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Environmentally Friendly Production of Cellulose Nanofibers
Using Laser-Assisted Lignocellulose Decomposition
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An eco-friendly approach for producing cellulose nanofibers (CNFs) through laser treatment of
lignocellulose nanofibers (LCNFs) is presented. Traditional CNF production methods require large
amounts of organic solvents. Additionally, these methods lack flexibility in adjusting the ratios of
cellulose, hemicellulose, and lignin, necessitating ratio control during pulping, which can impact sub-
sequent stages. In contrast, this method reduces solvent use significantly and allows control over lig-
nin content by adjusting laser irradiation time. Analytical techniques, including UV-vis, 13C NMR,
SEM, and XRD confirmed that laser treatment selectively decomposes lignin and other xylan residues
while maintaining CNF structure. This method offers a promising, sustainable alternative for CNF

production with notable environmental benefits
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1. Introduction

Wood comprises cellulose, hemicellulose, and lignin [1].
Cellulose nanofibers (CNFs) are produced by finely disen-
tangling cellulose, the main component of wood. Nanofibers
are defined as fibers with a width of 100 nm or less or as
micro-sized fibers with nano-scale cross-sections [2]. CNFs
offer numerous advantages, including a thermal expansion
coefficient one-tenth that of glass [3] and a strength 25 times
that of steel [4, 5]. Leveraging these properties, CNFs are
expected to find applications across various fields. Examples
of such applications include nanopaper for electronic de-
vices [6-8], composite materials such as resins [9, 10], bio-
compatible materials for cosmetics and thickeners [11], and
gas or oxygen barrier films [12]. Additionally, lignin and
hemicellulose containing nanofibers derived directly from
wood, known as lignocellulose nanofibers (LCNFs), exhibit
unique properties absent in CNFs, such as high thermosta-
bility [13] and antimicrobial activity [14, 15]. Cellulose is a
linear polymer of B-glucose, while hemicellulose has a
branched structure of xylan, mannan, and other polysaccha-
rides [16]. Lignin, an aromatic polymer, functions as a
binder for wood cells [17].

Manufacturing CNFs from wood occurs in two stages.
The first stage removes all components except cellulose,
yielding cellulose pulp, which is then finely disentangled in
the second stage to produce CNFs [2, 18-20]. Specific meth-
ods for producing CNFs include mechanical approaches
such as the high-pressure homogenizer method, which in-
volves disentangling cellulose fibers by forcing the material
through narrow gaps under high pressure [21], and the water
jet method, where a dispersion of the sample is collided to
achieve fiber separation [22], and grinding methods using
grinders [23]. Additionally, chemical methods like TEMPO
oxidation, which modifies side chains to enhance fibrillation
through intermolecular repulsion [2], and biological meth-
ods employing enzymes [24] have also been developed.
These processes require substantial organic solvents, which
impose a high environmental burden. Furthermore, the
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current two-stage process involves adjusting the component
ratios during the first stage, leaving no opportunity for fur-
ther adjustment in the second stage. This limitation makes
precise control of the component ratios inherently challeng-
ing.

This study proposes a method to manufacture LCNFs di-
rectly from wood and subsequently create CNFs by selec-
tively removing lignin from the LCNFs. As a novel approach,
light is considered for lignin removal, enabling detailed re-
action control. This method could yield CNFs and LCNFs
with tailored component ratios while reducing the required
volume of organic solvents. The focus of this study is to an-
alyze the effects of laser irradiation on wood components
and evaluate the potential of this proposed approach.

2. Experimental methods
2.1 Preparation of materials

In this study, the optical properties of specific materials
were evaluated, including cellulose, xylan (the main compo-
nent of hemicellulose) extracted from cone core, and lignin.
Three types were selected for lignin: alkaline lignin, dealka-
line lignin, and sodium lignin sulfonate.

Additionally, xylan, CNF, and LCNF were included for
both before and after laser evaluations. Each material was
measured at 1g and prepared by dissolving or dispersing it
in 20 to 30 mL of aqueous solution. A 3 mL from each solu-
tion was used as a sample for each experiment.

