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ARTICLE INFO ABSTRACT
Keywords: Reducing energy consumption is major challenge in the industrialization of chemical pre-
Gellulose nanofibrils treatments for the extraction of cellulose nanofibrils (CNF). In this study, an integrated chemical

Pine sawdust

Alkaline and acid-chlorite pretreatments
TEMPO-Oxidant

Integrated chemical pretreatment

pretreatment with alkaline/acid-chlorite/TEMPO-oxidant was used for the nano-fibrillation of
CNF from pine sawdust (WS). The alkaline and acid-chlorite pretreatments effectively eliminated
the non-cellulosic components present in WS, resulting in the delamination of individual cell
layers and swelling of the internal structures within the cellulose fiber bundles and cellulose
microfibrils that form these layers. The spacing between CNF within the cellulose microfibrils
increased from 3.7 nm to 5.5 nm. These loosely packed hierarchical structures facilitated the
penetration of the reagent, which led to an increase in the specific surface area during the
TEMPO-oxidant reaction and consequently accelerated the reaction rate. The WS was pretreated
in a very dilute solution (1 % NaOH and 0.5 % NaClO5) under mild conditions (70 °C for 1 h),
which resulted in a significant reduction of the TEMPO reaction time (from 3 h to 30 min) and a
lower consumption of the reaction reagent (one fourth of the amount consumed compared to the
direct oxidation of WS to achieve the same degree of cellulose nano-fibrillation).

1. Introduction

As the most abundant biopolymer on Earth, cellulose nanofibrils (CNF) are attracting explosive interest as a renewable and low-
carbon material due to theirs versatility and high performance [1]. CNF consist of linear polysaccharide chains with repeated p-1,
4-linked anhydro-glucose units (AGU), where each AGU has three hydroxyl groups that form strong hydrogen bonds. Because of these
hydrogen bonds, the CNF are tightly bound together in the biomass, making them difficult to separate by simple treatments [2].
Despite the appealing properties and potential applications of CNF, the significant energy consumption required to produce them
remains a barrier to widespread use [3]. Recent efforts have focused on reducing energy consumption to scale up CNF production from
the laboratory to an industrial level. Lee et al. employed a dry grinding method, suggesting that a three-cycle shear cutting process was
adequate for producing dry cellulose precursors for CNF production while reducing overall energy consumption [4]. Berto et al. used
monocomponent endoglucanase for CNF extraction, achieving a nearly 100 % yield and reducing defibrillation energy by up to 50 %

[5].
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Fig. 1. Preparation process of CNF.

Pretreatment of cellulosic raw materials before nano-fibrillation can effectively reduce the cost of CNF production by removing
non-cellulosic components, introducing functional groups, and swelling the fiber matrix. Over the years, numerous pretreatment
methods have been explored [6], with chemical pretreatments being the most common. Chemical pretreatments are a highly versatile
class of nano-fibrillation treatments for CNF. For instance, Peretz et al. using ozonation pretreatment followed by recyclable maleic
acid hydrolysi for CNF production from recycled paper mill sludge [7]; Wang et al. isolated nanocellulose from hardwood pulp via
phytic acid pretreatment [8]; Faria et al. produced CNF from pineapple crown fibers through alkaline pretreatment and acid hydrolysis
under different conditions [9]. Chemical pretreatments introduce new charge groups on the cellulose surface that create repulsive
forces that weaken hydrogen bonds cohesion [10]. Simplifying CNF separation and enabling the development of new functionalities
[11].

Among chemical pretreatments, alkali treatments are the most commonly used methods, extensively applied in preparing raw
materials for CNF production. Frequently, an alkaline treatment is combined with a bleaching step, typically utilizing sodium chlorite
(NaClOy), to enhance the removal of lignin residues. TEMPO oxidation is another significant strategy for CNF production due to its
mild reaction conditions and the excellent quality of the CNF produced [12].

