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ABSTRACT

A “waste-valorization” approach was developed to transform recalcitrant hydrolysis lignin (HL) from second-
generation bioethanol production into multifunctional bio-based products. The hydrolysis lignin (HL) was ex-
tracted with aqueous acetone, yielding two fractions enriched in lignin and cellulose, respectively. The soluble
hydrolysis lignin (SHL) was converted into anionic and cationic colloidal lignin particles (CLPs and c-CLPs). The
insoluble cellulose-rich fraction was transformed into lignocellulosic nanofibrils that were further combined
with CLPs or c-CLPs to obtain nanocomposite films with tailored mechanical properties, oxygen permeability
and antioxidant properties. To enable prospective applications of lignin in nanocomposite films and beyond,
CLPs and c-CLPs were also produced from a soda lignin (SL) and the influence of the lignin type on the particle
size and ecotoxicity was evaluated. Finally, the carbon footprint of the entire process from hydrolysis lignin to
films was assessed and an integration to industrial scale was considered to reduce the energy consumption.
While most previous work utilizes purified lignin and pristine and often purified cellulose fibers to produce
nanomaterials, this work provides a proof of concept for utilizing the recalcitrant lignin-rich side stream of the

bioethanol process as raw material for functional nanomaterials and renewable composites.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Expansive utilization of fossil-based resources for fuels and packag-
ing has a detrimental impact on land and marine ecosystems [1-4]
and contributes to the acceleration of global warming [5,6]. In addition
to biofuels, biomass-based materials are needed to advance adaptation
of circular bioeconomy policies in Europe [7]. It is thus urgent to find
sustainable resources to produce biodegradable and recyclable mate-
rials with a low carbon footprint [8-10]. Several bioethanol production
processes using lignocellulosic biomass as a feedstock have been devel-
oped in the past few years [11]. These processes are mostly based on
acid-catalyzed steam explosion and enzymatic hydrolysis, and generate
a recalcitrant solid residue termed “hydrolysis lignin” that contains
unhydrolyzed residual carbohydrates in addition to lignin phenolic
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compounds and some minor components [12]. Though burning part of
this by-product that represents more than 40% of the initial lignocellu-
losic feedstock is necessary to reduce fossil fuel consumption and ensure
energetic autonomy of the process, its valorization into functional
bioproducts would increase the overall sustainability of the process.
One of the main obstacles to the valorization of this lignin-rich residue
lies in its chemical heterogeneity, which hinders its direct applicability
without further treatment or fractionation [13].

A few works have previously attempted to convert recalcitrant hy-
drolysis lignin into functional bio-based materials, but in these works
only the lignin fraction was utilized to produce cationic lignin for
water purification [14], or for antimicrobial and antioxidant CLPs
while the non-soluble fraction was discarded [15]. Also, untreated lig-
nocellulosic feedstocks from various biomass resources have been pre-
ferred in many prior studies [16-18]. The advantage of using native
lignocellulose as raw material is that it generally contains less lignin
than the hydrolysis lignin [13], which facilitates processing of cellulose
into cellulose nanofibrils (CNFs) [16]. Although lignin is usually

2214-9937/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.susmat.2021.e00269&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.susmat.2021.e00269
mailto:stephanie.baumberger@inrae.fr
mailto:monika.osterberg@aalto.fi
https://doi.org/10.1016/j.susmat.2021.e00269
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/susmat

G.N. Riviere, F. Pion, M. Farooq et al.

removed by delignification and bleaching of CNF during the process, the
presence of lignin may be advantageous in certain applications. This as-
sumption has given rise to the production of lignin-containing CNFs,
i.e., lignocellulose nanofibrils (LCNFs) from native feedstocks [17,18].
Actually, whereas CNFs provide high strength and stiffness to bio-
based materials, e.g., for packaging applications [19,20], LCNFs can be
used in coatings to bring further enhanced physico-chemical properties
to cellulose-based materials, such as barriers against oil, water or
oxygen [20-22]. The effect of residual lignin on the mechanical proper-
ties of films from cellulose fibrils has often been evaluated to determine
if they would be suitable candidates to substitute bleached CNFs
[17,18,23].

Native lignin in plant cell-walls and most lignin fractions recov-
ered from lignocellulose biorefinery processes are poorly soluble in
water. Their conversion into water-dispersible CLPs broadens their
application range [24], in particular for uses where organic solvents
are proscribed. Indeed, these spherical nanoparticles find numerous
prospective applications in, e.g., drug delivery [25,26], adhesives
[27], and sunscreens [28], and can be modified via chemical or enzy-
matic pathways [27,29], or via coating [25,30]. Notably, the naturally
anionic CLPs can be rendered cationic via adsorption of water-
soluble cationic lignin [30]. The applicability of the water-soluble cat-
ionic lignin and the c-CLPs has been demonstrated for water purifica-
tion and more specifically, for removal of dyes [31] and viruses [32],
and for stabilization of Pickering emulsions [30]. CLPs can also be eas-
ily integrated within multiple solid systems [24,33,34], and notably in
CNF matrices [35-37]. The CLPs can be homogeneously spread onto a
surface or evenly integrated within a composite material due to their
dispersibility in water in comparison to non-colloidal crude lignins.
Addition of CLPs allows tailoring of the antioxidant [35] or antimicro-
bial [38] properties of the resulting nanocomposite films. However,
most of the previous reports combined CNF from fully bleached pulp
and lignin particles prepared from separately isolated and purified
lignin, both from different sources [35-37]. This approach is rather en-
ergy and chemical consuming and does not allow for use of the cellu-
lose fibers for pulp or fuel. One recent paper reported the combination
of cellulose and lignin from the same feedstock [16], but again, with
native biomass that is not representative of the recalcitrant nature of
the hydrolysis lignin from biorefinery processes.

The objective of this paper was to demonstrate the feasibility of val-
orizing hydrolysis lignin from a pilot-scale second generation (2G)
bioethanol production process into various nanoscale materials demon-
strating the utilization of the whole residual fraction with minimal
waste production. A further objective was to assess whether conven-
tional industrial solvents are suitable for dissolution and fractionation
of the hydrolysis lignin. The solvent polarity shifting method was cho-
sen to prepare CLPs from the soluble fraction of the hydrolysis lignin
and, for comparison, from a highly pure soda lignin (SL). This method
has already been applied on a few types of lignin including kraft, soda
and organosolv lignins [24,39]. The extension to a soluble hydrolysis lig-
nin (SHL) that has a different molecular structure and composition in-
creased our understanding of the structure — property relation and the
self-assembly mechanism of lignin into colloidal particles. Cationization
of lignin was also extended to non-kraft lignins. The role of functional
groups with respect to reactivity and formation of the c-CLPs is
discussed. To ensure safe integration of the particles within biomaterials
for environmental or health applications, their ecotoxicity was evalu-
ated regarding size, charge and lignin source. Finally, LCNFs were ob-
tained from the acetone:water insoluble fraction and combined with
the different lignin materials produced from the SHL to make nanocom-
posite films. The mechanical resistance of these films as well as their an-
tioxidant activity and oxygen barrier properties were evaluated, as they
are the primary characteristics required for food packaging [40]. Finally,
a life cycle assessment was performed to evaluate the energy consump-
tion from a climate change point of view and to identify hot spots for
future scale-up.
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2. Results and discussion

Our approach is based on the fractionation of a recalcitrant hydroly-
sis lignin from the bioethanol production process by selective extraction
in an acetone:water solvent mixture (Scheme 1). This fractionation pro-
cess was designed to recover a lignin-depleted cellulosic fraction
(termed “cellulose-rich fraction”) used for preparation of LCNFs and a
lignin-rich fraction (termed “soluble hydrolysis lignin” (SHL)) used to
prepare CLPs, cationic lignin and c-CLPs. This section reports on the frac-
tionation process and the characteristics of CLPs recovered from the hy-
drolysis lignin (HL) and the soda lignin (SL) used for comparison, then it
focuses on the preparation of the nanocomposite films by assembling
the HL fractions into a CNF-based nanocomposite.