2.2 Laser irradiation conditions

Nd: YAG laser's third harmonic (355 nm) was chosen as
the light source due to its appropriate energy level for the
desired excitation. A schematic diagram of the laser system
is shown in Fig. 1. The laser irradiation conditions were de-
fined with precision. The repetition rate was set at 20 Hz.
The pulse width was controlled within the range of 4-6 ns
and the laser diameter is 7-8 mm. Furthermore, the laser
power was maintained between 6.5-130 mJ/cm? to ensure
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sufficient energy delivery. The irradiation duration was ei-
ther 0.5 h or 5 h, a span deemed suitable for observing any
structural or molecular changes in the materials.

Laser HWP PBS  NDfilter Beam Exj Damper

HWP: Half Wave Plate é

PBS: Polarized Beam Splitter

Fig. 1 A schematic diagram of the laser system.

2.3 Characterization and analysis

The first step in the analysis phase was to measure the
diffuse reflectance spectra, allowing for an understanding of
the optical properties inherent to each wood component.
These measurements were performed using a UV-visible ab-
sorption spectrophotometer (UV-Vis), with the resulting data
being transformed via Kubelka-Munk (K-M) conversion for
more reliable analysis.

Subsequently, the samples were compared and evaluated
to assess changes before and after laser irradiation. These
evaluations spanned multiple parameters. Optical properties
were analyzed using UV-Vis spectroscopy to observe any al-
terations in light absorption. Morphology was examined via
scanning electron microscopy (SEM), providing high-reso-
lution images to identify changes in the physical structure of
the materials. Additionally, molecular binding was investi-
gated using *3C CP/MAS solid-state nuclear magnetic reso-
nance (NMR), offering insights into shifts in molecular
structures. Finally, crystallinity was evaluated through pow-
der X-ray diffraction (XRD).

The crystallinity index was calculated using the widely
applied Segal method [25], which evaluates the relative
crystallinity of cellulose. This method employs the diffrac-
tion peak intensity corresponding to the crystalline (002)
plane lgo2 and the minimum intensity between the (002) and
amorphous peaks l.m, representing the height of the amor-
phous region.

(1

By applying this approach, quantitative comparisons of
crystallinity before and after laser irradiation were made to
determine the extent of structural changes in the cellulose
framework.

- ’“—m) x 100. 1)
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3. Results and discussions
3.1 Diffuse reflection spectra

Fig. 2 shows the diffuse reflection spectra results, with
intensity values converted using the Kubelka-Munk (K-M)
function. At wavelengths around 355 nm, cellulose shows
minimal peaks, while xylan and lignin exhibit high K-M val-
ues, indicating absorption bands for xylan and lignin at this
wavelength. This suggests that a 355 nm laser can selec-
tively induce photochemical reactions in xylan and lignin
without affecting cellulose. It is reported that cellulose un-
dergoes photodegradation at wavelengths below 340 nm [26,
27], while lignin decomposes at wavelengths above 280 nm
[28]. Therefore, the 355 nm laser may allow selective de-
composition of non-cellulose components (xylan and lignin)

115

5

4 -
oLl
b L
22t
g (a) Cellulose
= r (b) Xylan
¥ 1 n (c) Lignin (Alkarine)

¢ = (d) Lignin (Dealkarine)
200 300 400 500 600 700 800

Wavelength (nm)

Fig. 2 The diffuse reflection spectra of wood components such
as (a) Cellulose, (b) Xylan from cone, (c) Lignin (Al-
karine), (d) Lignin (Dealkarine).

while preserving cellulose.

3.2 Xylan

Fig. 3 shows changes in the absorption spectra with var-
ying laser fluence. The observed spectral peaks were as-
signed as follows [29-35]: the peak at 325 nm corresponds
to cinnamic acid, which links hemicellulose and lignin. The
peak at 290 nm is associated with cellulolytic enzyme lignin
(CEL), a residual lignin component. Lastly, the peak at 230
nm is linked to hexuronic acid, derived from the side chain
of xylan. These results indicate that laser treatment effec-
tively decomposes lignin residues and xylan side chains pre-
sent within xylan from cone core.
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Fig. 3 The absorption spectra of xylan (a) before and after laser
irradiation at fluence of (b) 6.5, (c) 32.5, (d) 130
mJ/cm?,

3.3 CNF

Fig. 4 presents the SEM images of CNF before and after
laser irradiation. The existence of nanofibers ranging in size
from several tens to hundreds of nanometers was noted, with
fibers interlacing to form a tangled structure. Despite laser
irradiation, no morphological changes were observed in the
CNF.

