlorite bleaching increased the
CrI to 1.09, whereas peroxide bleaching did not affect this value,
indicating that PCAAC-S has more crystalline cellulose than
PCAAP-S.

Figure 2I shows the XRD patterns of the solid fractions, where
the typical crystalline peaks of type I cellulose at 15°—16° and
22° were detected. After both alkali treatments, these peaks
became more defined due to the removal of the amorphous
components, resulting in an increase in the CI from 50% to 64%.
Higher CI values were obtained for the bleached samples;
however, among them, PCAAP-S displayed the lowest value due
to its lower cellulose crystallinity and higher lignin content.

Thermogravimetric (TG) and first-derivative thermogravi-
metric (DTG) curves for all the studied samples are shown in
Figure 2J and K. Two main weight-loss regions were identified
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from these curves: a first weight loss (<5%) at less than 150 °C 650 °C) where three overlapping thermal processes centered at
related to moisture evaporation and a second region (150 and 333, 365, and 400 °C were related to the pyrolysis of
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hemicellulose/pectin, cellulose, and lignin, respectively. The
progressive removal of the amorphous components during the
biorefinery process was observed in this second region, where
after the alkaline and bleaching treatments only one well-defined
and narrower peak related to the thermal decomposition of
cellulose was clearly identified. The bleached samples degraded
within a narrower temperature range and showed better thermal
stability than the PC and alkali samples. This increase in the
thermal stability is attributed to the increased crystallinity and
proportion of intermolecular hydrogen-bonded domains after
the extraction of the amorphous components.’ The highest
efficiency of the chlorine bleaching process allowed us to obtain
a more pure and crystalline cellulose sample, which resulted in

2186

an onset value 40 °C higher than that found for PCAAP-S (273
°C).

Biorefinery Process: Cellulose Nanofibrils with Differ-
ent Lignin Contents. PCAAC-S and PCAAC-P were used as
raw materials to isolate cellulose nanofibrils with different lignin
contents. The physicochemical properties of both nano-
celluloses were evaluated and compared to those of their
precursor pulp to understand the influence of the lignin content
on the nanocellulose isolation process and on their quality.
Specifically, cellulose nanofibrils with less than 1% lignin content
were obtained from PCAAC-S (CNF), and cellulose nanofibrils
with 16% lignin were isolated from PCAAC-P (LCNF). Figure
3A and B reveals the coexistence of both individualized
nanofibrils and microfibers for both types of nanocelluloses

https://dx.doi.org/10.1021/acssuschemeng.0c07687
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Table 1. Moisture Uptake and Summary of Tensile Properties of Materials®

Moisture Uptake (%)

PCA-L/CNF 30 120 £ 0.7
PCA-L/CNF 45 14.0 + 0.6
PCA-L/CNF 60 10.8 + 0.6

CNF 84+ 0.2

PCA-L/LCNF 30 10.6 £ 0.5
PCA-L/LCNF 45 13.1 £ 04
PCA-L/LCNEF 60 94+ 0.5
LCNF 9.1+£0.3

E (GPa) 5 (%) o (MPa)
4.72 + 0.42 0.95 + 0.44 335+12
6.11 +0.19 2.01 +0.03 94.8 + 5.6
4.38 + 0.35 1.84 + 0.20 61.8 +2.3
6.92 + 0.03 1.58 +0.19 783 +5.2
394 +£0.21 0.88 +0.12 304 + 5.4
6.60 + 0.46 2.89 + 042 127 £ 3.5
3.93 +0.65 2.66 + 0.48 81.8 +15.8
3.78 £ 0.26 6.36 + 0.27 122 + 4.8

“E represents Young modulus. s represents strain at break. ¢ represents stress at break.

with a length on the microscale. The histograms in Figure 3C
and D show the diameter distribution of both nanocelluloses.
CNF and LCNF displayed a similar broad polydispersity;
however, the CNF showed a substantially lower average
diameter than the LCNF (14.6 vs 21.9 nm), which is in line
with other reports in the literature.” This difference in the
average diameter may be attributed to a higher fibrillation
efficiency in the absence of lignin since the diameter of the
cellulose fibers in both pulps was similar.*® However, it could
also be possible that the higher content of lignin in the LCNFs
increased the fiber diameter, as the lignin and hemicellulose
recovered the nanofibrils.””>® The viscosity of both types of
nanocelluloses was also evaluated (Figure 3E), showing that the
CNF had a substantially higher viscosity than the LCNF. Chen
et al.> also observed a decrease in viscosity with increasing
lignin content, which was attributed to the lignin preventing
hydrogen bonding between nanofibrils, thereby inhibiting
percolation.