2.1. Composition and solubility of HL compared to SL

In order to discuss the influence of lignin type on the CLPs character-
istics, the detailed chemical composition of HL and SL was established
and compared (Fig. 1a and Table S1). The two samples originated
from grass feedstocks, wheat straw for HL and a mix of wheat straw
and sarkanda bagasse for SL. SL was rich in lignin (89.1 wt% according
to the Klason method) and contained only 1.85 wt% of carbohydrates,
consisting of hemicelluloses mainly composed of arabinose and xylose.
In contrast, HL contained 54.9 wt¥% of lignin and almost 39 wt% of carbo-
hydrates, including 33.9 wt% of cellulose and 4.8 wt% of hemicelluloses
mainly composed of glucose and xylose. Besides composition, a major
difference between the two samples lay in the lower solubility of HL
in most organic solvents and in aqueous media (Fig. 1b and Table S2).
Indeed, whereas SL solubility ranged between 15 and 100%, it did not
exceed 32% for HL. This could be in part explained by the presence of
cellulose in this sample. The solubility data were used for the selection
of the fractionation solvent, taking into account specifications relative
to the selected CLP preparation method.

2.2. HL fractionation and CLPs recovery process

Out of the different methods to prepare CLPs [24], the nanoprecipitation
method (also called solvent polarity shifting method) [25,32,35,41]
was preferred here since it enables production of spherical particles with
diameter below 200 nm. In this method, solubilized lignin, either in
aqueous tetrahydrofuran (THF) or aqueous acetone, is quickly poured
into water under rapid stirring. The organic solvent is removed by dialysis
[32] or by evaporation [42] to yield a colloidally stable aqueous dispersion

Recalcitrant
hydrolysis lignin (HL)

Fractionation Soluble

l Acetone:water (3:1,V:V) I
Cellulose-rich
fraction
¢ Waste-valorization
process

|_> CNF-based ¢ I

films

Scheme 1. Concept for the valorization of 2G bioethanol recalcitrant residue by
fractionation and re-assembly into CNF-based nanocomposite films.
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Fig. 1. a) Composition of hydrolysis lignin (HL) and soda lignin (SL) and b) their solubility in different organic solvents.

of spherical particles. The particles are easily modified, e.g., by adsorption of
cationic polyelectrolytes [25,30]. This process was applied herein for the
first time to recalcitrant hydrolysis lignin, in parallel to a reference soda
lignin.

The choice of the fractionation solvent was driven by its suitability
regarding the CLP production process and by the solubility of HL. SL sol-
ubility (Fig. 1b and Table S2) was not used as criteria, since it was highly
soluble in the solvents commonly used for CLP preparation (90% for THF
and 80% for acetone). The highest solubility (32%) of HL was obtained
with dimethylformamide (DMF). However, the solvent must be easy
to remove from the CLP dispersion by evaporation, which is not the
case for DMF, unlike THF and acetone that have been found suitable
for the production of CLPs from kraft lignin [35,41]. Due its lower boiling
point, acetone in a binary mixture with water was chosen as a good
compromise, likewise to recent studies [25,32].

Using this process HL yielded 12 wt% of SHL fraction and 82 wt% of
insoluble residue, giving a mass balance closure of 94%. As expected
from the selective dissolution in organic solvents of phenolic com-
pounds, with respect to carbohydrates, the lignin content was increased
in the SHL fraction (82 wt%) and reduced in the insoluble fraction (44 wt
%) compared to the initial HL lignin content (55 wt%). Taking into ac-
count the fractionation mass balance, these results indicate that 12% of
the lignin contained in HL was extracted by the solvent. Due to its
high lignin content, similar to that of SL, SHL was suitable for preparing
different lignin-based materials. Herein, this fraction was used to pre-
pare CLPs, water-soluble cationic lignin, and c-CLPs, as presented in
Scheme 2. The last one was obtained by adsorption of water-soluble cat-
ionic lignin on the CLP surface [30]. On the other hand, the cellulose-rich

Cationization

Nanoprecipitation -

Coating
Scheme 2. Pathways for lignin transformation into cationic colloidal lignin particles.

fraction was suitable for the production of LCNFs. Re-assembly of CLPs,
cationic lignin or c-CLPs with LCNFs allowed for the preparation of
nanocomposite films (Scheme 2).

2.3. Effect of lignin structure on the formation of colloidal particles

In order to assess the influence of lignin structure on lignin colloidal
properties, CLPs were prepared from the SHL fraction and from SL using
the technique discussed above. Indeed, the samples showed similar lig-
nin content (less than 10% difference) but differed in their structure, in
particular in terms of molecular weight (Fig. 2a and Fig. S1). The SHL
weight average molecular weight was 27% higher than that of SL
(3510 and 2570 g mol ™' respectively). Furthermore, both lignin frac-
tions displayed different chemical compositions as showed in
Table S2. SHL contained a higher amount of aliphatic hydroxyls and a
lower amount of phenolic hydroxyls. However, they had similar amount
carboxylic acids. Both, molecular weight and functional groups are
known to influence the particle size [43].

No differences in term of charge were observed between the lignins
for the uncoated CLPs (Fig. 2b). Both fractions had a high enough anionic
charge to ensure good colloidal stability. For electrostatic stabilization
high enough anionic or cationic charge is needed. In contrast, a clear dif-
ference in CLP size was observed (Fig. 2c), with a higher diameter for SL
(97 against 68 nm for the SHL fraction at pH 5). This difference in parti-
cle size is likely related to the higher molecular weight of SHL. Indeed, a
similar decrease of CLP diameter was previously observed both upon
lignin polymerization by laccase [27], and upon fractionation [44]. The
same trend was observed when using a mixture of THF:water (3:1, w;
w) for lignin dissolution (CLP diameter of 138 and 110 nm for the SL
and SHL fraction, respectively; Fig. S2). These results showed that CLPs
with larger diameter are formed from THF:water precipitation com-
pared to acetone:water precipitation system, confirming previous ob-
servations [24]. A higher molecular weight is associated with lower
water-solubility, leading to more rapid nanoprecipitation and we spec-
ulate that this will lead to the formation of smaller particles. The chem-
ical structure is also considered as a determining factor for the particle
size such as the ratio between S/G ratio or high content in phenolic hy-
droxyls and carboxylic acids or the type of linkages within the structure
[43]. SHL contained more aliphatic hydroxyls increasing the hydropho-
bicity of the lignin, yielding to smaller particles, while SL had a higher
hydrophilicity due to a higher amount of phenolic hydroxyls. However,
more research is needed to fully understand the particle formation
mechanism.
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CLP surface.