Subsequently, the results of the 3C solid NMR measure-
ments on the CNF before and after laser irradiation are
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Fig. 4 SEM images of CNFs from raw material at (a) low and
(b) high magnification, and after laser irradiation with
130 mJ/cm? at (c) low and (d) high magnification, re-
spectively.

illustrated in Fig. 5. Peaks attributable to cellulose were
found at 62 ppm for the C6 position (amorphous), 65 ppm
for the C6 position (crystalline), 72-75 ppm for the C2, 3, 5
positions, 84 ppm for the C4 position (amorphous), around
89 ppm for the C4 position (crystalline), and near 105 ppm
for the C1 position [36, 37]. Fig. 6 shows an enlarged view
of the spectra in Fig. 4. Most peaks remained unchanged fol-
lowing laser irradiation. However, a slight broadening of the
peaks at 72-75 ppm (C2, C3, C5 positions) and 84 ppm
(amorphous C4 position) was noted, indicating potential mi-
nor structural changes in the cellulose due to laser treatment.

— (a) Raw material
— (b) After laser (130 mJ/cm?)

Intensity (a.u.)
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Fig. 5 13C solid NMR of CNFs from (a) raw material and (b)
after laser irradiation with 130 mJ/cm?, respectively.
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Fig. 6 An enlarged view of the spectra in Fig. 4.

Furthermore, the XRD measurement results for the CNF
before and after laser irradiation are depicted in Fig. 7. The
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diffraction patterns for the (200), (110), and (-110) planes
remained consistent, suggesting that the cellulose Ip struc-
ture was maintained. However, the crystallinity index
slightly decreased from 63.1 to 59.3 after irradiation, sup-
porting the 3C NMR results that suggested minor structural
changes. Upon considering the results in Figures 4-7, it ap-
pears that laser irradiation preserved the morphology, bond-
ing, and crystallinity of CNF with only minimal structural
changes.

Prior studies have reported that although cellulose ex-
posed to 532 nm light showed no chemical changes, long-
term resistance was affected, and 1064 nm exposure led to
an increase in polymerization due to intra- and intermolecu-
lar ether bond formation, attributed to photothermal degra-
dation [35]. These findings suggest that the slight broaden-
ing of NMR peaks and reduction in crystallinity may be due
to subtle changes, possibly resulting from photothermal de-
composition rather than simple photochemical reactions.
Therefore, while laser irradiation largely preserves the struc-
ture and bonding in CNF, it is inferred that minor changes
occur at the microstructural level.
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- — (b) After laser (130 mJ/cm?)
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Fig. 7 XRD profiles of CNFs from (a) raw material and (b)
after laser irradiation with 130 mJ/cm2,

3.4 LCNF

SEM images of LCNF before and after laser irradiation
are displayed in Fig. 8. Lignin attached to the CNFs was ob-
served. After five hours of laser irradiation, the lignin on the
CNF appeared to be more finely dispersed, indicating that
the lignin structure had been fragmented by laser irradiation.

