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Lignocellulose is a potential raw material for film and membrane applications, such as packaging for every
day consumables or a supporting barrier layer for flexible electronics. Here, lignin-containing cationic wood
nanofiber (CWNF) films were produced using sawdust as the starting material. Sawdust was directly
cationized using four different aqueous solvents containing tetraethylammonium hydroxide with
different carbamides (urea, methylurea, ethylurea, or dimethylurea) and glycidyltrimethylammonium
chloride as the cationization agent. Cationic wood was obtained with a high cationic group content
(around 1.5 mmol g% and yield (89-100%), and CWNFs were easily obtained by mechanical
disintegration as a water suspension. The films produced using solvent-casting exhibited excellent
visible-light transparence (around 80% at 600 nm), and the presence of lignin allowed high UV-
adsorption (below 380 nm, transmittance was under 1%). The films showed high oxygen barrier
properties (below 400 and 4000 m* um/m? day atm at a relative humidity of 50 and 92%, respectively)
and good mechanical strength. An antimicrobial test conducted using the disk method showed that the
CWNF films exhibited bacterial anti-adhesive properties with a small inhibition zone. CWNFs are
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Introduction

Films and membranes have become a part of everyday life as
they are used in common items such as food packaging and
electronics (e.g. in displays and flexible electronics). The
majority of current films and membranes on the market are
produced from oil-derived polymeric materials and plastics due
to their inexpensive production and durability." However, there
is a growing concern about the use of plastics in packaging due
to their severe environmental impact. Significant amounts of
oil-based plastics are non-biodegradable, that is, persist in
nature for long periods, causing negative impacts on the envi-
ronment.> Although some of these plastics can be recycled,
current recycling efforts are not sufficient to prevent the pollu-
tion.? There is also concern about the contamination of recycled
plastics, which reduces their safety in use for food packaging.*
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a UV-absorption layer for electronic devices such as solar cells.

In addition, some of the starting materials (i.e. monomers) of
synthetic polymers are toxic, which can cause issues during
material synthesis, and if those monomers remain in the
product beyond synthesis they will also be in the final product.®

Several strategies have been developed to minimize the
environmental impact of plastics. Biodegradable polymers have
been produced from oil-derived chemicals and use of biomass-
derived monomers in polymer synthesis has gained a signifi-
cant amount of interest due to concerns about the non-
renewable nature of oil resources and the toxicity of oil-based
monomers.*® Another means to replace current plastics is the
use of natural polymers as film and membrane materials.
Lignocellulosic biomass is a highly abundant potential polymer
source.” The main components of lignocellulose, cellulose and
lignin are the most common polysaccharide and natural
aromatic polymers, respectively.* The third main component of
lignocellulose, hemicelluloses, are a class of polysaccharides
with useful properties such as water solubility.

Compared to polysaccharides, lignin has certain unique
properties, namely low polarity (i.e. hydrophobic characteris-
tics), the ability to absorb ultraviolet (UV) light, and antioxidant
properties.'* Due to these properties, lignin has been studied as
an active component to produce film materials with decreased
hydrophilicity' and UV blocking properties.*® Cellulose fibers
have been investigated to produce films and membranes in the
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form of nanosized materials (e.g. cellulose nanofibers [CNFs]
and cellulose nanocrystals [CNCs]). The films produced from
nanosized cellulose can exhibit high transparency typical of
plastics; however, the mechanical strength of nanocellulose
films can highly surpass those of synthetic materials.**

Individualized lignin and nanocellulose have been studied
to produce composite materials, such as films."**” However, the
separation of lignin and cellulose (and hemicellulose) requires
harsh reaction conditions and use of hazardous chemicals (e.g.
chlorine-based bleaching chemicals). Therefore, to reduce the
environmental burden and to obtain materials with the
advantages of the individual components (e.g. hydrophobicity
and UV-blocking traits of lignin together with the high strength
of nanosized cellulose), there has been growing interest in the
production of nanomaterials directly from biomass.'®>*
However, due to the recalcitrant nature of the natural cellulose-
hemicellulose-lignin-complex, the production of nano-
materials directly from biomass can be a more cumbersome
process compared to nanoparticles obtained from individual
components. Several methods, such as intensive mechanical
refining,” heat-intensified grinding,” and enzymatic treat-
ment” have been studied to produce biomass-based nano-
materials, generally termed lignocellulose nanofibers or wood
nanofibers (WNFs). Similar to the production of CNFs and
CNCs, the introduction of charged chemical groups into
biomass has been shown to improve the disintegration of
biomass in its nanosized constituents****** due to the genera-
tion of steric repulsion and improved swelling (i.e. osmotic
pressure). The additional chemical groups can provide func-
tionality to biomass-based nanomaterials which can be used,
for example, in water purification.*

In this study, we investigated the production of cationic
WNFs (CWNFs) from sawdust without pre-removal of wood
content, in order to obtain a film material with the sufficient
mechanical properties and transparency of cellulose and the
UV-blocking and the humidity-resistant oxygen barrier prop-
erties of lignin. The cationic group was introduced in order to
improve disintegration efficiency and to facilitate anti-
microbial functionality. Chemical modification was conducted
using aqueous tetraalkylammonium hydroxide (recently
demonstrated as an environmentally friendly solvent for
biomass*) in the presence of four carbamides (urea, methylurea
[MU], ethylurea [EU], and 1,3-dimethylurea [DMU]). Carbamates
are ideal components for solvents and reaction media due to
their low toxicity and biodegradability.*®

