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Abstract

Herein for the first time, lignocellulose nanofibrils (LCNF) were prepared from pine-wood powder using
microwave (MW)-assisted deep eutectic solvent (DES) pretreatment coupled with high-pressure
homogenization. A DES based on choline chloride and lactic acid was employed, and LCNFs prepared by
conventional DES pretreatment at 110°C (LCNF-110) and 130°C (LCNF-130) were used for comparison.
Although MW treatment offered a high removal of lignin (70%) and hemicellulose (90%) within a short
time (110 s), the morphological observations by scanning and transmission electron microscopies
revealed excellent defibrillation of the conventionally heat-treated samples. Likewise, LCNF-110 and
LCNF-130 exhibited high tensile strengths of 154.6 £ 5.0 and 136.8 £ 1.2 MPa, respectively, whereas that
of LCNF-MW was only 75.6 + 1.4 MPa. Interestingly, LCNF-MW with a lignin content between that of LCNF-
110 and LCNF-130 exhibited high thermal stability (T ,,.x 309.6°C) and potent antioxidant properties.
However, the lignin contents of the LCNFs determined their UV-radiation blocking efficiency, where LCNF-
110 > LCNF-MW > LCNF-130. Furthermore, all LCNF films exhibited good visible-light transparency,
flexibility, and water contact angles (>87°), indicating their promising potential for packaging
applications.

Introduction

The production and application of lignin-containing cellulose nanofibrils (LCNFs) has become the latest
trend in nanocellulose research. This popularity can be credited to their low environmental impact, high
production yield, and more novel applications compared to those of pure cellulose nanofibrils (Rojo et al.
2015; Trovagunta et al. 2020). LCNFs can be directly isolated from unbleached lignocellulosic biomass,
thus avoiding complicated delignification processes. Lignin retention is known to improve the thermal,
mechanical and barrier properties (Nair and Yan 2015a; Wang et al. 2018). Furthermore, lignin endows the
cellulose nanofibrils with UV protection, hydrophobicity, and antioxidant and antimicrobial properties (Gu
et al. 2019; Sirvio et al. 2020; Bian et al. 2021). Nair et al. isolated LCNFs with a high modulus and good
barrier properties from bark using alkali and chlorite treatment coupled with mechanical fibrillation (Nair
and Yan 2015b). Herrera et al. isolated LCNFs with a high lignin content of 23% from eucalyptus pulp
through 4-acetamido-TEMPO-mediated oxidation coupled with high-pressure homogenization (Herrera et
al. 2018). These LCNFs were found to be suitable for the preparation of nanopapers with low oxygen
permeability. Wen et al. used a sequential process of TEMPO-oxidation and high-pressure
homogenization to isolate LCNFs from poplar pulp (Wen et al. 2019). The LCNFs exhibited high
hydrophobicity and thermal stability and were less gel-like than CNFs. However, these strategies involve
the usage of corrosive chemicals in large quantities, posing an environmental burden. Hence it is
essential to explore more eco-friendly strategies for LCNF production.

Recently, deep eutectic solvent (DES) pretreatment has emerged as a promising method for LCNF
production. A DES is a blend of two or more components with a low eutectic point (Francisco et al. 2012;
Lynam et al. 2017). They can be simply prepared by mixing a hydrogen bond acceptor (HBA) and
hydrogen bond donor (HBD) (Abbott et al. 2003; Smith et al. 2014). DESs offer various advantages such
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as facile preparation at low cost, low vapor pressure, non-flammability, and recyclability (Liu et al. 2017b;
Wang et al. 2020). DESs can efficiently dissolve the constituents of lignocellulose, especially lignin, and
are capable of forming strong hydrogen bonds. This leads to a disruption of the hydrogen-bonding
network, resulting in the dissolution of cellulose, hemicellulose, and lignin in the DES (Sirvio et al. 2015;
Alvarez-Vasco et al. 2016; Kumar et al. 2016; Chen et al. 2018). DESs are more suitable for the dissolution
of lignin and hemicellulose, leaving the cellulose-rich portion undissolved, which can be used for LCNF
preparation. An extensive molecular library of HBDs and HBAs for DES production has been compiled
(Zdanowicz et al. 2018; Satlewal et al. 2018). Among them, DESs based on choline chloride (ChCI) and
lactic acid (LA) have been extensively studied, and the literature suggests that ChCI-LA-based DES
pretreatment is an efficient method to extract lignin from biomass (Kwon et al. 2020, 2021; Liu et al.
2020).