(a) Raw material
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Fig. 8 SEM images of LCNF at (a) low and (b) high magnifi-
cation with raw materials, (c) low and (d) high magni-
fication after 0.5 h of laser irradiation at 130 mJ/cm?,
and (e) low and (f) high magnification after 5 h of laser
irradiation, respectively.
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Subsequently, the results of the 3C solid NMR measure-
ments on LCNF before and after laser irradiation are pre-
sented in Fig. 9. All peaks were attributed to either cellulose
or lignin [38-40]. Peaks were noted around 20 ppm for -CHs,
55 ppm for -OCHjs in lignin, 62-65 ppm for C6 in cellulose,
72-75 ppm for C2, 3, 5 in cellulose, 83 ppm for C4 in cellu-
lose (amorphous), 88 ppm for C4 in cellulose (crystalline),
80-88 ppm for Ca, B and y in lignin (guaiacyl ring), 105 ppm
for C1 in cellulose, 120 ppm for C-H in C2, 5, 6 in lignin
(guaiacyl ring), 138 ppm for C-C in C1 in lignin (guaiacyl
ring), 148 ppm for C-O in C3, 4 in lignin (guaiacyl ring), and
172 ppm for carbonyl groups. No changes in the intensity of
CNF-derived peaks were observed. In contrast, a decrease in
the intensity of lignin-derived peaks (55, 85, 110-150 ppm)
and an increase in the intensity of CHs and carbonyl group
peaks (20-50, 172 ppm) were recorded. These changes sug-
gested that lignin was decomposed by laser irradiation, and
decomposition products such as quinone compounds were
detected. A broad peak appeared between 30 and 50 ppm,
likely corresponding to decomposition products containing
carbon double bonds, such as methylene groups, formed by
the cleavage of aromatic rings and Ca, 3, y bonds in lignin.
It has been reported that quinone compounds are produced
by 350 nm light irradiation of lignin model compounds [41].

_ 72-75 ppm
- — (a) Raw material '
- — (b) After laser (0.5 h) ‘““
S [ — () After laser (5 h)
o L
; i 83 PP ]l 162 65 ppm
% i l{IRppm__._h_’k \ | l
Et
180 160 140 120 100 80 60 40 20 0

13C Chemical shift (ppm)
Fig. 9 13C solid NMR of LCNFs from (a) raw material and after

laser irradiation with 130 mJ/cm? for (b) 0.5 h, (c) 5h,
respectively.

The XRD results for CNF before and after laser irradia-
tion are shown in Fig. 10. The diffraction patterns for the
(200), (110), and (1-10) planes remained consistent before
and after irradiation, indicating the presence of a cellulose I
structure. The crystalline was measured at 47.2 before irra-
diation, rising to 50.6 after 0.5 hours of laser exposure. This
increase suggests that partial lignin decomposition raised the
relative crystallinity by increasing the proportion of CNF.
However, after 5 hours of laser irradiation, the crystallinity
decreased to 44.4, likely due to a slight reduction in the crys-
tallinity of the CNF itself with extended exposure, as seen in
section 3.3.

Based on these results, laser irradiation of LCNF appears
to induce photodegradation of lignin, producing quinone
compounds and decomposition products containing carbon
double bonds. In contrast, while the crystallinity of CNF
slightly decreases, the overall structure remains unchanged.
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Fig. 10 XRD profiles of LCNFs from (a) raw material and after
laser irradiation with 130 mJ/cm? for (b) 0.5 h, (c) 5h,

respectively.

4. Conclusions

This study demonstrated a novel method for selectively
decomposing lignin in lignocellulose nanofibers (LCNFs)
using 355 nm laser irradiation, providing an eco-friendly al-
ternative for cellulose nanofiber (CNF) production. Through
extensive characterization, it was shown that while the laser
irradiation effectively decomposed lignin into smaller frag-
ments and products like quinone compounds, the CNF main-
tained its structural integrity. SEM and 13C NMR analyses
confirmed minimal CNF morphology and bonding changes,
with only slight peak broadening due to minor structural ad-
justments. XRD analysis indicated a stable cellulose I crys-
tal structure, with only a modest reduction in crystallinity
after prolonged irradiation, likely due to minor photothermal
effects on the CNF.

These findings suggest that laser irradiation primarily af-
fects lignin within LCNFs, enabling controlled decomposi-
tion while preserving the CNF structure. This highlights the
potential for environmentally friendly CNF processing. Fur-
thermore, the ability to precisely control irradiation condi-
tions suggests that this method may also allow accurate ad-
justment of the component ratios in the final product. This
study's limitations include further investigation into the im-
pact of decomposition products, mechanical property evalu-
ation, and scalability using larger sample quantities.
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