Cationic CLPs were prepared to demonstrate the effect of lignin
composition on the functionalization of CLPs. Cationic lignin was first
produced in aqueous alkaline solution via epoxide ring-opening
grafting to the aliphatic and phenolic hydroxyl groups of lignin with
glycidyltrimethylammonium chloride (GTMAC). The resulting water-
soluble lignin bearing quaternary ammonium ions is described here
simply as cationic lignin. This cationic lignin was then used to prepare
c-CLPs by coating anionic CLPs as previously demonstrated for kraft lig-
nin [30,31]. A similar cationization procedure was applied to SL and SHL,
except that the amount of GTMAC was increased by a factor of 2 for both
lignins to ensure complete reaction and to reduce the formation of in-
soluble products. A small fraction of insoluble cationic lignin is formed
during the cationization reaction. Unfortunately, Sipponen et al. [30]
have shown that this insoluble product cannot be transformed into
spherical CLPs. The adapted procedure led to a yield above 75% of solu-
ble cationic product in comparison to the 50% previously observed with
kraft lignin [30]. The Zeta potential of the formed cationic lignins are
shown in Fig. 2b (+15.5 mV for SL and + 26.4 mV for SHL against
+21.7 mV for the kraft lignin [32] at pH 5) and indicates the lower reac-
tivity of the SL compared to the kraft lignin. In contrast to cationized SL,
the cationic SHL showed a high positive net charge, which is beneficial
for the stability of the c-CLPs. Additionally, as shown in Fig. 2a, the
cationization reaction induced a reduction of the apparent molecular
weight of both lignin fractions that approached similar values (1008 g
mol ! for SL and 975 g mol ™! for SHL). This reduction could be due to
the lower solubility of higher molecular weight cationized lignins, but
it does not explain the observed difference in reactivity. Since

cationization takes place through the substitution of phenolic and ali-
phatic hydroxyl groups [30], these results were assessed by comparing
changes in the concentrations of the hydroxyl functional groups.

Table S1 shows that SL contains the highest total aliphatic and phe-
nolic content (6.64 mmol g~ ' against 5.6 mmol g~ and 5.94 mmol g~
for the SHL fraction and the kraft lignin, respectively). These data sug-
gest that the amount of GTMAC is still not high enough to get a sufficient
substitution rate of SL. Besides the availability of functional groups for
substitution, the presence of ionizable non-substituted groups likely to
carry anionic charges has to be taken into account. Indeed, these anionic
charges counteract the effect of cationization and lead to a lower Zeta
potential of the cationized lignin. Accordingly, the content of carboxylic
acids was higher in SL (0.86 mmol g~ !) in comparison to the kraft lignin
(0.57 mmol g~ 1). It means that there is an important source of anionic
charges that cannot be substituted during the cationization in SL and
in SHL. Therefore, the high content of carboxylic acids and hydroxyls
is responsible for the low cationic charge of the soda lignin. The similar
content of carboxylic acids of SHL and SL encouraged us to directly use
the adapted procedure for the cationization of SHL. The impact of the
charge of the cationic lignin as well as the size of the CLPs on the forma-
tion of the c-CLPs was then evaluated.

Fig. 2d shows the result of progressively coating particles by gradual
addition of cationic lignin to a CLP dispersion. Compared to the rela-
tively low amount of cationic lignin (40 mg g~ ') required to render
kraft lignin CLPs cationic by adsorption [30], the minimum amount of
cationic lignin required to cationize 1 g of anionic CLPs was 10 times
higher for SHL and 17 times higher for SL. The two main parameters
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to be considered to explain this large difference are the particle size and
the available functional groups on the CLP surface. Indeed, for a given
mass of lignin in the colloidal system, the total surface of particles to
be covered decreases when the particle size increases, and at constant
particle size, a higher content of anionic groups leads to a higher con-
sumption of cationic lignin for particle cationization. As expected,
more cationic lignin was needed to cationize the <100 nm sized CLPs
in the present study, as compared to previous results for CLPs from
the kraft lignin of about 274 nm [30], confirming the effect of particle
size. The particle size difference between the SHL fraction and the
soda lignin, 68 and 97 nm respectively, seems, however, to be too
small to observe an impact on c-CLP formation. Instead, the availability
of reacting functional groups was expected to be more important for the
observed differences between these two lignins. Accordingly, the higher
amount of cationic lignin required to cationize SL CLPs was consistent
with its higher content of anionic groups. To further elucidate this phe-
nomenon, a third experiment was performed by coating SHL CLPs by
cationic SL. As shown in Fig. 2d, the curve followed the trend of the
SHL CLPs in the anionic range and switched to the trend of the cationic
SL in the cationic range. This observation confirmed that the lower con-
tent in carboxylic acids and phenolic hydroxyls in SHL accounted for its
more efficient cationization compared to SL. Once all the negative
charges are compensated, the cationicity of the c-CLPs is governed by
the charge of the cationic SL in the coating.

For further specific tests or applications (such as integration within
films or for ecotoxicity), the ratio of water-soluble cationic lignin on
CLPs was fixed at 400 mg g~ ! for SHL and at 1000 mg g~ for SL to ob-
tain stable dispersions of clearly cationic CLPs. The Zeta potential and
the size of the particles obtained using these ratios are shown in
Fig. 2b and c, respectively.

2.4. Ecotoxicity of lignin nanoparticles

Very little is known about the leaching of lignin or of CLPs from
engineered materials and what impact especially nanoscaled lignins
have on the environment, and on aquatic and terrestrial animals. De-
spite the fact that they have been described as non-toxic in low
concentrations [24], utilization of nanoparticles for healthcare or food
applications remains controversial due to unknown health risks. In gen-
eral, the term nanoparticle (NP) refers to particles with a diameter
below 100 nm, but it also commonly used for particles up to a diameter
of 500 nm. From the safety perspective, a common hazard to consider
for sustainable use of finely divided biomass residue, like lignin, is
dust inhalation [45] and dust explosion hazards [46,47], the latter be-
coming more severe as the particle size decreases to the nanoscale
[48]. Given the fact that in the studied value chain lignin nanoparticles
are essentially processed in the form of aqueous colloids, these risks
are eliminated.

Various aqueous lignin dispersions have also been studied for water
purification (for removal of dyes [31,49], heavy metals ions [50,51], or to
agglomerate viruses [32]), but the ecotoxicity of spherical CLPs has not
yet been evaluated. The biocompatibility of CLPs [26,52] for drug deliv-
ery systems has already been studied and the viability of yeasts and
microalgae was not affected after a short duration of exposure to lignin
nanoparticles [53]. We extended this frontier by studying the effect of

Table 1
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CLPs and c-CLPs on freshwater aquatic organisms Daphnia magna
(a small planktonic crustacean) and Pseudokirchneriella subcapitata
(a microalga). Table 1 shows the toxicity against a) D. magna expressed
as EC50 48 h (i.e., the concentration that causes 50% reduction in living
population within 48 h), and b) against P. subcapitata as EC10 and EC50
(ie., the concentrations of lignin that cause respectively 10% and 50% of
algal growth inhibition after 72 h). No inhibitory effects were observed
on the mobility of D. magna up to 500 mg L~ of CLPs (the highest tested
concentration). In contrast, the algal growth inhibition test determine
the EC50 values for the four tested lignin materials.