Materials and methods
Materials

Unbleached spruce sawdust was obtained in a never-dried form.
The sawdust was first oven-dried (24 h at 60 °C) and ground with
an Ultra Centrifugal Mill ZM 200 (Retsch, Germany) using
a sieve size of 250 um. The mean particle size of the ground
sawdust was 208 um, as determined using a Beckman Coulter
LS 13 320 laser diffraction particle size analyzer. The lignin
(28.6 wt%), acetone-soluble extract (1.2 wt%), and alkaline-
soluble hemicellulose and degraded cellulose (19.7 wt%)
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contents of the sawdust were analyzed using TAPPI T 222 om-
02, TAPPI T 280 standard pm-99, and TAPPI T 212 om-02
standards, respectively.

Tetraethylammonium hydroxide solution (TEAOH, 35 wt%
in water), N-methylurea (MU), N-ethylurea (EU), and 1,3-dime-
thylurea (1,3-DMU) were obtained from Sigma Aldrich (Ger-
many) and urea from Borealis Biuron (Austria). The
cationization agent glycidyltrimethylammonium chloride
(GTAC, 80 wt% in water) was obtained from TCI. Poly-
ethylenesulfonate (PES-Na, BTG Miitek GmbH, Germany) was
used as a polyelectrolyte titrant. Expect for cationization of
wood, deionized water was used as the medium for all the steps.
All chemicals were used as received.

Cationization of wood

Prior to cationization, carbamides (urea, 1,3-DMU, MU, or EU)
were individually mixed with TEAOH at a carbamide:TEAOH
molar ratio of 2 : 1 at room temperature to obtain 18 g of clear,
colorless solvent. Then, 2 g of sawdust was added followed by
the addition of 4.42 ml of GTAC (the mass ratio of saw-
dust : GTAC was 1 : 2). The mixture was allowed to react at room
temperature for 24 h while mixing. After the desired reaction,
10 ml of water was added and the product was transferred into
centrifugation tubes. The reaction vessel was carefully rinsed
with water and the product (with solvent and rinsing water) was
transferred into a centrifugation tube and diluted with water up
to a volume of 50 ml. The mixture was centrifuged for 10 min
using a rotation speed of 10 000 rpm at 25 °C. The supernatant
was carefully discarded and the sample was repeatedly diluted
with water and centrifuged until the pH of the supernatant
water was neutral, indicating the removal of highly basic reac-
tion solvent. After this, the samples were collected and stored at
4 °C as a water suspension having a consistency of about 10%.

Elemental analysis of sulfated cellulose

The nitrogen content of the oven-dried samples was analyzed
using a PerkinElmer CHNS/O 2400 Series II elemental analyzer.
As GTAC introduces one nitrogen per cationic group, the
cationic group content is directly related to the nitrogen
content.

Diffuse reflectance infrared Fourier transform spectroscopy

The chemical characterization of the original and cationic wood
was performed by diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy using a Bruker Vertex 80v spectrometer
(USA). Spectra of the dried samples were obtained in the 600-
4000 cm™* range and 40 scans at a resolution of 2 cm ™" were
taken.

Disintegration of cationic wood into nanofibers

The disintegration of cationic wood was performed with
a microfluidizer (Microfluidics M-110EH-30, USA). The cationic
wood suspension in water (a consistency of 0.5 wt%) was passed
twice at a pressure of 1000 bar through the 400 and 200 um
chambers and separately once at a pressure of 1500 bar through

This journal is © The Royal Society of Chemistry 2020
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the 400 and 100 pm chambers of the microfluidizer (Micro-
fluidics M-110EH-30, USA).

Charge density

The surface charge densities of the CWNFs were determined
using the polyelectrolyte titration method through a particle
charge detector (BTG Miitek PCD-03, Germany). 10 ml of
nanofiber suspension (at 0.01 wt% in water) was titrated with
PES-Na (1 meq. 1 "). The charge density was calculated based on
the PES-Na consumption.

Transmission electron microscopy

The analysis of the size and the morphology of the CWNFs was
performed by transmission electron microscopy (TEM, JEOL
JEM-2200FS, Japan). The samples were first diluted to around
0.001 wt% and then applied on poly-i-lysine treated carbon
coated copper grids.” 2 wt% uranyl acetate was used as the
staining agent. The average diameter of the nanofibers was
measured using Image]J software 1.50i.

Fabrication of films

CWNF films were fabricated using the solvent-casting method
as follows: the desired amount of CWNF suspension was diluted
with water to a total mass of 60 g and sonicated for 10 min in
order to remove any air bubbles trapped in the suspension.
After sonication, the suspension was poured on a polystyrene
tray (area of 0.0147 m®) and the water content was allowed to
evaporate at room temperature for 5 days to produce films with
a grammage of 30 ¢ m~”. The films were then stored at 50%
relative humidity (RH) for two days and then peeled off from the
tray.

Tensile test

Tensile tests were conducted with a universal testing device
(Instron 5544, USA). Prior to measurement, samples were
conditioned at 23 °C and a humidity of 50% for 2 days. The
samples were prepared by cutting films into strips at a length of
70 mm and a width of 5 mm. The average thickness of the
samples was measured at 3 random positions using a thickness
gauge (Precision Thickness Gauge FT3, Hanatek Instrument,
UK). The tensile test was conducted using a 2 kN force sensor,
a gauge length of 40 mm, and a strain speed of 5 mm min "
until breaking. Five samples of each film were measured.