Compared with conventional heating, microwave irradiation allows rapid and uniform heat transfer
through dipole rotation and ionic conduction with low energy conduction (Liu et al. 2019b). Microwave
irradiation has been shown to greatly enhance the ionic properties and molecular polarity of DESs,
thereby reducing the reaction time and temperature (Aguilar-Reynosa et al. 2017). Hence, combining
DESs with microwave heating in lignocellulose pretreatment offers the potential for efficient and
sustainable LCNF production. Liu et al. reported the preparation of LCNFs from energy cane bagasse
(ECB) using microwave-assisted DES treatment coupled with ultrasonication (Liu et al. 2020). A ChCI/LA
(1:10) DES heated at 110°C for 30 min was found to be the optimal pretreatment (45.2% yield and 81.0%
delignification) for LCNF production. LCNFs were applied to reinforce polyanionic cellulose film,
improving its mechanical and UV-absorption properties. The authors also prepared LCNF from ECB using
microwave-assisted natural DES pretreatment coupled with microfluidization (Liu et al. 2022a). In a
recent report, the same research team prepared LCNFs and LCNCs using MW-DES pretreatment coupled
with high-pressure homogenization of ECB and bleached wood pulp, respectively (Liu et al. 2022b). Ji et
al. reported the efficient cleavage of strong hydrogen bonds in sugarcane bagasse by MW-assisted
ternary acidic DES pretreatment and subsequent ultrasonication to produce LCNF (Ji et al. 2021). LCNFs
with high thermal stability were obtain upon treatment at 100°C for 20 min.

Inspired by these studies, we attempted an MW-assisted DES pretreatment of a pine wood sample and
subsequent defibrillation to prepare LCNFs. To the best of our knowledge, this is the first report on this
specific approach. All the previously reported methods explored the use of bleached pulp or bagasse,
which were either already exposed to some pretreatment or weak. Furthermore, all these methods used a
MW reactor, which requires high capital cost, and no comparison with conventional heating has been
made, so the true advantage of MW is unknown. In the present work, a custom-made Teflon vessel was
used along with a domestic microwave oven; its performance was compared with that of conventional
heating. The basic characteristics of the LCNFs, including their morphological, chemical, and thermal
properties, were studied first. Furthermore, the lignin-specific and application-oriented properties, such as
hydrophobicity, UV-blocking ability, and antioxidant activity, were also explored.
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Experimental Section

Materials

Red pine (Pinus densiflora) was collected from the Research Forest of Kangwon National University,
Korea. An 8 cm thick disk was ground to a 40—80 mesh size, sealed in a plastic container, and stored in a
dry place. Before DES pretreatment, extractives in the wood powder were removed by alcohol/benzene
(1:2) extraction. ChCl (>99%) and LA (extra pure grade, 90%) were acquired from Daejung Chemical
(Siheung, Korea). All chemicals were used as received without any additional purification.

DES pretreatment

ChCl and LA acted as the HBA and HBD, respectively. They were mixed in molar ratios of 1:1, 1:3,and 1:5
and treated at 90 °C for 10 min under continuous stirring at 300 rpm until perfectly transparent liquids
were formed. In the conventional heating method, 1 g of wood powder was added to 20 mL of DES in a
500 mL round bottomed flask, which was then placed in a heating mantle. The mixture was heated for 2
hat 110 °C and 2 h at 130 °C under continuous stirring at 300 rpm. In the MW method, 1 g of wood
powder was added to 20 mL of DES in a 100 mL Teflon sample holder and treated for 80-110 sin a
household MW (LG, MW23GD) at an output of 400 W. The maximum power output of the MW was 1.0
kW, and the operating frequency was 2450 MHz. To ensure thorough mixing of the contents, the sample
and DES were mixed and left to stand for one hour before MW treatment. The mixture was irradiated
using a 10 s pulse time and 10 s interval. The treatment was not performed beyond 110 s, and a high
output wattage was not applied because the Teflon container began to leak and eventually exploded as a
result of pressure buildup under these conditions. Leakage was also observed in a previous study that
also involved a MW pressure cooker (Impoolsup et al. 2020). If a leakage is detected, treatment should be
immediately terminated. The DES pretreated samples were centrifuged (Supra 22 K; Hanil Scientific Inc.,
Gimpo, Korea) at 8000 rpm for 10 min to separate the lignin-rich soluble fraction. The cellulose-rich
insoluble fraction was washed three times with 1,4-dioxane/water (4:1) and five times with deionized
water (DW), and then freeze-dried for LCNF production. The yield of the solid residue was calculated
using the following equation:

% Yield = (mass after DES pretreatment/initial mass of raw material) x 100%
LCNF preparation by mechanical defibrillation

A high-speed blender and high-pressure homogenizer were employed to produce LCNFs by mechanical
defibrillation. The samples were diluted to 1.0 wt% by DW and blended at a rotation speed of 35,000 rpm
for 30 min in a high-speed blender (HR-3752; Koninklijke Philips N.V., Amsterdam, Netherlands). Then, the
suspension was further diluted to 0.1 wt% and defibrillated at an operating pressure of 20,000 psi using a
high-pressure homogenizer (MN400BF; PICOMAX, Seoul, Korea) with a nozzle size of 100 pm. Five
passes of the homogenization process were carried out.

