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ABSTRACT: Controlling the quality of cellulose nanofibers
(CNFs), such as dispersibility and defects, is crucial for fully
exploiting sustainable wood-derived CNFs. The dispersibility of
CNFs is now tailorable, whereas the defects are still uncontrollable.
This study is the first to demonstrate defect suppression through the
selection of raw material species and the chemical pretreatment for
cellulose. Two raw materials of softwood pulp and holocellulose are
chosen from the perspective of the nanoscale supramolecular
structure of plant celluloses. These two materials are subjected to
regioselective surface oxidation using 4-acetamido-2,2,6,6-tetrame- >
thylpiperidinyl-1-oxyl as a catalyst at two different pHs to prepare Defect—Rl(:h Defect—LeSS
four types of CNFs. Through statistical analysis of the CNF
morphology using atomic force microscopy (AFM) image
processing, we found a process yielding defectless CNF dispersions comprising uniform single crystallite units of cellulose.
Wavelet transform analysis of AFM height profiles further revealed that the defectless CNFs exhibit regulated twist periodicity along
much of their length.
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C ellulose nanofibers (CNFs) are dispersions of the slender The dispersibility of CNFs depends on the raw material
crystallite units of plant cellulose that are histologically species.”” Softwood bleached kraft pulp is a common raw
defined as microfibrils, and they are produced via wet material used in CNF production. Bleached kraft pulps contain
disintegration of cell wall cellulose." CNFs have excellent approximately 10—15% of amorphous hemicelluloses, and
mechanical and thermal properties, and their commercializa- most microfibrils are segregated from hemicelluloses in the
tion for diverse applications is underway toward the realization pulp and densely aggregated.m The CNFs derived from
of a low-carbon society. However, there still remain unknown bleached kraft pulps are thus thick bundles of microfibrils when
structural aspects of single CNFs, which need to be revealed they are produced via disintegration by a mechanical process
for accurate design of the functionality of CNFs or their alone."" Holocellulose has been proposed to have structural
composites with other materials. One of these aspects is advantages as a raw material for providing fine CNFs.'>'3

defects: CNFs have defects such as dents and kinks, but
strategies to control these CNF defects have not yet been
established.” ™"

The defect structure of CNFs critically influences their
mechanical properties and biodegradability. Ciesielski et al.
showed that kink defects promote enzymatic hydrolysis,
affecting degradation, and Martoia et al. demonstrated that
kinks reduce the elastic modulus of CNF-based nanopapers.”®
Minimizing defects is therefore essential for enhancing CNF
durability and performance in nanocomposites. In our previous
study, we suggested that the dents on the surface of CNFs are Revised:  March 17, 2025
the initial defects, which propagate into further defects such as Accepted:  March 19, 2025
kinks and mechanical breakdown into short CNFs.®> Therefore, Published: April 7, 2025
in this study, we focus on these dents as the “defects” and
explore ways to reduce them.

Holocellulose contains approximately 20—40% hemicelluloses,
which cover microfibrils and suppress their agglomeration."*
However, even from holocellulose, mechanical disintegration
alone cannot produce truly uniform CNFs dispersed as single
microfibril units with a width of approximately 2—3 nm."” To
produce CNF dispersions of microfibril units, an oxidative
reaction using 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO)
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Figure 1. CNF preparation. (a) Raw materials and pH during oxidation for the four types of CNFs in this study. The terms Glc and Man indicate
glucose and mannose, respectively. (b) Sugar composition analysis of the raw materials and CNFs. (c) WAXD profiles of the oxidized raw
materials. (d) Molecular weight distributions of the raw materials and two CNFs.

as a catalyst at alkaline pH 10 is often utilized.'® This process
efficiently introduces carboxy groups onto the surface of
microfibrils within several hours but significantly reduces the
molecular weight of the cellulose through a side reaction.">"”

The use of another TEMPO oxidation system at a weakly
acidic pH for producing CNF dispersions of microfibril units
while inhibiting depolymerization of cellulose has been
proposed. Tanaka et al."® demonstrated that CNFs produced
via 4-acetamido-TEMPO (4-AcNH-TEMPO) oxidation of
bleached kraft pulp at pH S have a distinctly higher molecular
weight than CNFs produced via TEMPO oxidation at neutral
pH 7 or alkaline pH 10. Kuramae et al."” produced CNFs from
holocelluloses via TEMPO oxidation at pH 7. However, 4-
AcNH-TEMPO oxidation at pH $ has never been applied to
holocelluloses. Note also that there are still no reports on
quantitative analysis of defects for any CNFs produced from
holocelluloses.