UV-Vis spectroscopy

The transmittance of the CWNF films was measured in the
wavelength range of 200-800 nm using a UV-Vis spectrometer
(Shimadzu, Japan). In order to ensure that the films were
perpendicularly aligned against the incoming beam and to
avoid wrinkling, the films were put between two quartz glass
slides before being set up in a cuvette stand.

The absorption coefficient was calculated using the Beer—
Lambert law:

This journal is © The Royal Society of Chemistry 2020
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where the transmittance (ratio of transmitted [/] and incoming
[Zo] flux) depends on the absorption coefficient u and the path

length of the light x.

Oxygen barrier test

The oxygen barrier properties of the CWNF films were investi-
gated by measuring the oxygen transmission rate (OTR) values
using a MOCON OxTran 2/20 (Minneapolis, MN). The oxygen
permeability (OP) was calculated by multiplying the OTR values
with the thickness of the film and dividing it by the difference in
the partial pressure of the oxygen gas between the two sides of
the film. During measurement, the films were exposed to 100%
oxygen on one side and to oxygen-free nitrogen gas (98%
nitrogen and 2% hydrogen) on the other side. The measure-
ments were conducted at 23 °C, with a relative humidity (RH) of
50 and 92%, and normal atmospheric pressure. Two individual
samples from each of the films were measured.

Antimicrobial test

The antibacterial activity of the fabricated films was examined
against Staphylococcus aureus (S.aureus, Gram-positive) and
Escherichia coli (E.coli, Gram-negative). A mixture of Mueller-
Hinton (MH) broth and agar in 500 ml distilled water was
autoclaved at 120 °C for 15 min. After autoclaving, the mixture
was cooled down to 46 °C, and then an appropriate amount of
E.coli and S.aureus suspension was added into the MH agar and
mixed, respectively, resulting in a bacterial concentration of 6 x
10> CFU ml ™. Subsequently MH agar containing bacteria was
poured into Petri dishes. Square 15 x 15 mm film samples were
placed on the surface of MH agar plates and incubated at 37 °C
for 24 h. Afterwards, the halo sizes in the plates were visually
observed. All the samples were analyzed in triplicate.

Thermogravimetric analysis

The thermal properties of the original sawdust and CWNF films
were investigated using a thermal analyzer (Netzsch STA 449F3,
Germany) under an air flow (dynamic air) at a constant rate of
60 ml min . Approximately 5 mg of dry sample was weighed in
an aluminum oxide pan and heated from 30 to 950 °C at a rate
of 10 °C min~". The first derivate curves of TGA (DTG) were
recorded using OriginPro 2019 software.

Statistical analysis

One-way analysis of variance (ANOVA) was conducted using
OriginPro 2019 to determine the statistical significance (p <
0.05) of the tensile barrier test results.

Results and discussion
Cationization of wood

Previously, cationization of cellulose* and lignin®*' with GTAC
(and its parent component, 3-chloro-2-

hydroxypropyltrimethylammonium  chloride) has been
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Scheme 1 A simplified reaction scheme of the cationization of wood.
It should be noted that the hydroxyl group generated by the epoxide
ring opening might also react, possibly forming a cationic side-chain in
the wood structure.

conducted using alkaline aqueous solutions (Scheme 1). Alka-
line conditions allow the deprotonation of the hydroxyl groups of
cellulose, lignin, and hemicelluloses, making them more nucleo-
philic towards the epoxide ring opening reaction. In the current
study, aqueous TEAOH solutions with four different carbamides
(urea, MU, EU, and 1,3-DMU) were used as reaction media for wood.
TEAOH together with carbamides, described as aqueous deep
eutectic solvent (DES), has been previously used for room temper-
ature dissolution of low-molecular weight microcrystalline cellu-
lose.?® Although the dissolution of high-molecular weight cellulose,
such as that present in wood, is limited, it was assumed that TEAOH
with carbamides could serve as an efficient reaction medium for
wood. The wood material used here was dry sawdust, which was
mildly ground to a smaller size, leaving the majority of the wood
components still intact. It was assumed that a TEAOH-carbamide
solution would function as a swelling agent, allowing the efficient
chemical modification of the wood material, as well as providing
sufficient alkalinity to enhance the reactivity of the hydroxyl groups.
In addition, the TEAOH—carbamide solutions exhibit low viscosity
(even as 5 wt% microcrystalline cellulose solutions) allowing the use
of a low-weight ratio between sawdust and solvent (here 1 : 9), thus
decreasing the consumption of the solvent.

The TEAOH-carbamide solutions were prepared using
35 wt% aqueous TEAOH solution and carbamides with
a TEAOH-carbamide molar ratio of 1 : 2. Table 1 shows that the
solvents gave similar results: the cationic group content and
charge densities were 1.4-1.6 mmol g ' and 1.5-1.9 meq. g,
respectively. The small variation in the cationic group content
and charge density originates from the use of different analysis
methods, as they are measured using elemental analysis and
polyelectrolyte titration, respectively. The most apparent
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differences between samples was observed in the yield, as the
solution containing MU or 1,3-DMU showed quantitative yields,
indicating that most of the wood components are preserved
after cationization. On the other hand, the yields obtained with
urea and EU were around 90%. These variations in the yield may
originate from the different solubility of the wood components
and the product in the solvents used. In addition, it is possible
that the water used in the washing stage could dissolve part of
the cationic wood.