The EC 50 ranged from 15.9 mg L™ for SL CLPs to 34.2 mg L™ for the
SHL c-CLPs, showing a higher toxicity than conventional alkali lignin to-
wards the marine algae Phaeodactylum tricornutum [54]. In our case, the
possible internalization of CLPs can result in elevated local intracellular
concentrations and thus showed lower EC50 values. It seems that SL is
slightly more inhibitory than SHL regardless of the charge of the parti-
cles. To overcome the limitations and interference from solid particles
observed in previous studies [55,56], the algal growth inhibition test
was designed to maximize contact between the living organisms and
the CLPs. Moreover, two measurement methods were used to deter-
mine the algal biomass (cell count: Table 1 and in vivo fluorescence:
Table S3). The in vivo fluorescence method led to similarly ranged re-
sults but the difference between SL and SHL was less pronounced than
with the cell count method. Thus, the four lignin materials can be con-
sidered to have a similar toxicity range.

For accurate comparison, particles with similar sizes must be consid-
ered. Indeed, it has been demonstrated that smaller particles are more
toxic than larger ones [57]. It is also relevant to select particles that can
be used for similar applications to consider CLPs as potential substitutes.
For this reason, a comparison to earlier work with nanoparticles (NPs) of
Cu0, ZnO and TiO, was made. Lignin and CLPs have been notably studied
for antimicrobial applications [ 15] siilarly to TiO, [58]. CuO have been no-
tably studied for the removal of arsenic and organic pollutants [59], or
deactivation of viruses in water [60], while lignin has been studied for re-
moval of dyes [31,49], heavy metal ions [50,51], or viruses [32]. Finally,
ZnO is used as UV-blocker [58], as have lignin particles [61,62].

The toxicity of CuO, ZnO and TiO, NPs has been evaluated against the
same species (D. magna and P. subcapitata) [63,64]. These inorganic NPs
showed higher toxicity than our lignin particles against both species. For
instance, the EC 50 (72 h) was about 0.042, 0.71 and 5.83 mg L™ for
ZnO, CuO and TiO, NPs respectively against P. subcapitata [64]. Thus,
CLPs and c-CLPs could be considered as potential candidates for
substituting or reducing the utilization of inorganic NPs in their respec-
tive applications due to their similar properties. Finally, given their rel-
atively low ecotoxicity against the two aquatic organisms studied here,
their integration within packaging materials is encouraged. One of the
promising approaches it to entrap CLPs in polymeric matrices such as
LCNFs that can also be considered safe from an environmental point
of view.

2.5. Nanocomposite films with antioxidant activity and oxygen barrier
properties

Bio-based films and membranes are promising materials for bar-
rier materials in packaging applications [40]. These films can act as

Evaluation of toxicity of CLPs and c-CLPs against Daphnia magna and Pseudokirchneriella subcapitata (also known as Raphidocelis subcapitata) via the cell count method.

Lignins OECD 202 Daphnia magna OECD 201 Pseudokirchneriella subcapitata
EC5024 h (mg L™ 1) EC5048 h (mg L) EC1072 h (mg L™1) 95% confidence interval EC5072 h (mg L™ 1) 95% confidence interval
SL CLPs >500* >500? 3.5 2.7-45 159 14.3-17.6
SL c-CLPs >500* >500? 6.2 5.4-7.0 183 17.4-19.2
SHL CLPs >500" >500? 9.4 6.5-12.9 309 27.1-353
SHL c-CLPs >500? >500? 9.5 5.3-14.6 342 27.4-453

@ Higher than the concentration tested.
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Fig. 3. a) Composition (based on dry content during film preparation) of CNF and composite films prepared from HL fractions. b) Thickness of ambient-dried and hot-pressed films (HP).

barrier against water, grease, oil, or air [20,21], although to obtain a
good water vapor barrier further chemical modification of the
biobased films is needed [65]. Chemical functionalities such as anti-
microbial, antioxidant and anti-UV have also been conferred to bio-
based films [19,40,66]. Finally, mechanical resistance and flexibility
are essential for good technical performance. Here, we measured
the mechanical resistance and the oxygen permeability, and evalu-
ated the antioxidant activities of the nanocomposite films produced
from LCNFs and other lignin materials based on the two fractions re-
covered from the hydrolysis lignin.

Films with the following five different compositions were prepared
(Fig. 3a); a pure CNF film for reference (named CNF); a film containing
LCNFs and 15 wt% of pure CNFs (named LCNF); and films containing
LCNFs and CNFs with 10 wt% of CLPs, c-CLPs or water-soluble cationic
lignin (named CLP, c-CLP and Cationic lignin respectively). First, wet
films were prepared by pressure-assisted filtration [35]. The obtained
films were then dried between blotting papers either over a week
under a 5 kg load at 23 °C and 50% relative humidity (RH) or hot-
pressed at 100 °C (Fig. 3b). The ambient-dried films with blotting papers
are simply called “films”, e.g. “CNF film”, while the hot-pressed films are
called “(HP) films”, e.g. “CNF (HP) film”.

As expected, hot-pressing reduced the thickness of the films
(Fig. 3b). Since the LCNFs already contained a significant amount of lig-
nin (37.2%), the difference in lignin content of the films was relatively
low. The additional lignin in the form of CLPs, c-CLPs or cationic lignin
(Table S1) increased the lignin amount only by 4.6 wt%. Since the
ambient-dried films were too fragile to be handled, the tensile tests
were performed only on CNF (HP), LCNF (HP) and CLP (HP) (Fig. 4),
and stress and strain values were subsequently determined (Table S4).
The presence of lignin reduced the strength of the films, as expected
from previous studies [17,20,21,35]. The nanocomposite films prepared
form pure CNF in this study exhibited a tensile strength of 118.7 +
8.0 MPa and tensile strain of 2.4 + 0.4%. In comparison, the films pre-
pared from LCNF showed a decline in the tensile strength (31.4 + 4.7)
and strain (0.8 4 0.15). Similarly, the tensile young's modulus also
displayed a decrease from 8.5 + 0.3 GPa for pure CNF to 4.5 + 0.4 GPa
for LCNF and 4.3 4 0.3 GPa for CLP films.

The combination of pure CNF and CLPs have been found to yield
nanocomposite films with increased strength compared to CNF alone,
but the maximum strength was observed at 10 wt% CLP and increasing
the lignin content to 20% decreased the strength, in line with our obser-
vations [35]. In that study, it was also observed that the use of c-CLPs in-
stead of CLPs did not significantly change the mechanical properties,
hence the effect of cationization on the mechanical properties was not
studied here.

Chen et al. [18] evaluated the effect of residual lignin from poplar
wood on the mechanical properties of the LCNF films and obtained a
stress at break of 22.6 MPa at a lignin content of 22.1%. Despite the
fact that residual lignin was present in the interconnected LCNF net-
work, this value is lower compared to the 31.4 MPa that was obtained
here with LCNF (HP) film. A few studies have also reported higher me-
chanical strength of films prepared from LCNF [23,67]. However, what is
typical for these studies is that they used LCNF prepared from native cel-
lulose fibers and the lignin content never exceeded 15 wt%.

The mechanical properties of the composite films described in the
present study remained suitable for packaging applications, even with
the lower strain-at-break of the LCNFs (Fig. 4), and despite the fact
that only c.a. 15 wt% of pure CNF was used to reinforce the material
and that the lignin content was as high as 37-41 wt%. The presence of
hemicelluloses (5 wt%) associated to cellulose and lignin in the recalci-
trant hydrolysis lignin might contribute to the cohesion of the material.
[68,69] In view of this result, the films were further assessed for their
oxygen barrier properties and antioxidant activity.