Wood residues, such as sawdust, are promising sources of cellulosic raw materials due to their abundance and low cost [13]. Woody
commodities generally have a higher lignin content than agricultural commodities such as straw, hemp, or cotton. Pine wood, for
example, contains about 28.4 % lignin [13], significantly higher than wheat straw (22.3 %), flax fiber (3.4 %) and cotton (1 %) [14,15].
Therefore, efficient removal of non-cellulosic components, especially lignin, is critical for effective extraction of CNF from pine
sawdust. A detailed investigation is warranted to determine the pretreatment methods that can effectively reduce energy consumption
when extracting CNF from pine sawdust.

In this study, an integrated chemical pretreatment method using alkali/acid-chlorite/TEMPO-oxidant is employed to extract CNF
from pine sawdust. The morphology and chemical structure of both the pretreated wood sawdust and the produced CNF are
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characterized in detail. At the same time, the study compares the time, reagent consumption, morphology, and chemical structure of
the produced CNF between this integrated chemical pretreatment method and two other methods: alkali/TEMPO-oxidant pretreat-
ment and single-step TEMPO-oxidant pretreatment. The results show that the alkali/acid-chlorite pretreatment can significantly re-
duces the consumption of chemical reagents and reaction time in the TEMPO oxidation process. For the extraction of CNF from woody
materials, the alkali and acid-chlorite pretreatment processes in the mentioned integrated chemical pretreatment method are
indispensable.

2. Materials and methods
2.1. Materials and reagents

Pine sawdust (WS, Pinus Sylvestris Var. Mongholica Litv) comes from a sawmill in Shanghai, China, and is sourced from Heilongjiang
Province, China. The sawdust was crushed into powder with a length of several millimeters. To remove water-soluble impurities such
as sediment, the sawdust was washed three times with deionized water and then dried in an oven at 50 °C for 24 h to remove moisture.
The water used for the washing process was purified using a Milli-Q plus water purification system (Millipore Corporate, Billerica,
MA). Analytically pure reagents such as sodium hydroxide (NaOH, 97 %), sodium chlorite (NaClO2, 80 %), hydrochloric acid (HCI, 37
%), 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO, 98 %), sodium bromide (NaBr, 99.6 %), and ethanol were purchased from
Shanghai Aladdin Chemical Reagent Inc., China. Sodium hypochlorite (NaClO, 4.00-4.99 %) was purchased from Sigma-Aldrich. All
reagents were used without further purification.

2.2. Extraction of CNF

Fig. 1 illustrates the manufacturing process of CNF. The washed WS was stirred in a 1 % NaOH solution at 70 °C for 1 h with a solid-
liquid ratio of 1:50. The resulting WS was filtered, washed several times with deionized water, and dried in a 70 °C oven for 24 h. The
resulting alkali-treated WS was designated as aWS. Subsequently, the dried aWS was immersed in a 0.5 % NaClO; solution with a solid-
liquid ratio of 1:50. To prevent the introduction of impurities, hydrochloric acid (one drop of concentrated HCI per liter of solution)
was used to adjust the pH of the solution to between 3 and 4. After stirring at 70 °C for 1 h, the acid-chlorite treated aWS was filtered,
washed several times with deionized water, and dried for 24 h in a 70 °C oven. This dried product was named NaWs.

CNF were prepared using a previously described TEMPO/NaBr/NaClO oxidation system [12,16]. Specifically, 1.00 g NaWS was
added to 50 mL deionized water, followed by NaBr (0.16 g) and TEMPO (0.016 g). This mixture was stirred for 0.5 h and then the
reaction was initiated by adding different doses of NaClO solution (5.0 g/10.0 g/20.0 g). The pH was adjusted by adding 1 wt% NaOH
solution to a value between 10.0 and 10.2 until the pH of the system did not change. The oxidation reaction was terminated by the
addition of absolute ethanol (7.0 mL), followed by continuous stirring for 20 min. The oxidized pulps were then obtained and washed
with deionized water, after a gentle mechanical homogenization resulting in CNF with a jelly-like consistency. The CNF thus prepared
were named NaWCNF5/10/20. For comparison, CNF were also prepared from WS and aWS using the above steps and named
WCNF5/10/20 and aWCNF5/10/20, respectively. 0.5 wt% CNF solutions were cast into a polytetrafluoroethylene (PTFE) mold,
allowing for natural evaporation of water to obtain CNF films.