The high yield shown by cationized wood is in line with
previous studies, where chemically modified wood showed
yields of over 90%.>*** Previous studies have shown that the
yield of chemically modified wood can be higher when
compared to the corresponding cellulose samples. The higher
yield of wood compared to pure cellulose may be due to the
composition of the wood. In addition to cellulose, lignin and
hemicellulose have reactive hydroxyl groups that most likely
take part in chemical reactions, lowering the overall charge
density of the individual components and making them less
soluble, for example, in water during washing. Therefore, in
addition to the use of a starting material with a higher
production yield (e.g. wood vs. cellulose), the use of wood can
give a material with an excellent yield.

In the literature, cationic CNFs have been produced using
GTAC in a mixture of cellulose, water, isopropanol and alkaline
salt (e.g. NaOH).** Other solvents have also been studied to mini-
mize the epoxide ring opening reaction with water, which
consumes the reagent and decreases the reaction efficiency.**?¢
Depending on the reaction conditions (e.g. solvent content, time,
and temperature), CNFs with charge densities of 0.354 (ref. 37) and
0.403 (ref. 38) meq. g~ * or a cationic group content of 0.21-1.140,*°
0.59-2.31,*> and 1.91 (ref. 40) mmol g ' have been reported.
Chlorocholine chloride together with DMSO as a solvent was used
to produce CNFs with a cationic group content of 0.09-0.19 mmol
g ', " whereas Girard's reagent (after periodate oxidation) was
used to obtain nanofibers with a charge density of 1.10-2.13 meq.
g '.* In addition, WNFs with a cationic group content of
0.70 mmol g~* were obtained using betaine hydrochloride as
a reagent and Tosyl chloride as a coupling agent in DES.*® There-
fore, the current method can be seen as an efficient way to produce
highly charged wood-based materials with a charge density on par
with that of CNFs with the highest reported charge densities. The
high cationic charge of the wood produced in this study could
allow it to be used in water purification applications, for example
as a flocculant,”* or in the removal of toxic components, such as
dyes, from water.*>*

Table 1 Carbamides, nitrogen content, cationic group content, charge density, yield of cationized wood, and average width of the CWNFs

produced by mechanical disintegration across four samples

Cationic group

Charge density Width of CWNFs

Sample Carbamide N (%) content (mmol g ") (meq. g ") Yield (%) (nm)

1 Urea 2.1 £+ 0.08 1.5 + 0.06 1.6 + 0.07 89 4.8+ 1.3
2 1,3-DMU 2.2 £ 0.08 1.6 + 0.06 1.7 £ 0.06 100 3.7+0.8
3 MU 2.1 £ 0.02 1.5 + 0.02 1.9 + 0.01 100 3.9+1.0
4 EU 2.0 £ 0.04 1.4 + 0.03 1.5 £ 0.03 91 4.8+ 1.6
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Chemical characterization of cationic wood

The most distinguished chemical differences in sawdust before
and after cationization are the disappearance of the ester bond
(at 1738 em™") that naturally occurs in the wood (the acetyl
group of hemicellulose and the ester linkage of the carboxylic
groups in the ferulic and p-coumaric acids of lignin/hemi-
cellulose)* and the appearance of a carbon-nitrogen stretching
band at 1483 cm ™' (ref. 46) (Fig. 1a and b; spectra of other
samples are presented in ESI, Fig. S1f). The ester bond is
cleaved due to the highly alkaline conditions during cationiza-
tion, resulting in a hydrolysis reaction in the presence of
water.”” On the other hand, the carbon-nitrogen bond origi-
nated from a tertiary amine group of GTAC. In addition,
broadening of the peak in the OH-region (around 3300 cm ")
and the water peak around 1650 cm ™" were observed, indicating
that the chemical modification altered the hydrogen bonding
pattern and the water uptake of the wood. The increased water
uptake was later confirmed by TG analysis.

Nanofibrillation of cationic wood

The production of CWNFs was achieved by the mechanical
disintegration of the water suspension of cationic wood with
a microfluidizer. All of the samples passed through the micro-
fluidizer without blocking its narrow chambers to produce very
low viscosity, yellow suspensions (Fig. S2t). Previously, WNFs
with a gel-like appearance have been obtained by sulfation with
reactive DESs.*** Sulfate groups are more hydrophilic
compared to tertiary amine groups introduced into wood in the
current study®® and the sulfated WNFs exhibited significantly
higher charge density compared to CWNFs produced here, both
contributing to their high viscosity values.

Generally, the viscosities of the nanofibers produced from
high lignin-containing starting materials are lower compared to
those obtained from bleached (lignin-free) cellulose.” Low
viscosities can originate from the lower degree of hydrophilicity
of lignin, decreasing the interaction between WNFs and water
(i.e. swelling) when compared to the corresponding CNFs. It

2)
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Fig. 1
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should be noted that although CNFs with high viscosity can be
highly desirable, for example when used as a rheology modi-
fier,* the low viscosity of WNFs can also be beneficial in the
preparation of film-forming solution, as the entrapped air
bubbles are more easily removed from low viscosity samples. In
addition, low viscosity might enable the production of CWNFs
with a high solid content, for example, using a twin-screw
extruder.*