The oxygen permeability (OP) of the nanocomposite films was eval-
uated at 50 and 80% RH. At 50% RH, only the films dried under a 5 kg
load over a week in a 50% RH room were tested (Fig. 5a), while all the
films (except the cationic ones) were tested at 80% RH (Fig. 5b). The

120

CNF (HP)

LCNF (HP)
CLP (HP)

Stress (MPa)
[*2]
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Fig. 4. Tensile stress-strain curves of hot-pressed (HP) films. Representative stress—strain
curves, with the lowest difference in tensile stress and strain-at-break values with respect
to the mean values are shown. CNF (HP) was made of pure CNFs, LCNF (HP) contained 15%
of CNF (15 wt%) and 85% of LCNFs, and CLP (HP) contained 14% of CNFs, 76% of LCNFs and
10% of CLPs (dry matter based).
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Fig. 5. Oxygen permeability (OP) of the films dried at room temperature with low load and hot-pressed films at a) 50% and b) 80% relative humidity.

reference CNF films displayed similar oxygen permeability as previously
published results [70]. Minor differences in oxygen permeability were
observed at 50% RH between all the films that contained LCNFs. The ad-
dition of CLPs and cationic lignin in the films slightly increased the per-
meability, while the addition of c-CLPs slightly reduce it. It is also
interesting that films containing soluble cationic lignin displayed larger
error bars, indicating a more heterogeneous material compared to the
films containing spherical particles. However, all films were less effi-
cient oxygen barriers than pure CNF films. Disruption of intra-fibril hy-
drogen bonding caused by the inclusion of lignin clusters from the
LCNFs (as showed in AFM images in Fig. S3) is anticipated to decrease
the OP of the nanocomposite films. Furthermore, the HP nanocomposite
films demonstrate better OP values compared to ambient dried film
clearly indicating the densification of the film structure upon hot-
pressing. The density of the pure CNF film dried at ambient conditions
is 879 + 65 kg m ™3, whereas the hot-pressed film revealed slightly
higher density value of 1031 + 110 kg/m~>. For lignin containing
films the drying process had insignificant effect on the density values
as tabulated in Table S5. Additionally, the mass balance of the dried
films suggests that the same amount of materials was integrated within
the LCNFs whatever its charge or shape. This low difference in OP values
may be due to the low contribution of lignin addition to the total weight
of the films (only 10 wt%).

The oxygen permeability was also tested at 80% RH to determine the
limitations of the LCNFs. Both ambient-dried and HP films were tested.
All the films showed higher permeability at this higher relative humid-
ity, which reflected lower hydrogen bonding between fibrils due to the
presence of adsorbed water molecules in the materials. The value of
7100 for the ambient-dried LCNF film indicates that there would have
been significant leakage in the films containing LCNFs made from resi-
dues. However, all the HP films exhibited lower oxygen permeabilities
than the ambient-dried ones. A fourfold decrease in oxygen permeabil-
ity was observed for the reference CNF film, which could be explained
by increased interactions between the fibrils (hydrogen bonds and
van der Waals interactions) due to pressing. A reduction to 1/3 of the
value of ambient-dried films was observed for the hot-pressed CLP
films. This reduction could be explained by partial impregnation of the
fibrils by lignin at high-temperature under pressing, [22,35] even if
the temperature of the press was not high enough to melt the lignin.

Rojo et al. reported similar permeability for lignocellulosic films at
50% RH, but a 2 times lower permeability at 80% RH compared to the
LCNF (HP) film [23]. This difference is likely due to a lower lignin con-
tent in their films with favorable distribution on the fibril surface. In
agreement with our observations, Rojo et al. also reported about a four-
fold increase in oxygen permeability for films containing lignin com-
pared to pure CNF films.

The films CLP (HP) and LCNF (HP) showed more promising oxygen
barrier properties at high humidity despite the high lignin content and
low amount of pure CNFs than many previously reported materials
using LCNF, and comparable oxygen permeability to plastics, such as
poly(ethylene terephthalate) (PET) or poly(lactic acid) at 50% RH [71].
Additionally, the present films showed lower oxygen transmission
rates (OTR) compared to LCNF-coated paper [20]. The highest values
were about 7.50 cm® m? day ™' at 50% RH and 136 cm® m? day ! at
80% RH, both obtained with CLP films. (Detailed OTR values are pre-
sented in Table S5). Thus, it seems that the recalcitrant residues from
the bioethanol production could find utilization as active coatings in
the packaging industry or as breathable materials. For this reason, the
antioxidant properties of the films were tested.

Lignin is well-known to have antioxidant properties due to the pres-
ence of phenolic groups [72-76]; this functionality has been frequently
harnessed in composite films and composite materials [35,66]. The an-
tioxidant activity of the films was evaluated using the radical cation of
2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS' ™) (Fig. 6). Due to the higher thickness and higher lignin con-
tent of the films compared to our previous work [35], a kinetic study
(Fig. S4) was carried out with circular pieces of CLP films. The absor-
bance reduction appeared to reach a plateau after 1 h of mixing in the
ABTS™ solution. Thus, the size of the specimens was reduced to keep
a mixing time of 1 h in order to have enough time for the ABTS™* to pen-
etrate the films and get more reliable results. Furthermore, the interac-
tions occurred at the liquid/solid interface [35].

The results of the antioxidant tests (Fig. 6) were consistent with pre-
vious results [35]. Indeed, the ambient-dried CNF films did not show any
antioxidant activity (AA), unlike the lignin-containing films. As ob-
served with the oxygen permeability results, the charge of the added
lignin did not affect the activity. In the context of AA, this result is
more interesting since it suggests that adsorption of the radical cation
on anionic CLPs or possible charge repulsion with c-CLPs did not inter-
fere with the result. Furthermore, utilization of a hot-press to dry the
films had a positive impact on the antioxidant activity. Indeed, even
the pure CNF films saw their AA slightly increased due to hot-
pressing. This is probably due to a physical entrapment or absorption
of the dye in the film matrix that became denser upon the hot-
pressing. As expected, the antioxidant activity increased further when
more lignin was added in the form of CLPs, cationic lignin or c-CLPs.
Since the increase in lignin content was low, the observed increase in
activity was also minor. However, the antioxidant activity was lower
than previously reported [35]. In the previous study, films containing
10 wt% of lignin reached 1.21 mg of tannic acid equivalent (TAE) per
gram of sample TAE, while films containing 50 wt% lignin reached
2.07 mg TAE g~ ! [35]. This difference can be explained by the higher
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Fig. 6. Antioxidant activity (AA) of the films expressed in mg of tannic acid equivalent
(TAE) per gram of sample.

phenolic hydroxyl groups content of the kraft lignin compared to HL
(4.05 mmol g~ ! against 0.70 mmol g~ ). The difference in carboxylic
group content (0.13 mmol g~! for the hydrolysis lignin against
0.57 mmol g~ ! for the kraft lignin) might also contribute to this differ-
ence [77].

These results warrant further investigations towards integration of
2G bioethanol residue within packaging products. The LCNFs and the
CLPs could work as coatings, in multilayer barrier systems or as compo-
nents in biocomposites to bring added antioxidant properties instead of
as free-standing films. In the spirit of circular economy, the goal of find-
ing valuable applications for residues should not be forgotten. Further-
more, the low toxicity of the lignin particle, combined with the
potential of composite materials as active coatings, encouraged us to
calculate the energy consumption of our process and to consider how
it could be improved.