Film preparation
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The films were prepared using a vacuum filtration system comprising a vacuum pump and glass
microanalysis filter holders (KGS-47; Advantec MFS Inc., Dublin, CA, USA). The LCNF suspensions were
diluted to a solid content of 0.1 wt% (137.5 mL), sonicated for 1 min, and filtered through a silicone-
coated filter (Whatman No. 2200 125; GE Healthcare Ltd., Buckinghamshire, UK). Vacuum was then
applied (700 mmHg = 96 kPa) until free water was completely removed. The filtered LCNFs were placed
between silicon-coated filters and hot-pressed for 1 min at 105°C and 15 MPa (Hankuk S and | Co. Ltd.,
Hwaseong, Korea) to obtain a film with a diameter of 35 mm.

Cellulose and hemicellulose content analysis using high-performance liquid chromatography

Sugar analysis was performed using Bio-LC (ICS-3000; Dionex, Sunnyvale, CA, USA) according to the
National Renewable Energy Laboratory protocol (A. Sluiter, B. Hames, R. Ruiz et al. 2008). High-
performance anion-exchange chromatography coupled with electrochemical detection based on pulsed
amperometry (gold electrode) was used to quantify the neutral sugar. The sample was chromatographed
on a CarboPac PA-1 column (Dionex). The system was operated in isocratic mode at a flow rate of 1.0
mL/min using a mixture of 250 mM sodium hydroxide (20%) and DW (80%). The contents of five types of
sugars (glucose, xylose, arabinose, galactose, and mannose) were calculated using the Chromeleon
software program (Version 6.8; Dionex). Glucose content was used for cellulose determination, and the
sum of the contents of the other sugars (xylose, arabinose, galactose, and mannose) was used for
hemicellulose determination.

Klason lignin quantitation using the TAPPI standard method

Lignin content was determined using a scaled-down version of the Klason protocol for the TAPPI
standard method T2220m-88 (2011). Briefly, 0.2 g of sample was treated with 3 mL of 72% H,SO, for 2 h

at room temperature (23-25°C). The solution was then diluted with 112 mL of DW and autoclaved at 121
°C for 1 h. The solid was filtered through a 1G4 glass filter and dried overnight at 105 °C. The acid-
insoluble lignin content was determined by the ratio between the weights of the solid residue and the
initial amount of sample. The acid-soluble lignin was characterized using a UV-vis spectrophotometer
(Lamda 35; PerkinElmer, Inc., Waltham, MA, USA) at an excitation wavelength of 205 mm.

X-ray diffraction (XRD) analysis

XRD analysis was performed using an X-ray diffractometer (DMAX 2100 V; Rigaku, Tokyo, Japan)
operating with Cu Ka radiation (40 kV, 30 mA). Scans were taken over a 26 (Bragg angle) range of 10—-35°
at a scanning speed of 1°/min. The crystallinity index (Crl) was calculated from the peak intensity of the
crystalline-plane (200) diffraction (I,q9) at 22.5° and from the minimum intensity at = 18.0°, which is

associated with the amorphous fraction of CNF (l,,) according to Segal et al. (1959).
Crl (%) = |200 - |am / |200) x 100
looo: Diffraction intensity of (200) (26=22.5°)
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l,m: Diffraction intensity of amorphous region (at the minimum intensity near 26 =18°)

The crystallite widths were estimated using the Scherrer equation with a constant (K) equal to 0.9 at the
half-width peak of the (200) plane at 26=22.5°, as follows:

L = KA/Bcosf

where L is the crystallite width, @is the Bragg angle peak position (26 max position) in radians, A is the
wavelength of the radiation (0.1542 nm), K is a constant (0.9), and B is the peak width of the (200) profile
at half-maximum (FWHM) in radians.

Electron microscopy

The LCNF suspension was diluted to 0.001 wt% and sonicated using an ultrasonicator (VCX130PB,
Sonics & Materials Inc., USA) for 1 min. The suspension was vacuum-filtrated on a PTFE membrane filter,
which was then immersed in tertbutyl alcohol for 30 min. The tert-butyl alcohol was replaced three times
to completely exchange the water. The LCNFs were dried at - 55 °C for 3 h using a freeze dryer (FDB-
5502, Operon Co. LTD., Gimpo, Republic of Korea). The dried LCNFs were fixed on metal stubs using
carbon tape and coated with iridium alloy using a sputter coater (LEICA EM ACE600, Leica Microsystems,
Germany). SEM images were acquired using a field-emission scanning electron microscope (FESEM,;
Hitachi S-4800, Japan) with an accelerating voltage of 5 kV and working distance of 5 mm.