TEM analysis showed that cationic wood disintegrated into
individual nanofibers with a width of approximately 5 nm
(Table 1 and Fig. 2). This measurement is close to that of
elementary fibrils (width of 3.5 nm) and similar to the values
reported for the CNFs produced using bleached cellulose
pulp.****-3¢ CWNFs varied from micrometer-long nanofibers to
shorter, 200-300 nanometer long CNC-like particles. Some
larger particles with a width of a few hundred nanometers were
observed (Fig. 2b). All the samples also contained high amounts
of coarse nanosized particles, which can easily be distinguished
from nanofibers that exhibited a sharp, needle-like appearance.
The coarse nanoparticles are associated with the amorphous
materials (lignin and hemicellulose) present in wood.**** Due to
the high yield of CWNFs, it can be assumed that around half of
the materials consist of these amorphous nanoparticles. As
cellulose and lignin/hemicellulose are present as separated
components, CWNFs can be regarded as a composite between
these two individual nanoparticles.

Although the average width of all the samples was within the
error range, it appears that CWNFs produced using MU and 1,3-
DMU had a slightly more narrow size distribution (see the ESI
for histograms of the width of the samples, Fig. S71) and thus
more uniform nanofibers are obtained using either of these two
components in a solvent system. The higher charge density of
the CWNFs produced with MU and 1,3-DMU might be explained
by the slightly smaller side of the nanofibers, which in turn
allows for more efficient interaction between the polymeric
titrant used in polyelectrolyte titration when compared to
samples produced using urea and EU.

C-N

Reflectance

1)

r T T T T |. T T T T 1
2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber (cm™")

(a) the DRIFT spectra of wood (1) and cationic wood obtained using urea as carbamide (2), and (b) the fingerprint region of the DRIFT

spectra showing the most distinguished differences between the two spectra: the disappearance of the carbonyl peak (C=O) of the ester bond
and the appearance of a carbon-nitrogen peak (C—N) after chemical modification.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 TEM images of CWNFs obtained using (a) urea, (b) 1,3-DMU, (c) MU, and (d) EU, demonstrating the presence of both short and long
nanofibers (a), a small number of bigger, a few hundred nanometer sized aggregates (b) and network like structure (c and d) with a large number
of coarse nanoparticles originating from the amorphous components of wood (lignin and hemicelluloses) (see the ESI for high-resolution TEM

images, Fig. S3-S67).

The widths of the CWNFs were in line with previous results
obtained from sulfated WNFs produced from sawdust*® and
groundwood pulp* and CWNFs produced from groundwood
pulp using DES.** However, compared to CWNFs obtained
previously, in the current study, the large particles were present
to a lesser extent. Compared to the anionic WNFs produced by
succinylation in DES,* the CWNFs produced here have
a significantly smaller size distribution.

Cationic wood nanofiber films

CWNF films were produced using the solvent-casting method,
and all the samples produced transparent, yellowish films,
with good mechanical robustness (Fig. 3 and S8t). The average
thickness of CWNF1, CWNF2, CWNF3, and CWNF4 films was
44, 39, 57, and 63 um, respectively. When placed directly on
top of the background, the underlying image was readily
visible (Fig. 3a), whereas when the film was held a few centi-
meters above the background, haziness could be observed
(Fig. 3b), although the background could still be recognized.
All the films were also easy to handle and tolerated bending

(Fig. 3c).

7940 | J Mater. Chem. A, 2020, 8, 7935-7946

UV blocking and visible light transparency of the cationic
wood nanofiber films

Transparency is desirable in food packaging due to possibility
to see the product, and blocking UV radiation helps to prevent
the spoilage of food. UV light can generate singled oxygen that
accelerates the oxidation of lipids and degrades antioxidants
and vitamins.*” High visible light transparency and UV-blocking

Fig. 3 CWNEF film (a) directly on top and (b) held a few centimeters
above the background showing good transparence and a slight hazi-
ness of the films, and (c) bending of the film to demonstrate good
mechanical robustness.

This journal is © The Royal Society of Chemistry 2020
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capabilities are also desirable traits in electronic applications
such as solar cells, as many of these devices harvest visible light,
and UV light can cause damage to the components, decreasing
their lifespan.®® Hence, the UV and visible light absorption and
transmittance of the CWNF films were investigated.

For all the films tested, strong absorption can be observed in
the range of 250-350 nm (Fig. 4a), associated with the presence
of lignin (characteristic bands in the UV spectrum of lignin
appear at 200-230 nm and 260-280 nm (ref. 59)). Due to the
strong absorption, the transmittance of UV light (<400 nm) was
practically zero in all the films (Fig. 4b), showing that CWNF
films are excellent UV barrier materials. Moderate absorption at
the low end of the visible light spectrum explains the intense
yellow color, which is visible at 565-590 nm, of the CWNF
suspensions and films. Nevertheless, at wavelengths higher
than 500 nm, the transmittance values of all the films were
above 60% and around 80% at 600 nm. The transparency of the
CWNF films was higher compared to the previous WNF films
obtained from sulfated sawdust, having a transmittance of 41—
68% at a wavelength of 600 nm.** UV blocking films (almost zero
transparency below 400 nm) similar to the CWNF films have
previously been produced by mixing CNCs with isolated lignin
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Fig. 4 UV and visible light (a) absorption coefficient and (b) trans-

mittance of CWNF films, showing strong absorption behavior in the UV

region (<400 nm) and high transparency in the visible light region
(380-760 nm (ref. 61)).
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(10 wt% lignin content); however, their visible light trans-
mittance was around 20% and 60% at wavelengths of 500 and
600 nm, respectively.” Slightly higher visible light transparency
compared to the current study has been reported with a coating
of CNCs and organosolv lignin, although complete UV blocking
was not achieved.’ Also, the visible light transmittance of
CWNF films is higher compared to the cationic CNF film
studied previously.*