2.6. Carbon footprint from life cycle assessment and feasibility of scaling up

A life cycle assessment (LCA) was performed for the functional unit
producing 1 kg of nanocomposite films containing CLPs to identify
hotpots and opportunities of mitigating greenhouse gas (GHG) emis-
sions measured by carbon dioxide-equivalent, also called the carbon
footprint. Since cationic lignin or c-CLPs did not show significant im-
provements in term of either antioxidant or barrier properties the LCA
study was focused on unmodified CLPs.

Fig. 7 shows the life cycle carbon footprint of three scenarios broken
down by different inputs; i) a baseline scenario determined from the
lab-scale experimental data with the European average grid mix and
heat from natural gas, assuming 99% recovery of acetone [78]; ii) an op-
timized scenario by scaling-up to improve energy efficiency; iii) a fur-
ther optimized scenario by considering low-carbon electricity and heat.

In the baseline scenario, 98.9% of the GHG impact is related to energy
consumption, mainly comprising of the stirring in the fractionation step
of separating the hydrolysis lignin into soluble lignin and lignocellulose
powders, the evaporation of acetone in the CLP production, the filtration
step for the LCNF production, and the mixing step for the preparation of
the final composite film. Improving the energy efficiency of the process
could, consequently, decrease the carbon footprint of the composite
film production. Indeed, a reduction in the carbon footprint from the
179 kg CO,-eq/kg film for the lab scale production to 26 kg CO,-eq/kg
film (85.4% of GHG reduction) in the scaled-up scenario could be
achieved, as detailed in the section below. A further reduction to 3 kg
CO,-eq/kg film (98.4% of GHG reduction) can be achieved by switching
energy sources in the scaled-up scenario to low-carbon waste energy or

Sustainable Materials and Technologies 28 (2021) e00269

200
0,
L g
§ 150 ! Hydrolysis lignin production
08 22.7% Electricity, fractionation
28 1 20.9% Electricity, CLPs
S g | — Electricity and heat, LCNFs
S5 o ,
e 100 2% 2509 | EEEEectictyand heat, CNFs
B " 15.9% Electricity, films
.E q?; 44( =7 Water consumption
O 6 504 | Acetone consumption
O \
D
=
0 +
W ¢ 509
" o @ N
R A ° B
'bb’% 0’6\6 o
\f ‘\00
W

Fig. 7. Strategies of reducing the life cycle carbon footprint of the nanocomposite film
production (kg CO,-eq/kg film).

renewable energy. In the most optimized case, material production
(including the hydrolysis lignin, the raw material for CNFs production
and filtration glass fiber production) becomes important to consider,
accounting for 22.7% of the life cycle GHG emissions. In comparison,
production of lignin particles from biorefineries has been reported and
showed a baseline scenario with a higher carbon footprint but mainly
induced by solvent consumption [79]. It has also been demonstrated
that the integration of bioethanol and biomass thermal energy in that
process induced a complete reduction of the input energy.

For the scaled-up scenario, we considered the following adaptations
from the baseline scenario: i) for the fractionation phase, the time re-
quired for stirring was reduced from 12 h to 2 h [80], or to 16.7% of
the energy consumption in the baseline scenario; furthermore, the elec-
tricity used for centrifugation was based on a large Decanter centrifuge
equipment with the electricity consumption of 6 m>/14 kWh [81]; ii) for
the CLP production phase, the electricity use for evaporation of acetone
was now based on a large scale Rotavapor® R-220 Pro equipment with
the electricity consumption of distilling 27 1 of acetone/6.3kWh [82];
iii) for the production of LCNFs, the energy consumption values re-
ported by Arvidsson et al. [83] was used, including 9.6 M] of heat and
0.44 M] of electricity/kg for the enzymatic pretreatment and 8 MJ of
electricity/kg for the mechanical fibrillation; iv) we assumed that the
energy use for mixing/stirring can be reduced to 16.7% of the energy
consumption in the baseline scenario following the same assumption
of the scaled-up stirring step as in the fractionation stage.

2.7. Further potentials of optimizing nanocomposite film production

Beyond the adaptations considered in the scaled-up scenario men-
tioned above, alternative methods can also be used for potentially opti-
mizing the different steps of the process. For instance, roll-to-roll type of
preparation of LCNFs can be considered [84] or melt-blending can be an
alternative method to prepare composite materials from lignocellulosic
powders [85]. Additionally, CLPs can be prepared with a continuous
flow tubular reactor [86]. The improvement of the recycling rate for ei-
ther acetone or ethanol can also potentially reduce the impact associ-
ated with solvent use. Although acetone is a solvent that can be easily
recycled, it could be substituted by ethanol, which has a lower environ-
mental impact [87]. The solubility of the hydrolysis lignin was slightly
higher in ethanol compared to acetone, also (Table S2). Utilization of
ethanol would also allow integration within an ethanol organosolv pro-
cess [43]. Although ethanol seems suitable for the hydrolysis lignin due
to similar solubility as acetone, some previous results suggested that the
yield of CLP production was lower when aqueous ethanol was utilized
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instead of aqueous THF at high concentration [88]. A high lignin concen-
tration needs to be reached to reduce the energy consumption, but this
concentration has to be suitable for formation of CLPs. Alternatively, a
three-solvent system including ethanol, THF and water, can be used to
enable higher lignin concentrations [78].

3. Conclusion

This study demonstrated the feasibility to valorize a recalcitrant res-
idue of a 2G bioethanol production following a “waste-valorization” ap-
proach. After fractionation of the hydrolysis lignin using aqueous
acetone as solvent, CLPs and c-CLPs were successfully prepared from
the soluble fraction in the exact same way as with a soda lignin of
high purity, while LCNFs were prepared from the insoluble fraction.
The formation of cationic colloidal lignin particles was found to depend
on the functional group distribution within the lignin and particularly
on the balance between hydroxyl groups available for grafting and the
residual ionizable groups as a source of anionic charge. Moreover, the
size of CLPs appeared to have a lower influence on the formation of
the corresponding c-CLPs within the size-range studied. Ecotoxicity of
lignin particles was assessed with respect to both the charge and size
of the particles, both CLPs and c-CLPs were found to exhibit lower toxic-
ity than common metal oxide nanoparticles, encouraging further stud-
ies towards environmental and medical applications of the lignin
particles. LCNFs produced from extracted hydrolysis lignin showed in-
teresting physico-chemical properties with respect to packaging film
applications, namely oxygen barrier and antioxidant activity and an ad-
equate mechanical performance in combination with a low amount of
pure CNF. These materials could find suitable applications in packaging
coatings or composites. The life cycle carbon footprint analysis revealed
the importance of considering the production scale difference, and
using LCA to identify hotspots in the early technology development
stage. It also demonstrated that the carbon footprint of producing func-
tional nanomaterials or composite films can be significantly improved
from the lab-scale by improving energy efficiencies through scale-up,
solvent recycling rate and by sourcing low-carbon energy. Overall,
these findings promote the use of hydrolysis lignin and make its valori-
zation a realistic scenario for lignocellulosic biorefineries.