Specimens for transmission electron microscopy (TEM) were diluted and sonicated to disperse the
particles. TEM grids (200 mesh carbon film, copper) were floated on drops of = 4 pL of sample for 1-2
min. The samples were then rinsed with DW and negatively stained with 2% uranyl acetate for 3 min. The
samples were imaged using a field-emission transmission electron microscope (FETEM; JEM-2100F; Jeol,
Tokyo, Japan) with an accelerating voltage of 200 kV. The width of the LCNF was measured using the
Image J program (version 1.52).

Fourier-transform infrared (FT-IR) spectroscopic analysis

FTIR spectra of the DES-pretreated samples and LCNF films were recorded on a FT-IR instrument (Frontier
10; PerkinElmer, Inc.) in the range of 600—4000 cm™ 1 with a resolution of 4 cm™". The attenuated total
reflection (ATR) method was used for the measurement. A total of 32 scans were collected for each
sample.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) of the LCNF sheets was performed using a thermogravimetric
analyzer (SDT Q600; TA Instruments, New Castle, DE, USA). The temperature was controlled from 30 to
600 °C at a heating rate of 10 °C/min. A high-purity nitrogen stream with a rate of 100 mL/min was
continuously passed into the furnace to prevent any unwanted oxidation.
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Tensile test

For the tensile test, a test piece with a size between 5.0-9.0 mm and 0.7-0.8 mm (width x thickness) was
cut from at least five nanosheets and stored under constant temperature and humidity (25°C and 50%
relative humidity). The tensile strength was measured for approximately one week after preparation. The
tensile test was performed using a strength tester (H50K; Hounsfield Test Equipment, Redhill, UK) at a
crosshead speed of 5 mm/min with a test-piece span of 50 mm.

UV - Vis spectroscopy

The UV - vis transmittance spectra of the LCNF films were measured using a Jasco V-550
spectrophotometer in the wavelength range of 190 - 900 nm.

Contact angle

The static water-contact angles of the LCNF films were measured using a contact-angle meter (Theta Lite,
Biolin Scientific), and the volume of each droplet was 2 pL. Each contact angle was measured at 60 s; the
average value of at least three measurements is presented.

Antioxidant activity

The antioxidant activities of the samples were assessed by their ability to inhibit the 2,2 *azino-bis (3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) radical cation (Farooq et al. 2019). Firstly, ABTS was
dissolved in water to a concentration of 7 mM. Then, the ABTS radical cation (ABTS™*) was produced by
reacting ABTS stock solution with 2.45 mM potassium persulfate (1:0.5) and allowing the mixture to
stand in the dark at room temperature for 16 h. The solution of the radical cation was then diluted with
water until an initial absorbance of 0.7 + 0.02 at 734 nm was reached. For analysis, the sample was
added to 2 mL of the diluted radical solution, and this mixture was kept in the dark for 30 min. Then, the
sample was removed from the suspension, and the absorbance at 734 nm was measured after 6 min.

The inhibition percentage of ABTS™* was calculated using the following formula:

Ag—A

Inhibition (%) = x 100

where Aj and A, are the absorbance of ABTS™ before and after incubation, respectively, with the CNF
films.

Results And Discussion

Yield of the solid residue

Figure 1 shows the yield of the solid residue obtained after DES pretreatment at different conditions
under MW and conventional heating. The MW power and irradiation time were limited to 400 W and 110
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s, respectively. As previously mentioned, the reaction was uncontrollable at higher wattages and longer
reaction times, leading to destruction of the Teflon container. Furthermore, the reaction was controlled by
irradiating for 10 s followed by a 10 s rest period. At 110°C, with an increase in mole ratio from 1:1 to 1:3,
the yield decreased from 65.5-59.1%. A further increase in the ratio to 1:5 resulted in a 56.9% yield.
Similarly, at 130°C, changing the mole ratio from 1:1 to 1:3 and 1:5 produced yields of 53.1, 42.3, and
40.2%, respectively. With an increase in lactic acid content, the yield decreased, which can be ascribed to
the increase in acidity (Hong et al. 2020a). This change is more pronounced upon increasing the mole
ratio from 1:1 to 1:3 than from 1:3 to 1:5. At each mole ratio, the yields at 110°C were less than those at
130°C, indicating that temperature has an effect; this is expected because high-temperature treatment is
known to dissolve more lignin and sugars from wood powder. Furthermore, the temperature effect is more
significant than the effect of the mole ratio, and this observation is in good agreement with previous
reports (Kwon et al. 2021). Similarly, in the case of MW irradiation, at irradiation times of 80, 90, and 100
s, the yields remained 80.4, 78.1, and 69.8% respectively. However, a further increase in the irradiation
time to 110 s drastically decreased the yield to 42.9%. This sudden decrease can be ascribed to two
factors: (i) MW irradiation produces rapid and localized super heating, which might result in a sudden
increase in the temperature, and (ii) lignin dissolution is highest at a temperature near the glass-transition
temperature. In a previous study, Liu et al. noted a drastic decrease in the yield (from 56.1-36.5%) when
the temperature was increased from 90°C to 130°C (Liu et al. 2020). The effect of CC/LA mole ratio was
studied at 110 s MW irradiation. Upon increasing mole ratio from 1:1 to 1:3 and 1:5, the yield decreased
from 62.1-50.8% and 42.9%. Unlike conventional heating, lactic acid content has a remarkable influence
on yield under MW irradiation.