2.3. Characterization

The morphology of WS, aWS, NaWS, and CNF was visualized using a scanning electron microscope (SEM) (G3000, Zeiss, Germany)
at an accelerating voltage of 4.6 kV and transmission electron microscopy (TEM) (TecnaiG2 F20 S-TWIN). The FTIR spectra of all
samples were recorded using a Thermo Nicolet 6700 spectrometer (Thermo Fisher) from 4000 cm ™! to 500 cm ™! with a total of 64
scans. Thermal stability of the samples was analyzed using a thermal analyzer (2 SF/1100, Mettler Toledo, Switzerland) in the
temperature range of 50-800 °C with a heating rate of 10 ‘C/min in a nitrogen environment.

Synchrotron radiation wide-angle X-ray scattering (WAXS)/small-angle X-ray scattering (SAXS) experiments were performed at
BL16B1 beamline of Synchrotron Radiation Facility (SSRF, Shanghai, China). The wavelength used was 0.124 nm and the distance
between the sample and detector was 97.8 mm and 1882.2 mm for WAXS and SAXS, respectively. Scattering patterns were recorded
with a Pilatus 2 M detector and processed with Python-based software pyFAI (ESRF, Grenoble, France). Crystallinity index (Crl) values
were calculated using PeakFit (v4.12, SeaSolve Software Inc), which separates the background and overlapping peaks from the one-
dimensional WAXS integral curves. The specific calculation method used is shown in Fig. S1 and follows a previously reported method
[12]. The equatorial small-angle scattering intensity of WS, aWS, and NaWS was fitted with the function (2) based on the work of Paavo
A. Penttila [17].

2

1(q) :Alcrt\‘(%R, AR, a, Aa) + B exp (Téﬂ) +Cq " (2)

where A, B, o, C and « are constants, I.,i(q) is the intensity from the cylinder arrays. R represents the mean cylinder radius with
standard deviation AR, while a represents the distance between the centers of the cylinders with paracrystalline distortion Aa [18].

Optical photographs of CNF jelly and CNF films were taken with an iphone (iphonel3 pro max). The micromorphology of CNF jelly
was examined using a polarizing optical microscope (POM) (DM2500P, Leica, Germany). The surface charge of CNF in an aqueous
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Fig. 2. (a)Hierarchical structures of wood biomass; (b)SEM images of WS, aWS and NaWS; (c)SAXS fitting results of WS, aWS and NaWSs; (d)FTIR

curves, (e)1D WAXS integral curves and (f)TGA curves of WS, aWS and NaWS.

suspension with the concentration of 0.01 wt% was measured using a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). The
degree of carboxylation of TEMPO-oxidized CNF was determined by the titration method of electric conductivity [19].

3. Results and discussion

3.1. The structures and properties of pretreated pine sawdust

Fig. 2a illustrates the division of the cell walls of wood into three layers: the intercellular layer (M), primary wall (P), and the
secondary walls (S1, S2, S3) [10]. These layers are distinguished based on the orientation, chemical composition, and stage of for-
mation of the microfibers. The intercellular layer, located between two adjacent cell walls, is composed mainly of lignin and pectin
substances and does not contain cellulose microfibers. Its main function is to bind and adhere to the cellulose microfibers. The primary
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Fig. 3. The optical photographs (a;-i;) and the polarizing optical microscope photographs (ap-i;) of prepared CNF jelly extracted by the
TEMPO oxidation.

wall, composed mainly of cellulose, hemicellulose, pectic substances, and a small amount of lignin, maintains and determines cell
morphology and provides mechanical support. The secondary cell walls contain a large amount of lignin, which is highly cross-linked
and reinforces the mechanical support required for upward growth. Each cell layer contains a hierarchical structure of cellulose fiber
bundles, cellulose microfibrils that from the fiber bundles, and cellulose nanofibrils that from the cellulose microfibrils.