In Figure S1, similar FTIR spectra for both nanocelluloses and
pulps are shown. The CrI of both types of nanocelluloses was
also calculated and compared. A decrease in the CrI from 1.09 to
0.89 for the CNFs and from 0.97 to 0.66 for the LCNF was
observed. This result indicated that cellulose was degraded in
both cases during mechanical disintegration and that it was more
significant in the LCNF due to the higher lignin content.The
intensities of the XRD patterns for the CNF and LCNF were
slightly lower than those of their corresponding raw materials
(PCAAC-S and PCAAP-S) (Figure 3F), suggesting that the
homogenization process destroyed part of the crystalline
structure,” as mentioned in the FTIR results.

Figure 3G and H compares the thermogravimetric curves of
CNF and LCNF with those curves obtained for PCAAC-S and
PCAAP-S. The LCNF displayed an onset (278 °C) similar to
that of its corresponding pulp, whereas the CNF displayed an
onset temperature decreased by 30 °C,°° which may be
attributed to the degradation of the cellulose and hemicellulose
present in the CNF during the mechanical disintegration.
Comparing the nanocellulosic samples, the LCNF exhibited
higher thermal stability than the CNF samples despite of their
higher crystallinity. This fact may indicate that the hemi-
celluloses in the CNF samples resulted in more damage during
the isolation of the nanocelluloses.

Evaluating Reinforcing Capabilities of CNF and LCNF
in Composite Film Formation. As has been previously
stated,'”°"** nanocellulose unique properties may be used to
reinforce other biopolymeric wood components to confer film-
forming properties and competitive performance and function-
ality. Therefore, in this study, the potential of CNF and LCNF as
reinforcing agents of PCA-L was evaluated based on their film-
forming capability and film performance assessment.

Two different sets of composites were formulated using the
PCA-L fraction as the polymeric matrix and three different
concentrations (30%, 45%, and 60%) of each nanocellulose as
the reinforcement system (Figure 4A). The film formation of
PCA-L, CNF, and LCNF was also evaluated (Figure 4A).
However, PCA-L did not show film-forming capability, and the
film fragmented upon drying. The addition of CNF and LCNF
to PCA-L prevented crack formation, and all the formulations
resulted in brownish films with good cohesion. As the solid
content of all the formulations were similar, the resulting
grammage of all the dried samples was also similar (around
0.12gr/cm?). However, the CNF-based films showed a thickness
of around 80 pm, whereas the LCNF-based films displayed a
higher thickness of around 100 ym. Therefore, the CNF-based
films had higher density than the LCNF-based films, and this
fact may be attributed to the lower diameter of the CNF.

The performance of both sets of films and their potential as
packaging materials were assessed in terms of thermal
properties, gas permeability, antioxidant behavior, moisture
sorption, and mechanical properties.

Figure 4B and C compares the TG and DTG curves of both
sets of films with the curves of PCA-L. The thermal stability of
PCA-L (~205 °C) increased as a function of the amount of
nanocellulose in the formulations of both sets of films, which was
more significant for the LCNF films. Among these films, the
composite with a loading of 60% displayed the highest thermal
stability, with an onset value of 240 °C. The higher lignin
content in the LCNF may result in an improvement of the
compatibility between the matrix and the reinforcement,
enhancing the interactions and therefore the thermal stability.