Chemical composition

Figure 2 shows the cellulose, hemicellulose, and lignin contents of pine wood before and after DES
pretreatment by MW heating and conventional heating. The change in the main chemical composition of
pine wood as a result of DES treatment is noticeable. The linear polysaccharide cellulose, heterogeneous
hemicellulose, and structurally variable lignin are key components of the wood cell wall, which is
interconnected by hydrogen bonding networks (between cellulose and hemicellulose) and covalent bonds
(lignin and hemicellulose). Using conventional heating, an increase in temperature and LA content
decreased the cellulose, hemicellulose, and lignin contents. It can be seen that temperature has a much
greater influence than mole ratio. This finding is in accordance with those previous studies (Kwon et al.
2021). Using MW, the reduction of cellulose, hemicellulose, and lignin contents was negligible until 100 s
and were greatly reduced at 110 s, which matches the trend in solid residue yield. Interestingly, the lignin
and hemicellulose contents drastically decreased compared with the cellulose content. This might be due
to localized superheating, causing the cleavage of the lignin—hemicellulose complex (Liu et al. 2017a),
which was reported in other studies. The highest and lowest extents of lignin/cellulose removal were
achieved by conventionally heating at 130 and 110°C, respectively; MW heating produced intermediate
results. In the case of hemicellulose, 90.5% was removed under MW heating, while 89.6% and 72.7% was
removed at 130 and 110°C, respectively.
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The changes in the surface microscopic features of wood powder after DES pretreatment were studied
using SEM. As shown in Fig. S1, before DES treatment, the surface appeared smooth and firm; by
contrast, the surface appeared rough and the microfibers became exposed after DES treatment. This can
be ascribed to the removal of hemicellulose and lignin. In both conventional and MW heating, the surface
roughness and fiber exposure increased with LA content. High destruction and fiber exposure occurred at
130°C using a ChCI/LA mole ratio of 1:5, which is in good agreement with the low yield and high lignin
and hemicellulose removal efficiencies under this condition. The DES-treated residues obtained using a
ChCI/LA mole ratio of 1:5 were selected for LCNF production. The LCNFs obtained from the MW-treated
sample is designated as LCNF-MW, and those produced from the conventionally heated sample are
designated as LCNF-110 and LCNF-130 according to the pretreatment temperature.

Morphological characteristics

The morphological features of the LCNFs produced using the MW-treated and conventionally heat-treated
samples were first explored using SEM and TEM analysis. As shown in Fig. 3, the SEM images reveal that
all the samples contain nanofibrils with an entangled web-like structure. However, LCNF-MW exhibited
some microfibers along with nanofibrils, indicating the inefficient defibrillation of the MW-treated sample.
The TEM images and corresponding diameter-distribution histograms are presented in Fig. 3. The LCNFs
appear as well-dispersed nanofibrils with an entangled network-like structure, and lignin nanoparticles
were attached to their surface. The individual nanofibrils were a few microns in length and had diameters
in the range of 6—60 nm. LCNF-MW exhibited a broad size distribution, and fibers with diameters of 60—
90 nm were also observed. These results confirm the inefficient defibrillation of the microwave-treated
sample. In general, residual lignin is known to act as a binder and protect cellulose from mechanical
defibrillation, and higher lignin content is associated with inefficient defibrillation (Herrera et al. 2018).
However, in the present study, despite its low lignin content compared to the 110°C treated sample, the
MW-treated sample exhibited inefficient defibrillation. This observation suggests that lignin content alone
is insufficient to judge the defibrillation efficiency of the DES-treated sample. Apart from lignin removal,
DES can also swell the cellulose portion by forming hydrogen bonds. In detail, DES pretreatment can
break the hydrogen-bond links between cellulose, which results in the softening and separation of fibrils
and makes it more susceptible to defibrillation (Xie et al. 2023). We assume that this swelling effect was
not prominent in the MW pretreatment owing to its short contact time and resultant inefficient
defibrillation.