Oxygen barrier properties of the cationic wood nanofiber films

As stated before, oxygen is one of the major causes of food
spoilage due to its high reactivity.®* The results presented in
Table 2 indicate that at an RH of 50%, the oxygen barrier
properties (OP values) of CWNF films can be described either as
high (=400 cm® pm (m?® d atm)™") or medium (400-4000 cm®
pm (m*> d atm) ').®® The results indicate that CWNFs are
significantly better oxygen barriers than the hydrophobic
synthetic polymers used in packaging materials.*®® Nevertheless,
their OP values are higher compared to efficient oxygen barriers,
such as polyvinylidene chloride (10-300 cm® um (m* d atm) ")
and films produced from CNFs at an RH of 50%. For example,
OP values of 12,5 35,° and 37 (ref. 66) cm® pm (m” d atm) ™"
have been reported with anionic CNF films. On the other hand,
the OP values of CWNF films at 50% RH are lower compared to
other polysaccharides such as amylose and amylopectin (709
and 1418 cm® pm (m* d atm) ™", respectively),*” and close to the
OP values of cellophane, measured at 0% RH.*

The powerful oxygen barrier properties of CNFs and many
synthetic films originate from their strong polar characteristics
as well as their crystallinity.®® Due to polarity, films have
reduced interaction between non-polar oxygen atoms,
decreasing the oxygen solubility, and the crystalline structure
creates a torturous path, hindering the diffusion. Polarity
increases the water adsorption, resulting in the swelling of the
film structure, thus allowing oxygen to permeate through films
more readily when humidity is increased. The most dramatic
increase is usually observed at an RH of 65% and higher. For
example, in the case of carboxymethylated CNF films, the OP
values increased from 0.061 cm® um (m?> d atm) ™" measured at
0% to 37-86 and 3617 cm® um (m” d atm)~ " when the RH was
increased to 50 and 80%, respectively.®® In the case of the film
produced from bacterial CNCs, the OP values increased from
6.12 to 52-264 cm® um (m* d atm) ', when the RH increased
from 0 to 80%.

The OP values of CWNF films at an RH of 92% were around
2000-3000 cm® pm (m” d atm)™", thus still being a medium
oxygen barrier.®® The barrier properties of CWNF films at
elevated humidity are in the range of polyethylene terephthalate
(1000-5000 cm® um (m?> d atm) ') and over 20 times lower
compared to polypropylene and polyethylene. At an RH of 96%,
around two times higher OP values compared to CWNFs were
obtained for CNF films produced using a two hour hot-pressing
method, whereas by wax dip coating, similar barrier properties
compared to CWNFs could be obtained (OP value of 1723 cm?
pum (m? d atm)™" at 97%).°® For cellophane (RH of 95%) and
chitosan (RH of 93%), an OP value of 25 470 and 92 477 cm® pm
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(m?> d atm) ™, respectively, has been reported,® being notably
higher when compared to CWNF films. Therefore, at an elevated
RH, CWNF films exhibit oxygen barrier properties on par or
significantly better when compared with many other biomass-
based films and synthetic packaging polymers.

Lignin is a less polar component in comparison to cellulose
and hemicellulose and is thus proposed as a valuable compo-
nent to improve the hydrophobicity of WNF films. The effects of
lignin have previously been shown in contact angle measure-
ment' and water absorption' and in improved strength prop-
erties at elevated humidity and in a wetted state.® Contradictory
results have also been reported, highlighting the effect of its
morphology, and other possible factors, on the hydrophobicity
of WNF films. In addition, the presence of lignin has also been
shown to improve the oxygen barrier properties of WNFs at an
RH of 50%, whereas the opposite effect was observed at higher
humidity."® Although the exact lignin content of CWNFs was not
determined due to the possible chemical modification of lignin,
high yield from the cationic wood indicates that most of the
lignin was preserved, and the lignin content in CWNF films is
around 24 wt%. The TEM images indicated that both lignin and
hemicellulose nanoparticles and nanofibrillated cellulose fibers
were relatively homogenously distributed in CWNFs. The
homogenous distribution is further supported by the high
transmittance of the films, as the presence of large aggregates
can decrease light transmittance. Therefore, as previously
stated, CWNFs can be described as a composite material, in
which oxygen barrier properties are the result of a combination
of the individual components. Cellulose and hemicellulose are
hydrophilic components which produce effective oxygen barrier
properties at low humidity, whereas the presence of lignin
reduces swelling of the film structure at elevated humidity.
However, less polar lignin slightly decreased the overall oxygen
barrier properties due to the higher interaction between oxygen
and lignin compared to cellulose. Due to the effective oxygen
barrier properties, CWNFs could be potentially used success-
fully for food packaging. For applications that require extremely
high oxygen barriers, such as solar cells, the oxygen barrier
properties of CWNFs are too low to be effective. Nevertheless,
CWNFs could be used as a UV-blocking layer in laminated
structures, where they could also provide a supportive oxygen
barrier after the hydrophobic moisture barrier and before the
actual oxygen barrier (e.g. poly(vinyl alcohol)™).