Chemical pretreatment of raw materials prior to TEMPO oxidation extraction of CNF aims to dissolve the intercellular layer, peel off
to form individual cell wall layer, and efficiently remove non-cellulosic components wrapped around the surface of cellulose micro-
fibers in the primary and secondary walls. This allows the chemical reaction reagents to directly reach the surface of the cellulose
microfibers during the TEMPO oxidation process, improving the efficiency of the reaction. Fig. 2b shows SEM images which clearly
illustrate how the single-laye cell wall (1-5 pm) in pine sawdust gradually detaches after alkaline (aWS) and acid-chlorite (NaWS)
pretreatment.

Fig. 2¢ shows the SAXS fitting results of WS, aWS, and NaWS used to study the changes in the internal structure of cellulose mi-
crofibrils during alkaline and acid-chlorite pretreatments of pine sawdust. The “2R” listed in the table represents the average size of a
single nanocellulose fiber and “a” represents the average distance between nanocellulose fibers. The fitting data show that the “2R”
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values of WS, aWS, and NaWS remain almost unchanged (around 2.5 nm-2.6 nm), while the “a” value gradually increases. This in-
dicates that after alkaline and acid-chlorite pretreatments, not only the single-layer cell wall was stripped, but also the interior of a
single cellulose microfibril was relaxed and swollen due to the removal of hemicellulose and lignin. This resulted in an increase in the
distance between the nanocellulose fibers in the cellulose microfibrils. In addition, the constant “2R” value (around 2.5 nm-2.6 nm)
indicates that the alkaline and acid chlorite pretreatment do not affect the morphology of the individual nanocellulose fibers. Overall,
the results of the SAXS and SEM images indicate that the hierarchical structures in the wood were loosened during the alkaline and
acidic chlorite pretreatment of pine sawdust. This would be very beneficial for the subsequent process of nanocellulose fiber extraction
by TEMPO oxidation.

The FTIR spectra of WS, aWS, and NaWS showed characteristic stretching vibration bands (2000-750 cm ™) originating from the
lignin, hemicellulose and cellulose components (see Fig. 2d). In the WS FTIR spectra, two strong absorption bands were observed at
1730 em™! (C=O stretching vibration of methyl ester) and 1236 cm ™! (C-O stretching vibration of acetyl in hemicellulose) [12], but
almost disappeared in the aWS FTIR spectra, indicating the removal of hemicellulose during alkaline pretreatment. During the
acid-chlorite pretreatment, a new reaction led to the formation of ether by the hydroxyl groups of cellulose in solution, resulting in
cellulose with ester groups, as evidenced by the appearance of a new stretching vibration of ester groups at 1715 cm ™! in the NaWs
FTIR spectra [20]. The WS and aWS FTIR spectra clearly showed the C=C stretching vibration of the aromatic skeleton in the lignin at
1506 cm™! [12],which was less evident in the FTIR spectra of NaWS, suggesting that most of the lignin was removed in the
acid-chlorite pretreatment but not in the alkaline pretreatment. Previous reports showed that pine sawdust contains 14.8 % hemi-
cellulose, 28.4 % lignin, 4.7 % extractives, and 0.2 % ash [13]. The yield of alkaline pretreatment was 72.86 % (see Fig. 1), which
removed almost all hemicellulose, extractives, ash, and a small amount of lignin from WS. The yield of acid-chlorite pretreatment was
77.07 % (see Fig. 1), which removed most of the remaining lignin.

The 1D integral curves obtained from the WAXS analysis data were used to examine the polymorphism of WS, aWS, and NaWs, as
depicted in Fig. 2e. All three samples exhibited seven diffraction peaks at 11.8°, 13.2°, 13.9°, 16.6°, 18.1°, 22.2°, and 27.7°, corre-
sponding to the characteristic (1-10), (110), (002), (021), (200), (022), and (004) lattice planes of cellulose I, respectively [12]. Thus,
these data indicate that the cellulose polymorphism of pine sawdust did not change during alkaline and acid-chlorite pretreatments. As
non-cellulosic substances such as hemicellulose and lignin were removed, the crystallinity of WS increased from 49.1 % to 53.2 % for
aWs and 66.1 % for NaWs.