XRD analysis

The effect MW and conventional heat on the crystallinity and crystal structure of the DES was studied
using XRD. XRD patterns of the raw material and LCNFs are presented in Fig. 4, and the corresponding
crystallinity index and crystal widths are provided in Table 1. As shown in the figure, all the samples
exhibited characteristic cellulose | peaks. Typical (1-10) peak at around 14.9° and (110) peak at 16.5°
were overlapped to appear as a broad peak. The characteristic (200) peak appeared at ~ 22.5°. These
results imply that the DES treatment and mechanical defibrillation operations did not impact the cellulose
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crystal structure. From the table, the crystallinity index (Crl) values clearly vary. The Crl values of all the
DES-treated samples and LCNFs are higher than those of the raw materials, indicating that DES treatment
removed the amorphous hemicellulose and lignin portions. Among the DES-treated samples, the MW-
treated sample exhibited the highest Crl, and the 130°C sample exhibited the lowest value. Although the
most hemicellulose and lignin were removed at 130°C, the crystallinity at this temperature was observed
to be the lowest, which can be explained by the temperature effect. In a previous study, Shen et al.
observed an increase in Crl from 54.8% to 60.2 and 68.3% when the temperature increased from 90°C to
100 and 110°C, respectively (Shen et al. 2019). However, a further increase to 120 and 130°C resulted in a
decreased Crl of 62.3 and 58.1% respectively. This implies that the DES treatment temperature can
improve the crystallinity to a certain extent but raising the temperature beyond this point is detrimental.
The authors assumed that the high pretreatment temperature led to the cleavage of hydrogen bonds in
lignocellulosic biomass and decreased the Crl of the substrates (Shen et al. 2019). In the current study,
MW treatment might reach a high temperature, but high crystallinity is observed owing to the short
duration, which might not cause hydrogen bond cleavage. By contrast, in conventional heating, with an
increase in temperature from 110 to 130°C, the Crl decreased. The Crl values of the LCNFs are also shown
in Table 1. In the case of MW, the Crl decreased after defibrillation. This observation is in accordance with
the literature and can be ascribed to the disordering of the crystalline regions of the cellulose chain by the
shear forces produced in the high-pressure homogenization process (Sanchez-Gutiérrez et al. 2020).
However, in the case of heat treatment, the Crl increased after defibrillation, indicating that defibrillation
was efficient. As evident from the morphological features, LCNF-110 and LCNF-130 were well defibrillated
and during film preparation the crystalline regions might be well-aligned, resulting in improved Crl. In the
case of LCNF-MW, this alignment might not occur and is still in disordered form owing to inefficient
defibrillation. Additionally, Table 1 reveals that the average crystal sizes remained mostly unaltered after
DES treatment and mechanical defibrillation, which is likely because cellulose is rarely hydrolyzed and
destroyed (Liu et al. 2020).

Table 1

Crystallinity index (Crl%) and crystal widths of raw material, DES-treated
samples, and LCNFs.

Sample Crl (%) Width (nm)
Raw material 51.5 2.2
MW DES treatment 70.2 2.8

Defibrillation 63.6 2.6
Conventional heating (110 °C)  DES treatment 64.9 2.6
Defibrillation 69.4 2.5
Conventional heating (130 °C)  DES treatment  62.3 2.3
Defibrillation 71.0 2.6
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FT-IR analysis

FT-IR spectroscopy was used to study the chemical structure. The FTIR spectra of LCNFs produced by
various DES pretreatments and the untreated wood sample are shown in Fig. 4b. In the case of the raw
material, the peaks at 1594, 1508, 1262, and 808 cm™" were attributed to lignin aromatic-ring vibrations,
the guaiacyl ring vibration, C—0 stretching of the acetyl group, and aromatic C—H stretching, respectively
(Yang et al. 2007; Moubarik et al. 2013). The intensities of these peaks significantly decreased in the
LCNFs, indicating the partial removal of lignin and hemicellulose. The peaks almost disappeared in LCNF-
130, indicating its low amount of residual lignin. Although the lignin content of LCNF-110 is higher than
that of LCNF-MW, the peaks were more prominent in LCNF-MW. Owing to the efficient defibrillation (as
evidenced by SEM and TEM), the lignin nanoparticles might be uniformly distributed throughout the CNF
matrix occupying the spaces between fibrils and become less exposed on the film surface. By contrast, in
LCNF-MW, owing to inefficient defibrillation, most of the free lignin might be located on the surface of
fibers and become available/exposed to the outer surface. The peak at 1736 cm™" can be ascribed to the
ester and protonated carboxylic acid in hemicellulose and lignin (Liu et al. 2019a). Interestingly, instead
of decreasing, this peak increased after DES treatment, which can be attributed to the simultaneous
occurrence of acid hydrolysis and esterification of cellulose upon CC/LA-DES treatment. During the
treatment, the hydroxyl groups of cellulose undergo esterification with the carboxyl groups of lactic acid.
This reaction was also observed previously (Liu et al. 2022b; Xie et al. 2023). In addition, the broad peak
at = 3400 cm™" corresponding to the hydroxyl groups became more intense than that of the raw material.
This suggests that the removal of lignin and hemicellulose exposes the hydroxyl groups of cellulose.