Mechanical properties of the cationic wood nanofiber films

The mechanical properties of the CWNF films are presented in
Table 2. The mean tensile strength of the films varied in
between 60 and 71 MPa. The differences of means, however,
were statistically insignificant at the 0.05 level, as determined by
ANOVA analysis. The tensile modulus values were also in the
same range for all films (around 4 GPa). The results obtained
here are similar to the ones previously reported for sulfated
WNFs produced from sawdust. However, it should be noted that
in a previous study, sulfated WNF films exhibited non-yielding
characteristics, whereas in the case of CWNF films, yielding was
observed and the yield strength of the films was close to 60 MPa

This journal is © The Royal Society of Chemistry 2020
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(see the ESIT for an example of stress-strain curves). Yielding is
a typical property of cellulosic nanofiber films, indicating the
point at which nanofibers begin to slip, causing permanent
damage to the film structure (i.e. irreversible straining). In the
case of CNF films, the yield point is followed by a strong strain-
hardening tendency, that is, the ultimate tensile strength is
generally significantly higher compared to the yield strength.
For example, CNF films with similar strain compared to these
CWNFs showed a yield strength of 84 MPa, approximately
20 MPa higher in comparison.” On the other hand, the ultimate
tensile strength of CNFs was over two times higher compared to
CWNF films. The strain-hardening effect is likely due to the
straightening and alignment of the long and curved nano-
fibers.”” The CWNF contains somewhat round and coarsely
shaped nanoparticles, originating from lignin and hemi-
cellulose, that do not align (or are poorly aligned); therefore the
strain-hardening of the CWNFs is minimal compared to CNF
films. A similar behaviour is observed in CNF composites.””*
The strain-hardening of CNWFs is also strongly associated with
the reorganization of the hydrogen bonding network under the
strain.” In the case of WNFs, the presence of lignin might
partially block the formation of the hydrogen bonding network,
thus decreasing the overall tensile strength and the strain-
hardening.

The density of the CWNF films was lower when compared to
the WNF films produced previously, which typically have reported
densities of 1-1.5 g m >.1#1%7 In a previous study, films are
produced using filtration methods that are usually followed by
vacuum or hot press-drying at an elevated temperature, which can
result in the production of denser films when compared to the
solvent-casting method used in this study. Previously, similar
densities to the CWNF films (0.5 and 0.8 g m™*) were obtained by
the solvent-casting of WNFs produced using homogenization.* To
examine the differences in the density, the specific tensile
strengths, modulus, and yield were calculated. Except for CWNF 2,
the specific tensile strengths were over 100 kN m kg, the highest
being 134 kN m kg™ for the film produced using MU. The specific
tensile strength of CNWs is close to the average tensile strength of
CNF films reported in the literature. For example, values of 127 kN
m kg~ ' and 160 kN m kg™ " have been reported for films produced
with Masuko ground” and TEMPO-oxidized CNFs.” Nevertheless,
it should be noted that a specific tensile strength of 268 kN m kg™*
has previously been obtained using TEMPO-oxidation.” For WNFs
with a high lignin content (>20%), specific tensile strengths of
79, 83,% and 90 (ref. 76) kN m kg~ " have been obtained.

Therefore, it can be concluded that the mechanical proper-
ties of the CWNF films are on par with those of the state-of-the-
art lignocellulose nanomaterials. In addition, the CWNF films
also outperform many synthetic packaging materials, such as
polyethylene, propylene and poly(vinyl chloride) having tensile
strength in the range of 22.1-31.0, 31.0-41.4 and 40.7-51.7 MPa,
respectively.® As stated above, filtration-pressing methods can
be used to produce CNF and WNF films with higher density,
thus improving the tensile properties. In addition, it has been
shown that by using a high temperature during drying, lignin
can be softened, resulting in the filling of voids in the nanofiber
network.”?® Consequently, hot-pressing can increase the

This journal is © The Royal Society of Chemistry 2020
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mechanical properties of the films. However, filtration is usually
done using a polyvinylidene fluoride membrane with a small
anionic surface charge, making the peeling of the cationically
charged films from the membrane cumbersome, due to their
electrostatic attraction to the membrane. Therefore, alternative
membrane materials are recommended for this purpose.
However, the strong electrostatic adhesion of CWNFs to
surfaces could be used in coatings or in the fabrication of
materials with interfacial nanoparticle complexation.®*

Antimicrobial properties of the cationic wood nanofiber films

Food spoilage due to microbial growth causes serious health
and safety issues due to toxicity. To improve the quality, safety, and
shelf life of food products, developing active packaging materials
capable of reducing the growth of food pathogens is a possible
solution.® In addition to food packaging, antimicrobial properties
are also desirable for medical packaging to avoid microbial infec-
tions and promote sterilization.* Here, the film produced using 1,3-
DMU as the carbamide component of the solvent was investigated
as a model film for anti-microbial properties. A narrow inhibition
zone around the sample was observed in E. coli and S. aureus,
indicating that the CWNF film has certain antimicrobial properties
(Fig. 5). In addition, no bacteria were observed to grow on the film,
demonstrating strong bacterial anti-adhesive properties.** Previous
studies of PVA-composite films containing cationic CNFs showed
no inhibition zone in disk testing, but the bacteria did not grow on
top nor under the film.*® The lack of an inhibition zone was asso-
ciated with the immobilization of cationic CNFs (as an antimicro-
bial agent) in films, resulting in the death of the bacteria in direct
contact with the film. Our control test with the sulfated WNFs also
showed no inhibition zone (Fig. S10 and S11t). Therefore, it seems
that a small portion of the CWNF film leaches out of the film
structure, causing the anti-bacterial effect around the film. It is
possible that amorphous nanoparticles originating from lignin and
hemicellulose might not be tightly bound to the film. This may be
due to the cationization of lignin and hemicellulose, which then act
as antimicrobial agents. However, the inhibition zone is signifi-
cantly smaller compared to, for example, bacterial nanocellulose
films loaded with silver nanoparticles®® and curcumin,*® where
silver ions or small molecular curcumin are easily released from the
film. This minimal leaching effect of the CWNF films can be
desirable in packaging applications, as leaching of the chemicals
(here chemically modified wood components) has to be limited.
Therefore, further studies should be conducted to identify which
components, if any, are actually leaching and whether they have any
toxic effects on animals.