4. Experimental section
4.1. Materials

The hydrolysis lignin (HL) was produced from wheat straw via
steam explosion pretreatment followed by enzymatic hydrolysis and
was received as a wet cake (c.a. 50 wt% of water). Before utilization,
the sample was dried under a fume hood for 4 days at room tempera-
ture and ambient pressure, then manually milled and dried under vac-
uum at room temperature to obtain a fine powder. For the sake of
confidentiality regarding current industrial developments, the authors
cannot mention the source of the hydrolysis lignin.

The soda lignin (SL) (Protobind 1000) was produced from a mixture
of wheat straw and Sarkanda grass bagasse via a soda process and pur-
chased from GreenValue Enterprises LLC (U.S.A.). It was received as a
fine brown powder and used without any prior treatment.

Pure CNF was prepared as described previously [70]. Briefly, never
dried bleached hardwood kraft pulp fibers were washed into sodium
form following a procedure reported by Swering et al. [89] Fibrillation
was performed by using a type M-110P microfluidizer (Microfluidics,
Newton, Massachusetts, USA) in a single pass through a series of 400
and 200 um chambers, followed by six passes through a series of 400
and 100 um chambers. The operating pressure was 2000 bar. The
resulting CNF suspension of 2 wt% was stored at 4 °C when not in use.
The raw material and the fibrillation method were the same as previ-
ously used, so we expect to have an average width of 5-20 nm and
length of several micrometers and Zeta-potential around —3 mV [90].
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ABTS, HCI (33%), tannic acid, GTMAC and sodium persulfate were
purchased from Sigma-Aldrich. Whatman® glass microfiber filters
Grade GF/F were also purchased from Sigma-Aldrich. Dialysis mem-
branes 6-8 kDa and 1 kDa were purchased from Fisher Scientific. All
water used in this work was deionized water.

4.2. Compositional analysis of the lignin fractions

Klason lignin (KL) content was determined gravimetrically after a
two-step sulfuric acid hydrolysis of the sample (300 mg), with correc-
tion for ash content, as described by Dence [91]. Neutral sugars were an-
alyzed by a sequential three-step acidic hydrolysis of the sample
(10 mg) first, aqueous trifluoroacetic acid (TFA, 2.3 M, 2 h, 110 °C),
followed by two sulfuric acid steps (51% p/p H,SO4, 1 h, ambient
temperature, then 5% p/p HySOy, 2 h, 100 °C). The neutral monosaccha-
rides recovered after TFA and H,SO4 hydrolysis were assigned to
hemicellulose-derived sugars and cellulose-derived glucose, respec-
tively, and determined by high-performance anion-exchange chroma-
tography with amperometric detection with fucose as internal
standard according to Sipponen et al. [92] Quantitative >'P NMR
and the related sample preparation, including derivatization with
2-chloro-4,4',5,5'-tetramethyl-1,3,2-dioxaphospholane (TMDP, Sigma-
Aldrich, France), were performed according to a reported procedure
[93]. Lignin samples (20 mg) were dissolved in 400 piL of a mixture of an-
hydrous pyridine and deuterated chloroform (1.6:1 v/v). Then 150 pL of
a solution containing cyclohexanol (6 mg mL™") and chromium(IIl)ace-
tylacetonate (3.6 mg mL~") was added, which served as an internal
standard and relaxation reagent, respectively, and 75 pL of TMDP.
NMR spectra were acquired without proton decoupling in CDCl5 at
162 MHz, on a Bruker Ascend 400 MHz spectrometer. A total of 128
scans were acquired with a delay time of 6 s between two successive
pulses. The spectra were processed using Topspin 3.1. All chemical shifts
were reported in parts per million relative to the product of phosphory-
lated cyclohexanol (internal standard), which has been observed to give
a doublet at 145.1 ppm. The content in hydroxyl groups (in mmol g 1)
was calculated on the basis of the integration of the phosphorylated
cyclohexanol signal and by integration of the following spectral regions:
aliphatic hydroxyls (150.8-146.4 ppm), condensed phenolic units
(145.8-143.8 ppm; 142.2-140.2 ppm), syringyl phenolic hydroxyls
(143.8-142.2 ppm), guaiacyl phenolic hydroxyls (140.2-138.2), p-
hydroxyphenyl phenolic hydroxyls (138.2-137.0 ppm), and carboxylic
acids (136.6-133.6 ppm).

4.3. Fractionation of the biorefinery lignins

The hydrolysis lignin (80 g dry-based, 80 g L~ 1) was dissolved in ac-
etone/water (3:1, V:V) for 12 h under magnetic stirring (c.a. 300 rpm).
The soluble and the insoluble fractions were then separated via centrifu-
gation (Eppendorf centrifuge 5804 R, Hamburg, Germany) for 20 min at
5000 rpm at 20 °C. The soluble fraction (also called lignin solution) was
filtrated through glass microfiber filters GF/F by suction filtration to re-
move any traces of non-dissolved material. This fraction was stored in
the solvent mixture until further use. The insoluble fraction (also called
the lignocellulosic fraction) was dried in a fumehood for 2-3 days and
manually ground to obtain a fine powder. The yield ratio after fraction-
ation was 13:88 (w:w, dry basis) of the soluble fraction and the insolu-
ble fraction respectively.

4.4. Preparation of lignocellulosic nanofibrils (LCNFs)

30 g (dry basis) of the acetone-insoluble residue of hydrolysis lignin
was dispersed in 570 g of water (5 wt%) using an IKA T18 basic
ULTRA-TURRAX device at speed 4 for 15 min. Fibrillation was performed
by using a type M-110P microfluidizer (Microfluidics, Newton, Massa-
chusetts, U.S.A.) in a single pass through a series of 400 and 200 pm
chambers, followed by 12 passes through a series of 400 and 100 pm



G.N. Riviere, F. Pion, M. Farooq et al.

chambers. The operating pressure was 2000 bar. The final concentration
of the fiber dispersion was between 2.1 and 2.3 wt%.

4.5. Preparation of colloidal lignins particles (CLPs), cationic lignin and
cationic CLPs (c-CLPs)

CLPs were prepared as reported previously [25] with a few modifica-
tions. The soda lignin was solubilized in an acetone:water mixture (3:1,
V:V) at a concentration of c.a. 11 g L™! and stirred for 3 h, then filtrated
through a Whatman® glass microfiber filter Grade GF/F to remove the
insoluble parts. No solubilizations and filtrations were required for the
SHL fraction, only a dilution in the same solvent mixture to reach a sim-
ilar concentration. The lignin solution (either from the SHL fraction or
the soda lignin) was, next, rapidly poured into water under vigorous
magnetic stirring to obtain nanoprecipitation of spherical CLPs. The vol-
ume of water was three times higher than the lignin solution volume.
The acetone was removed from the dispersion via dialysis (5-7 kDa
membrane porosity) against deionized water. This procedure yielded
an aqueous CLP dispersion with a concentration of c.a.2 g L.

The cationic lignins were prepared as described previously [30] with
a few modifications. A solution of SHL (containing 2 g of dry lignin) was
concentrated until complete removal of acetone. Then the aqueous
slurry of SHL (or dry SL) was solubilized in 0.2 M NaOH and heated at
70 °C. 8 g of glycidyltrimethylamonium (GTMAC) was added dropwise
and the solution was stirred for 2 h at 70 °C. The reaction mixture was
cooled down to room temperature with an ice bath. Finally, hydrochlo-
ric acid (37%) was added until pH 7 was reached. The product was
dialysed (1 kDa membrane porosity) against deionized water to remove
salt and the excess of GTMAC. The procedure yielded an aqueous
cationic lignin solution with a concentration of ca. 4 g L™,

Both CLP dispersions and cationic lignin solutions were adjusted to
pH 5 (using 0.1 M NaOH and 0.1 M HCl respectively) before fast adsorp-
tion of cationic lignins on CLPs under vigorous stirring.