The thermal decomposition temperature of cellulose typically ranges between 200 °C and 315 °C. NaWS, predominantly composed
of cellulose as depicted in Fig. 2f, exhibits a thermal decomposition temperature of approximately 230 °C, with a temperature for 5 %
weight loss at around 270 °C. The decomposition temperature range of lignin is broader, spanning approximately 160 °C-900 °C, with
the initial decomposition temperature lower than that of cellulose. Given that aWS contains a higher proportion of lignin compared to
NaWS, the thermal decomposition temperature of aWs is lower than that of NaWS, and the decomposition rate is faster, as illustrated in
Fig. 2f. The thermal decomposition temperature of aWS is approximately 200 °C, with a temperature for 5 % weight loss at around
235 °C. The thermal decomposition temperature of hemicellulose typically falls within the range of 150 °C-250 °C, comparable to the
starting temperature of hemicellulose decomposition. WS contains a significant amount of hemicellulose, resulting in a thermal
decomposition temperature similar to that of aWS (200 °C). The decomposition rate of WS is faster than that of aWs, with a tem-
perature for 5 % weight loss at approximately 230 °C, and this difference in decomposition rates becomes more pronounced with
increasing temperature.

3.2. The structures of prepared CNF

By adjusting the amount of oxidant (NaClO), CNF were extracted from WS, aWS, and NaWS using the TEMPO oxidation method.
Optical photographs of the CNF aqueous solutions were shown in Fig. 3a;-i; and Fig. S2 with a concentration of 0.5 wt%, and the
micromorphology of CNF jelly observed by POM shown in Fig. 3ap-ip. Optical photographs showed that all CNF, except WCNF5, had a
gel-like appearance. This may be attributed to the presence of numerous hydroxyl and carboxyl functional groups on the surface of CNF
prepared by the TEMPO oxidation method. When the CNF concentration reached a certain level, the interactions such as electrostatic,
hydrogen bonding and van der Waals forces between CNF were enhanced, resulting in stronger bonding and the formation of a three-
dimensional network structure. This network structure was able to trap and fix a large amount of water molecules, forming a hydrogel.
It is obvious that a certain amount of CNF was produced during these TEMPO oxidation processes, except for WCNF5.

When using WS for CNF extraction through TEMPO oxidation, the oxidant fibrillated a small amount of CNF from WS at an oxidant
to WS ratio of 5:1. However, numerous micrometer-sized coarse fibers remained. The oxidant was primarily utilized in removing non-
cellulosic substances in the cell wall and adherent cellulose microfibrils. With the increasing amount of oxidant, the CNF of WS
(WCNF10) gradually fibrillated, and the gel exhibited a yellow color (see Fig. 3b;), indicating the presence of lignin and indicative of
incomplete fibrillation of CNF. With a further increase in the amount of oxidant, the gel of WCNF20 became lighter and eventually
transparent, indicating a decrease in lignin content and the formation of more individualized CNF. This conclusion can also be verified
from the POM photographs of WCNF5/10/20 (see Fig. 3ag-c2). At 100 x magnification, it is clear that a considerable amount of
unoxidized WS was present in WCNF5. As the amount of oxidant increased, the amount of unoxidized WS in WCNF gradually
decreased. Until the ratio of oxidant to WS reached 1:20, a small amount of unoxidized WS could still be found in WCNF20.

During the alkaline pretreatment, the hemicellulose and a part of the lignin were removed, which made the internal structure of the
cellulose microfibrils looser and increased the spacing between CNF. This facilitated solvent penetration onto the surface of the CNF,
leading to faster oxidation and subsequent fibrillation of the CNF. Thus, when the ratio of oxidant to aWS was 1:5, CNF (aWCNF5)
could be fibrillated from aWS (see Fig. 3d;). When the amount of oxidant reached a ratio of 1:20, the prepared aWCNF20 hydrogel was
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Table 1
The reaction time of TEMPO oxidation.
Samples The amount of NacClO (g)
5 10 20
WCNF >6h ~3h ~3h
aWCNF ~5h ~2h ~2h
NaWCNF ~30 min ~35 min ~40 min