Thermal properties of the cationic wood nanofiber films

TGA and DTG curves presented in Fig. 6a and b indicate that
CWNFs exhibit a different thermal degradation behavior
compared to sawdust. Under dynamic air (i.e. presence of
oxygen), sawdust showed a bimodal mass loss curve. The onset
temperature for the first degradation step was around 270 °C
and the highest mass-loss rate was at 314 °C. The second peak
of the mass-loss rate was observed at a temperature of 349 °C.
The first degradation phase is associated with the degradation
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Fig.5 Photograph of the antimicrobial performance of the CWNF film
against (a) E. coli and (b) S. aureus. Narrow inhibition zones can be
observed in the light area around the film.
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Fig. 6 (a) TGA curves of original sawdust and CWNF films and (b) DTG
curve of the CWNF4 film with original sawdust.

of aliphatic components, that is, hemicellulose and cellulose
and the first thermal degradation step of lignin.*” The second
mass-loss peak, starting around 400 °C, is due to the final
degradation state of lignin. Due to the presence of different
oxygen-bearing chemical groups, lignin has a wider degradation
range than hemicellulose and cellulose.*®

In contrast to the original sample of sawdust, several
degradation steps were observed for CWNFs. The first signifi-
cant difference between the TGA curves of CWNFs and sawdust
can be seen at temperatures between 30 and 170 °C. The mass
loss in the low temperature range can be attributed to the loss of
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adsorbed water.**>*° For the sawdust, only about 1% of mass was
lost before the first degradation step, whereas for the CWNFs,
around 5% of mass was lost as water. Differing mass loss at low
temperatures indicates that the hydrophilicity of sawdust
increased during the CWNF production. The onset temperature
of degradation for the CWNFs was observed to be around
200 °C, which is around 70 °C lower in comparison to pure
sawdust. The first degradation step, associated with the degra-
dation of the labile quaternary ammonium groups®** of
CWNFs, shows a maximum mass-loss rate at 209 °C. The
decomposition of quaternary ammonium groups is related to
the formation of volatile components, such as (NCH,(CH3),),”
either by reverse Menschutkin decomposition or Hofmann
elimination.”

After the degradation peak of quaternary ammonium
groups, two separated mass-loss rate peaks were observed at 284
and 334 °C, and the first degradation step of sawdust was
observed in between these peaks. The final degradation step of
CWNFs begins around 410 °C, which is slightly higher than that
of the sawdust (400 °C). The highest mass-loss rate of the final
degradation step was observed at significantly higher temper-
ature for CWNFs (514 °C) than that of the sawdust (439 °C).

The multiple degradation steps in the TGA curve of CWNFs
could indicate the separation of wood constituents as more
individualized components from the original lignin-hemi-
cellulose-cellulose complex. Hemicellulose is described as
a short-chain polymer with the lowest thermal stability among
the main wood components.® Therefore, it can be assumed that
the degradation of hemicelluloses is observed during the
second step, after the degradation of quaternary ammonium
groups, in CWNFs. The second step might also be the degra-
dation point for the low crystalline parts of cellulose®® generated
during the CWNF production. The third degradation step could
be the degradation point of the individualized cellulose nano-
fibers,*”” which were observed in TEM images. It is possible that
the final degradation step in the breakdown of lignin requires
a higher temperature due to the formation of a protective char
layer around the lignin particles, decreasing the heat transfer.
The remaining mass at the onset of the final degradation step of
CWNFs at 410 °C was over 40%, whereas in the case of sawdust,
the remaining mass was only 22% at this point.

Conclusions

TEAOH with carbamide was successfully used to produce high
charge density cationic wood with an excellent yield from
sawdust without any chemical pre-treatment to remove wood
components. CWNFs were then easily obtained from cationic
wood by mechanical disintegration. Due to the presence of
lignin, the films produced from CWNFs exhibited strong UV-
blocking properties, and the narrow side-distribution of cellu-
losic nanofibers facilitated high optical transparency. The
effective oxygen barrier properties of CWNF films even at
elevated humidity were also attributed to the presence of indi-
vidualized cellulosic and lignin nanomaterials working syner-
gistically by decreasing oxygen transmission and the swelling of
the films, respectively. Furthermore, the films exhibited anti-

This journal is © The Royal Society of Chemistry 2020
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bacterial properties due to their high cationic group content.
Therefore, it is proposed that CWNF films could present an
environmentally friendly alternative to oil-based plastics
currently used in food packaging and flexible electronics.
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