Strength properties

The effect of MW and conventional heat DES pretreatment on the mechanical properties of the LCNFs
obtained by subsequent defibrillation was studied. The tensile strength, elongation at break (%), and
elastic modulus of the LCNF films are presented in Table 2. Among the three LCNFs, LCNF-MW exhibited
the worst mechanical properties (TS, EM, and elongation at break (%)), which can be ascribed to the
inefficient defibrillation, as observed from the morphological characteristics. Nanosized cellulose fibers
are known to exhibit better mechanical properties than macrosized fibers. LCNF-110 exhibited better
tensile properties than LCNF-130. This result differs from those of previous reports, where samples
treated at high temperature exhibited good mechanical properties (Xie et al. 2023), which was ascribed to
their high lignin content. In well-defibrillated samples, to a certain extent, an increase in lignin content is
known to enhance the mechanical properties by facilitating the stress transfer between CNFs (Farooq et
al. 2019). However, an excessively high lignin content and/or inefficient defibrillation has a detrimental
effect on the mechanical properties. In the case of LCNF-110, the uniform distribution of lignin throughout
the CNF matrix was also supported by FTIR spectroscopy. Although LCNF-MW has a lignin content
intermediate to the LCNF-110 and LCNF-130 samples, inefficient defibrillation is the main reason for its
poor mechanical properties. Interestingly, the TS of the MW-treated sample is still comparable with TSs
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reported in previous studies on LCNFs obtained by DES pretreatment. With the highest TS of 154.6 MPa,
LCNF-110 finds great applicability as a packaging material and reinforcing agent.

Table 2
Strength properties of LCNFs
Sample Tensile strength  Elongation at break (%)  Young's modulus (GPa)
(MPa)
LCNF-MW  75.6+1.4 75126 1.07+0.4
LCNF-110 154.6+5.0 99+23 1.81+0.2
LCNF-130 136.8+1.2 8.0+0.9 1.72+0.2

Thermal stability

The thermal stability of the LCNF films was evaluated by TGA analysis, as shown in Fig. 5, and the
corresponding thermal parameters, including T,,,, and residual weight (%) are presented in Table S1. As
displayed in Fig. 5a, all three of the LCNFs exhibited three degradation stages: minor weight loss below
100°C can be ascribed to moisture loss; weight loss between 200 and 340°C might result from the
degradation of hemicellulose and cellulose; and weight loss in the 340—-600°C region was considered to
be due to the slow pyrolysis of lignin (Xie et al. 2023). Owing to the low hemicellulose and lignin contents,
LCNF-130 exhibited a high T, s Value but lowest T,,,,, and residual content at 600°C. The low T et
value of LCNF-MW and LCNF-110 can be ascribed to the presence of amorphous hemicellulose and lignin
components. The T,,, and residual contents of LCNF-110 and LCNF-MW were 305.4 and 309.6°C and
21.12 and 23.07%, respectively. These values are higher than that of LCNF-130 (297.9°C and 14.67%),
implying that the residual lignin can increase thermal stability (Hong et al. 2020b). Interestingly, LCNF-
MW with a lignin content less than that of LCNF-110 exhibited high thermal stability. This can be
correlated with the FTIR and antioxidant activity results, which suggest that residual lignin present on the
fiber surface of LCNF-MW protects it from thermal damage, and the reactivity of lignin in this form is
lower (Peng et al. 2018). By contrast, in LCNF-110, lignin nanoparticles were distributed uniformly
throughout the CNF matrix. As a whole, LCNF-MW exhibited good thermal stability.

Water contact angle

The hydrophilicity and hydrophobicity of the CNF films can be evaluated by measuring the water contact
angles (WCAs). Materials with WCAs of less than 90° are considered hydrophilic, above 90° they are
deemed hydrophobic, and above 150° they are classified as superhydrophobic (Simpson et al. 2015;
Manoharan and Bhattacharya 2019). Pure CNF is known for its hydrophilicity. This might be an
advantage for some applications like adsorbents, but for applications such as packaging and self-
cleaning, hydrophobicity is required (Huang et al. 2021). Several strategies have been proposed to
improve the hydrophobicity of CNF, and most of them involve harmful chemical modifications (Bayer
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2020). Lignin present along with cellulose in biomass is a natural hydrophobic material, and retaining
lignin is known to improve the hydrophobicity (Song et al. 2021). Here, the WCAs of the LCNFs obtained
using MW and heat treatments were measured and are presented in Fig. 6. Although all three LCNFs have
different lignin contents, there is no remarkable difference in their WCAs. Interestingly, all three samples
exhibited a WCA greater than 87°, indicating their nearly hydrophobic nature, which can be advantageous
for packing applications.