In a previous work, we constructed an atomic force
microscopy (AFM) image processing program that statistically
analyzes CNF defects such as dents and kinks.” In this study,
we utilized this program to comprehensively analyze the
correlations between the defect density of CNFs and either the
raw material species or the TEMPO oxidation conditions.
Softwood bleached kraft pulp and softwood holocellulose were
chosen as the raw materials. These two raw materials were
subjected to the 4-AcNH-TEMPO oxidation reaction at pH §
or the TEMPO oxidation at pH 10 to prepare four types of
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CNFs. Based on the defect analysis of these CNFs, we found a
process that produces defectless CNF dispersions comprising
single microfibril units of the highest quality to our knowledge.

A signal processing (wavelet transform) was also applied to
the AFM height profiles of the CNFs to analyze the location
and periodicity of twist in the CNFs. This study is the first
attempt at statistically analyzing the relationship between the
defects and twist of CNFs.

Four types of CNFs were prepared from bleached kraft pulp
oxidized at pH 10, bleached kraft pulp oxidized at pH §,
holocellulose oxidized at pH 10, and holocellulose oxidized at
pH 5, which are hereafter denoted BKP-10, BKP-5, HC-10,
and HC-S, respectively (Figure la). The carboxy group
contents of BKP-10, BKP-5, HC-10, and HC-5 were
approximately 1.7, 1.2, 1.5, and 1.1 mmol/g, respectively.
The results of the sugar composition analysis of the series of
samples are shown in Figure 1b. The major neutral sugars of
hemicelluloses in both the bleached kraft pulp and
holocellulose were mannose and xylose. Assuming that
softwood glucomannan has a sugar composition of mannose:-
glucose = 3:1,””" the bleached kraft pulp and holocellulose
used in this study were estimated to contain approximately
20% and 30% hemicelluloses, respectively. Most hemicelluloses
were leached out in the oxidation—purification process,'”** so
the hemicellulose contents of the CNF samples were
approximately 1—5%. Acidic sugars were not detectable by
the sugar composition analysis adopted in this study.
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Figure 2. AFM height analysis. (a) AFM height images and (b) height distributions of the four types of CNFs.

Therefore, the glucuronate units introduced to the microfibril
surface via oxidation were included in the “others” category.
These results indicate that the CNF samples prepared in this
study had a high cellulose purity.

Figure lc shows wide-angle X-ray diffraction (WAXD)
patterns of the oxidized raw materials before disintegration.
Compared with the pulp samples (BKP-5, 10), the
holocellulose samples (HC-S, 10) presented broad diffraction
patterns. Considering (1) the minor hemicellulose contents in
the oxidized samples and (2) the positive correlation between
the aggregate density of microfibrils and the X-ray diffraction
intensity,” these results suggest that fibril aggregation within
the holocellulose was suppressed compared with that in the
pulp, as previously reported.**

Figure 1d shows the molecular weight distributions of the
bleached kraft pulp, the holocellulose, BKP-10, and HC-5.
Their weight-average molecular weights were 458000, 377000,
262000, and 381000 g/mol, respectively. The holocellulose
had a slightly lower average molecular weight than the
bleached kraft pulp,”* probably because the holocellulose
contained more low-molecular-weight hemicelluloses.” In the
comparison of the CNF samples with a high cellulose purity,
HC-S had a distinctly higher molecular weight than BKP-10.
Additionally, the molecular weight of the bleached kraft pulp
was significantly lowered by the oxidation—disintegration
process, whereas the average molecular weight of the
holocellulose was slightly increased by a similar process. This
change in the molecular weight of holocellulose can be
interpreted as the result of leaching of hemicelluloses (Figure
1b) and of the increase in the molecular weight due to
oxidation of anhydroglucose units to glucuronate units.*®