Fig. 4. TEM images of (a—c) WCNF5,/10/15, (d-f) aWCNF5/10/15, (g-i) NaWCNF5,/10/15.

completely transparent (see Fig. 3f;), and no unoxidized aWS was observed (see Fig. 3f;), indicating complete fibrillation of CNF from
aWS. With further removal of lignin during the acid-chlorite pretreatment, the distance between CNF in NaWS further increased, which
further improved the efficiency of CNF extraction from NaWS. The gel state of NaWCNF5 was almost similar to that of WCNF20 (see
Fig. 3g1), indicating that the consumption of oxidant by WS was four times higher than that of NaWS. Once the amount of oxidant
reached a ratio of 1:10, all CNF could be completely fibrillated from NaWS (see Fig. 3hy).

The removal of non-cellulosic materials gradually loosened the internal structures of NaWs, which facilitated the penetration of the
reactant into the interior of the raw material fibers and the oxidation of the cellulose surface. This increased the specific surface area of
the reaction and thus accelerated the reaction rate. As can be seen from Table 1, the reaction rate of NaWs was significantly higher than
that of WS and aWs.

The TEM images shown in Fig. 4 provide a clear insight into the morphology of the CNF produced. It was difficult to discern the
individual CNF in WCNF5 and aWCNF5, but the swollen cellulose microfibrils were discernible. In WCNF10, the mutually entangled
CNF could be found, which gradually fibrillated from the cellulose microfibrils. With the increase of TEMPO oxidation degree, a
considerable amount of intertwined CNF was observed despite the limited presence of cellulose microfibrils in NaWCNF5, aWCNF10,
and WCNF20. The lengths of aWCNF10 and WCNF20 predominantly fall within the range of 400-800 nm, with NaWCNF5 being
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Fig. 5. Transparency photographs of prepared CNF films.

slightly longer and primarily distributed between 500 and 900 nm (Fig. S3). Simultaneously, the diameter of CNF ranges from 5 to 40
nm, indicating incomplete nanofibrillation of CNF. These results were in agreement with the results shown in Fig. 3 for the optical
microscopy images. As the degree of nano-fibrillation intensified, the aWCNF20 and NaWCNF10 exhibited a near absence of entangled
CNF, predominantly showcasing individual CNF. Lengths were predominantly distributed between 100 and 600 nm (Fig. S3), with
diameters around ~5 nm, approximating a individual CNF’s diameter. This observation underscores the culmination of nano-
fibrillation processes. Upon completion of CNF nano-fibrillation, residual oxidants in the reaction system would attack the amor-
phous regions of CNF, leading to their oxidation and dissolution. Removal of the amorphous domains caused the CNF to be broken,
resulting in a decreased length. Consequently, NaWCNF20 exhibited shorter length (distributed between 0 and 400 nm) compared to
aWCNF20 and NaWCNF10. Similar morphologies were evident in the microscopic images of SEM in Fig. S4.

The morphologies of the fabricated CNF could also be verified based on the transparency of the CNF films in Fig. 5. When the CNF
contained a considerable amount of unreacted raw material, the CNF films were completely opaque. As the CNF were gradually
delaminated, the transparency of the film increased until it became completely transparent. The transparency of the films from
aWCNF20, NaWCNF10, and NaWCNF20 also confirmed the completion of CNF nano-fibrillation.

Fig. 6 illustrates the chemical and crystalline structures of the prepared CNF. In Fig. 6a-a prominent band at 1600 cm 2, attributed
to the stretching vibration of the sodium carboxylate group (COONa) [21], indicates the oxidation of hydroxyl groups to carboxyl
groups on C6 of cellulose across all samples. The band at 1730 cm ™! in WCNF5, corresponding to the non-conjugated C=0 stretching
vibration in the hemicellulose carbonyl groups, gradually disappears in WCNF10 and WCNF20. This observation suggests that during
CNF extraction from WS, a portion of the oxidant is consumed in the removal of hemicellulose. A similar trend is observed with the
band at 1506 cm™}, associated with the C=C stretching vibration of aromatic bonds in lignin. This band gradually disappeared in
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Fig. 6. (a) FTIR curves, (b) 1D WAXS integral curves, (c) Zeta potentials and (d) Carboxyl contents of prepared CNF.