4.6. Preparation of composite films

The composite films were prepared by pressure-assisted filtration
[35]. CNF films were prepared by gently mixing CNFs (2.3 wt%, 1.8 g
dry basis) with water to reach a concentration of 0.8 wt%. LCNF films
were prepared by mixing CNFs (2.3 wt%, 0.27 g dry basis) and LCNFs
(3.6 wt%, 1.5 g dry basis). Films containing CLP, cationic lignin or c-CLP
films were prepared by mixing CNFs (2.3 wt%, 0.27 g dry basis), LCNFs
(3,6 wt%, 1.5 g dry basis) and either CLPs, cationic lignin or c-CLPs
(0.2 wt%, 0.2 g). For all samples, water was added to the pure CNFs
prior to addition of the rest of the components, to have a final solid con-
centration of 0.8 wt%. The mixtures were filtrated through a 10 um pore
size open mesh Sefar Nitex polyamine monofilament fabric placed on
the top of a VWR grade 415 filter paper. The wet films were dried be-
tween blotting papers either over a week under a 5 kg load at 23 °C
and 50% relative humidity, or hot-pressed for 45 min at 1800 Pa load
at 100 °C using a Carver Laboratory press (Fred S. Carver Inc.).

4.7. Atomic force microscopy

Dispersions of LCNFs were diluted in water in order to reach a
concentration of 0.2 mg mL™!. A minimum of 20 pL of each sample
were spin-coated on mica plates at 2000 rpm during 2 min using a
WS-650x-6NPP/Lite spin coater (Laurell Technologies Corporation,
North Wales, USA). High-resolution AFM images were recorded with a
MultiMode 8 AFM equipped with a NanoScope V controller (Bruker Cor-
poration, Billerica, MA). The images were obtained in air in tapping
mode using NCHV-A probes (Bruker) with a reported tip radius below
10 nm. Research NanoScope 8.15 software (Bruker) was used for
image analysis, processing and correction (flattening was the only cor-
rection done).
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4.8. Mechanical properties

The mechanical properties of the CNF (HP), LCNF (HP), CLP (HP) and
LCNF (20%) nanocomposite films were analyzed by measuring the ten-
sile stress and strain-at-break using a MTS 400/M tensile tester (MTS
Systems Corporation), equipped with 200 N load cell. Rectangular strips
of 50 mm in length and 5 mm in width were conditioned for 48 h at 50%
RH at 23 °C and then glued onto paper frames to avoid slippage in the
tensile clamps. Measurements were performed at a strain rate of
2 mm min~!, in a controlled environment of 50% RH at 23 °C. At least
six strips of each film were measured to obtain average values of tensile
stress and strain-at-break.

4.9. Oxygen transmission rate

The oxygen transmission rate and permeability were tested accord-

ing to ASTM D 3985-17 [94], using a Systech Illinois 8001 Oxygen Per-
meation analyzer (IL, USA). Due to the limited size of the samples, a
mask (A Systech Illinois 8001 accessory) was used to decrease the sur-
face area of the samples to 5 cm?. The pressure gradient was 1 atm, tem-
perature was set to 23 °C and the relative humidity was set to 50% or
80%. Oxygen permeation was the calculated from the OTR result using
Eq. (1).
OP = OTR*(1/AP) (1)
where 1 is the thickness of the samples and AP is the pressure gradient.
The measurements at 50%RH were repeated twice while a single value
was collected at 80% RH.

4.10. Antioxidant activity

The antioxidant assays were run using a method suitable for insol-
uble films [35], using tannic acid for calibration. Freshly prepared
ABTS" * radical cation stock solution was diluted in water until
reaching an absorbance of 0.6 at 734 nm at 25 °C before each series
of measurements. Specimens of films (1-5 mg) were mixed with
2 mL of ABTS" * radical cation solution at 25 °C using a Stuart tube ro-
tator SB2. For calibration, 20 pL aqueous tannic acid in the range of
0.02-0.50 mg mL~! was added into 2 mL of ABTS" * radical cation so-
lution. The absorbance at 734 nm was measured at 25 °C exactly 1 h
after mixing the components while protected from light. Reduction of
the absorbance was calculated relatively to the blank (ABTS" * radical
cation, 1 h after preparation). Films were analyzed in triplicates and
standards in duplicates. Mean values were calculated and expressed
as tannic acid equivalents (TAE) relative to the dry weight of the film
sample, that is, mg of TAE g~ ! of film. Prior to these assays, a kinetic
study was completed with a circular specimen of film (CLP film) at dif-
ferent times (5, 15, 30 and 60 min) to determine the right amount of
film to be used for the proper antioxidant activity evaluation.

4.11. Particle size and zeta potential

The particle size of CLPs and c-CLPs and the Zeta potential of CLPs,
cationic lignin, c-CLPs and L-CNFs were measured using a Malvern
Zetasizer Nano-ZS90 instrument (UK). The Zeta potential was deter-
mined with a dip cell probe and calculated from the electrophoretic mo-
bility data using a Smoluchowski model. Three measurements for each
sample were conducted to evaluate the reproducibility of the measure-
ment. A volume of 1 mL was collected for all measurements with a
concentration of 0.2 g L™,

4.12. Ecotoxicity

The two ecotoxicity tests were carried out according to OECD Test
Guidelines: algal growth inhibition test (OECD 201) [95] and Daphnia
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magna acute immobilization test (OECD 202) [96]. Two measurement
methods were applied to determine the algal biomass in the OECD
201 test: cell count (Beckman Coulter Z2 Particle Counter) and in vivo
fluorescence (Perkin Elmer Victor X3, excitation wavelength 436 nm /
emission wavelength 680 nm). Aqueous dispersions of lignin nanopar-
ticles (1.6 g L™ in deionized water) were diluted in the respective test
media to achieve a concentration of 0.5 g L™ . The concentration ranges
for each ecotoxicity test were prepared from the aforementioned dis-
persion. Negative control samples containing only lignin nanoparticles
at the same concentrations were analyzed in parallel to identify poten-
tial interferences of lignin suspension on algal cell fluorescence and cell
counting.

4.13. Life cycle assessment

The LCA method follows the ISO 14040 [97] and ISO 14044 standard
[98]. The functional unit is 1 kg of dry nanocomposite film production.
The system boundary is cradle to gate. The allocation of multi-output
of the fractionation process is based on mass. The impact assessment
method is based on the global warming potentials (GWP) from the In-
tergovernmental Panel on Climate Change (IPCC) Fifth Assessment Re-
port [99]. The primary data for building the life cycle inventory (LCI)
data are collected from the experiment data in this study. Secondary
data, such as electricity and solvent production are based on a dataset
provided in the ecoinvent v3.5 database [100]. The CNF production
data is based on Arvidsson et al. [83] The detailed process data, LCI
datasets and emission factors are available in Table S6 and Table S7.
The modelling and calculation are performed with the SimaPro software
version 9.1.
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