UV protection

Figure 7 depicts the transmittance of the LCNF films in the wavelength range of 190-900 nm. The
detailed transmittance data of visible (T5gg,m), UV A (Tyya), and UV B (Typ) light is given in Table S2.
The LCNF-130 film with 4.4% lignin exhibited high transmittance (54.07%) at T5gg,,m, @nd LCNF-110 with
a high lignin content exhibited the lowest transmittance (36.89%). Interestingly, at a higher wavelength
(700 nm), LCNF-110 exhibited the highest transmittance. The transmittance of LCNF-110 increased
drastically with wavelength; above 550 nm it surpassed LCNF-MW, and above 650 nm it surpassed LCNF-
130. At 800 nm, LCNF-110 exhibited the highest transmittance of 84.91%. Regardless of the high lignin
content, this increased transmittance can be ascribed to its good defibrillation and uniform lignin
dispersion, as evident from the tensile and FTIR results. All the samples exhibited excellent UVB
protection (= 99%), and the UVA blocking varied depending on the lignin content. LCNF-110 with a high
lignin content exhibited low UVA transmittance, whereas LCNF-130 with a low lignin content exhibited
high transmittance. This UV-blocking nature can be ascribed to the phenolic structure of lignin (Sirvio et
al. 2020). For a film to be applied for food packaging, good visible-light transparency and flexibility are
required. Good transparency enables the consumer to view the packed food, and UV blocking ability is an
added advantage because the food is protected from UV-light damage (Bian et al. 2021). As shown in
Fig. 7b, all three LCNF films exhibited good transparency, as the pattern can be clearly seen. Furthermore,
they tolerated bending, demonstrating their flexibility.

Antioxidant activity

Since free radicals are considered harmful to living organisms, exploring materials with radical
scavenging ability (antioxidant activity) is of great interest (Dong et al. 2020). This antioxidant activity is
especially desired for materials used to package food, cosmetics, and biomedicine to prevent them from
spoilage (Espinosa et al. 2019). Lignin with a polyphenolic structure is capable of scavenging free
radicals (Xiao et al. 2021), and LCNF with residual lignin is expected to exhibit antioxidant activity. Here,
the antioxidant activity of the LCNF films was tested using an ABTS assay (Espinosa et al. 2019; Farooq
et al. 2019). In a typical assay, ABTS was first converted to the positive radical (ABTS™*), which is blue in
color and gives rise to a characteristic absorption peak at 730 nm. Upon incubation with LCNF, ABTS™
absorbance decreases proportionally to LCNF's antioxidant potential. Figure 8a shows the absorption
spectra of ABTS™ after incubation with different CNF films, and the corresponding absorbance reduction
is shown in Fig. 8b. PCNF without lignin exhibited low scavenging activity, whereas the LCNFs exhibited
good antioxidant activity. Among the three LCNFs, LCNF-130 with the lowest lignin content exhibited the
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lowest antioxidant activity. Interestingly, LCNF-MW with a lignin content lower than LCNF-110 exhibited
the highest antioxidant activity. This can be ascribed to the inefficient defibrillation of LCNF-MW, where
most of the free lignin might be located on the surface of fibers and become available/exposed on the
outer surface. The high lignin peak intensities in the FTIR spectra and the higher thermal stability of
LCNF-MW than LCNF-110 further support this assumption.

Conclusions

The successful production of LCNF from pine wood powder using microwave-assisted DES pretreatment
and mechanical defibrillation was described. In addition, LCNFs were prepared via conventional heat
treatment for comparison. MW treatment at 400 W for 110 s led to more efficient lignin and hemicellulose
removal compared with conventional heat treatment at 110°C for 2 h. However, the morphological
characteristics revealed inefficient defibrillation of the MW-treated sample, suggesting that MW treatment
failed to induce the swelling effect that improves fiber susceptibility to defibrillation. Inefficient
defibrillation was further confirmed by the poor mechanical properties. As indicated by the FT-IR spectra,
residual lignin in LCNF-MW is highly exposed; as a result, LCNF-MW with a lignin content intermediate to
that of LCNF-110 and LCNF-130 exhibited high thermal stability and antioxidant activity. LCNF-110 with
high lignin content exhibited the best UV-blocking performance, and only a slight difference in WCA was
observed. As a whole, this study compared LCNFs produced using DES pretreatment by conventional
heating and MW heating.
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Chemical composition of DES-treated residues obtained under various conditions: mole ratio variation at
a110°C,b 130 °C, and ¢ MW heating. d MW irradiation time variation
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Figure 3

SEM images (a—c), TEM images (d-f), and corresponding diameter distribution histograms (g—i) of
LCNF-MW (a,d,g), LCNF-110 (b,eh), and LCNF-130 (c/f.)
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Water contact angles of LCNF-MW, LCNF-110. and LCNF-130
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a UV-vis transmission spectra and b digital photographs of the LCNF films
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Figure 8

Antioxidant activity: a absorption spectra of ABTS in the presence of different CNF films and b
corresponding relative reduction in ABTS absorption
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