WCNF10/20 and aWCNF10/20, confirming that in the preparation of CNF from both WS and aWS, part of the oxidant is utilized in
lignin removal, thereby reducing the efficiency of nano-fibrillation. Notably, a new band at 1201 cm™! emerged, suggesting the
possibility that during the oxidation process, additional hydroxyl groups are oxidized to aldehyde or ketone groups. Similar situations
are also evident in the raw material after acid-chlorite pretreatment, as depicted in Fig. 2d.

The TEMPO oxidation process did not alter the crystalline structure of CNF, as confirmed by the presence of seven characteristic
lattice planes ((1-10), (110), (002), (021), (200), (022), and (004)) of cellulose I in the 1D integrated WAXS curves of all CNF (see
Fig. 6b). As the degree of nano-fibrillation increases, the crystallinity of the prepared CNF also increases (see the insert in Fig. 6b). The
crystallinity of NaWCNF20 was higher than that of aWCNF20 and NaWCNF10, confirming the dissolution of the amorphous regions
and the rupture of the CNF in NaWCNF20.

The chemical structures of the prepared CNF were also studied by determining their zeta potentials and carboxyl contents. The zeta
potentials are a measure of the density of carboxyl functional groups on the cellulose surface. From Fig. 6¢ and d, it can be seen that the
trends in zeta potentials and carboxyl contents are similar. It is obvious that with an increase in oxidant dosage, the number of hydroxyl
groups oxidized to carboxyl groups on C6 of CNF also increased. At relatively low oxidant dosages, the carboxyl content in NaWCNF
was significantly higher compared to aWCNF and WCNF. This observation supports the idea that the removal of non-cellulosic
components, such as hemicellulose and lignin from NaWs, along with the delamination of cellulose layers and the loosening of the
internal structure of cellulose bundles, strongly promotes the oxidation of hydroxyl groups at C6 in CNF, facilitating nano-fibrillation.
The quantity of carboxyl groups generated during the oxidation of NaWS with an oxidant ratio of 1:5 was nearly equivalent to that
produced during the oxidation of WS with an oxidant ratio of 1:20. As the oxidant dosage increases, the individualization of NaWCNF
has already been accomplished, and the excess oxidant is utilized in dissolving the amorphous regions of CNF. Consequently, the
carboxylate content in NaWCNF20 did not exhibit a significant increase.

4. Conclusion

Through alkaline and acid-chlorite pretreatments, the cell walls of pine wood sawdust were not only cleaved into single-layer but
also induced the loosening and expansion of cellulose fiber bundles and cellulose microfibrils constituting these cell layers. The dis-
tance between cellulose microfibrils within the cellulose microfibrils increases from 3.7 nm to 5.5 nm. During the TEMPO oxidation
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process, the loosening of these multilayer structures and the increased distance between cellulose fibers facilitate the penetration of
reactants into the interior, enabling the direct oxidation of cellulose surfaces and enhancing the efficiency of cellulose nanofibrillation.
In comparison to the direct oxidation of WS for preparing CNF, NaWS undergone pretreatment only in extremely dilute solutions (1 %
NaOH and 0.5 % NaClO3) under mild conditions (70 °C, 1 h). This significantly reduced the TEMPO reaction time (from 3 h to 30 min)
and decreased the amount of reaction reagents required (one-fourth of the WS amount required for the same degree of cellulose
nanofibrillation). Despite the addition of two pretreatments, the reagents used in alkaline pretreatment can be reused, and the amount
of reagents used in acid chlorite pretreatment is much less than the reduction in reagent usage during TEMPO oxidation. Moreover, the
total time for the three reaction steps is less than the time required for direct oxidation from WS. Hence, the pretreatment steps
involving the removal of hemicellulose and, notably, lignin, are essential for the extraction of CNF from woody raw materials.
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