Figure 4D summarizes the oxygen transmission rate and water
vapor transmission rate (OTR and WVTR, respectively) of all
the developed films. Compared to the LCNF films, the CNF
films showed better oxygen barrier properties and similar water
vapor barrier properties, which is speculated to be due to the
higher diameter and lower crystallinity of the LCNF samples, as
biopolymers exhibit increased barrier properties with increasing
crystallinity.® The two sets of composites made from PCA-L
and the two different types of nanocelluloses displayed lower
WVTR than their corresponding pure nanocellulose. This lower
WVTR is attributed to the hemicelluloses present in the PCA-L
composition, which may show higher WVTR than nano-
celluloses.”* In any case, WVTR values of the developed films
were higher than the ones of PLA*® but lower than the major
part of other hemicellulosic films.®* On the other hand, different
trends were observed for the OTR values as a function of
increasing nanocellulose percentage in both sets of films,
presenting the best oxygen barrier properties for composites
with 30% and 60% nanocelluloses in their formulation. These
composite films displayed lower OTR values than the pure CNF
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films and other commercial packaging materials, such as PET
and PLA.*"%°7%

The antioxidant properties were investigated by calculating
the onset temperature values of the different films from the DSC
thermograms shown in Figure 4E.*’ This technique has
previously shown comparable results to the antioxidant
properties evaluated via other techniques such as ABTS or
DHPP.** In general, due to their higher lignin content, the
LCNF films displayed higher onset values than the CNF films.

Table 1 shows the moisture uptake and mechanical properties
of the films. It can be noted that both sets of CNF and LCNF
films show similar water sorption; however, small differences
may be noted. Pure CNF films show a slightly lower moisture
uptake than pure LCNF films; however, the PCA-L/LCNEF films
displayed lower values than their corresponding PCA-L/CNF
films. This finding may be due to the higher hydrophobicity and
compatibility among the raw materials due to the higher
percentage of lignin in the composite films.

In general, the LCNF composite films displayed better
mechanical properties than the corresponding CNF composites
films, probably due to the better compatibility between the
reinforcement and the matrix due to the presence of lignin.
Indeed, Espinosa et al.”” stated that nanofibrils containing lignin
produce a higher specific surface area and binding reactions than
CNF. Similar trends for the mechanical parameters in both sets
of films were observed as a function of the increase of the
nanocellulose load. For both types of nanocelluloses, the best
mechanical properties were displayed by the films with 45%
nanocellulose. PCA-L/CNF 4S5 and PCA-L/LCNF 4S5 had
better tensile strength and tensile modulus than those
corresponding values obtained for the pure nanocellulose films
(CNF and LCNF, respectively). Reinforcement of PCA-L with
30% of nanocelluloses has shown to be enough to form coherent
and homogeneous films (Figure 4A); however, the assessed
mechanical properties were lower than those shown by their
corresponding pure nanocellulose films. On the other hand,
films with 60% of nanocelluloses have shown better mechanical
performance than the films with 30% but worse than the films
with 45% of nanocellulose. The highest amount of nano-
celluloses in the formulations may show a higher tendency of the
nanocelluloses to self-aggregate and, therefore, to reduce the
interaction between matrix and reinforcement in the films.
Among all the studied films, PCA-L/LCNF 45 showed the best
mechanical properties and better tensile stress than PLA, with a
value of around 50 MPa.”**!

B CONCLUSIONS

In the work, presented herein, pine cones, a forest and agro-food
residue, were successfully valorized by a sequential integral
biorefinery process into high-value-added composite films. The
proposed biorefinery process allowed us to upgrade 57% of the
initial residual biomass by the sequential recovery of two lignin/
hemicellulose-based fractions and two different cellulose-rich
fractions. Cellulose nanofibrils with different lignin contents
were produced (CNF and LCNF with 1% and 16% lignin,
respectively) from the cellulose-rich fractions. Different
amounts of CNF and LCNF were used as reinforcements of
the first extracted lignin-based fraction to form composite films.
The quality of the different nanocelluloses, the film-forming
capability of different nanocellulose loads, and the film
performance showed a clear dependence on the nanocellulose
lignin content. A higher lignin content in nanocelluloses allowed
us to obtain composite films with an enhanced compatibility
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between the matrix and the reinforcement, resulting in films with
good barrier properties, antioxidant functionality, and improved
thermomechanical properties. However, the CNF composite
films showed better barrier properties than the LCNF
composites. Therefore, the properties of the different films can
be tailored by selecting the type and loading of nanocelluloses in
the composite film formulation.

The proposed biorefinery process enables the valorization of
low-value, abundant residual biomass into biobased films with
high potential to be used as multifunctional food packaging
materials due to their competitive thermomechanical, anti-
oxidant, and barrier properties.
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