A defect growth process was proposed: dent defects are
formed on CNFs at the beginning stage of disintegration, and
these dents induce further deformations such as kinks and
fracture in the subsequent mechanical shearing process.” In
this study, we thus focused on dents as the origin of diverse
defects and quantified the length of the dent parts along the
CNPFs.
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Figure 2a shows typical AFM images of each CNF. Tracing
the entire length of the CNFs in the AFM images was difficult,
especially for HC-S, due to the limited scope of AFM and the
entanglement of the CNFs. We thus estimated the average
lengths of the CNFs from viscosity using an empirical equation
for the correlation between the rheological behavior of the
CNF dispersions and the average lengths of the CNFs
determined via microscopy, according to a previous report.””
The average lengths of BKP-10, BKP-5, HC-10, and HC-S thus
estimated were approximately 0.6, 1.0, 1.1, and 2.1 pm,
respectively. The measured intrinsic viscosities are listed in
Table S1.

The AFM height distributions of the CNFs were analyzed
using a modified version of the self-made software used in a
previous study (Figure 2b).” The modes of the height
distributions for BKP-10, BKP-5, HC-10, and HC-5 were
1.95, 2.05, 1.95, and 2.15 nm, respectively. The 95%
confidence intervals for the modes of each sample, obtained
using the bootstrap method, are shown in Table S2. Although
the differences were small, BKP-10 had the smallest mode,
while HC-5 had the largest. As observed in the AFM images,
BKP-10 contained both thick and thin fibrils and exhibited a
broad height distribution. In contrast, the HC-S fibrils were
homogeneous, and their height distribution was narrow. The
height distributions of BKP-5 and HC-10 were similar in
shape.

Assuming the 18-chain models reported thus far, in which a
single microfibril comprises 18 molecular chains of cellulose
but has several possibilities for its cross-sectional shape,”*** the
cross-sectional dimensions of CNFs dispersed as microfibril
units are within the range of 2.09—3.75 nm. Considering both
the compressive moduli of the CNFs in the cross-sectional
direction (~30 GPa)* and the AFM settings adopted in this
study, the indentation of the AFM tip into a CNF was
estimated to be approximately 0.1 nm at most.®> Thus, the
range of the AFM height distribution of single CNFs was
considered to be from approximately 1.9 to 3.7 nm. Thus, we
classified the AFM heights into three categories: O to less than
1.9 nm, 1.9 to less than 3.7 nm, and 3.7 nm or more. The
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height components of less than 1.9 nm, detected as dent
defects, were highlighted in blue on the AFM images (Figure
3a). BKP-10 had long defects that were widely distributed,
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Figure 3. Defect analysis. (a) Distributions of dent defects on two
types of CNFs. The dent defects are represented in blue. (b) Defect
ratios of each CNF.

whereas HC-S exhibited shorter defects that were more locally
confined. This trend is further supported by the scatter plot of
defect length and depth (Figure S1), which quantitatively
demonstrates that HC-S has smaller dent defects compared to
BKP-10. The ratios of these dent regions were approximately
35%, 33%, 27%, and 23% for BKP-10, BKP-5, HC-10, and HC-
5, respectively (Figure 3b). Compared with the BKP series, the
HC series had fewer and smaller defects under the same pH
conditions. For the same raw material, the CNFs at pH §
(BKP-S and HC-5) had slightly fewer and smaller defects than
the CNFs at pH 10 (BKP-10 and HC-10).

These results indicate that both factors we speculated to
influence defect formation—raw materials and oxidation
conditions—affected its formation. In our previous study, we
proposed a mechanism in which dent defects are generated
during mechanical disintegration due to the detachment of
molecular chains from the CNF surface.” A key factor
influencing this detachment is the presence of hemicellulose,
which coats the microfibril surface in the pulp.”*~" Since
hemicellulose forms a protective layer around the fibrils, its
presence likely reduces molecular chain detachment, thereby
suppressing dent defect formation in the HC series. Another
factor is the pH condition during TEMPO oxidation. Under
mildly acidic conditions, oxidative degradation of cellulose at
the fibril surface is known to be sugppressed, leading to reduced
detachment of molecular chains.'

We also demonstrated the WAXD and solid-state *C NMR
analyses of defect-rich BKP-10 and defectless HC-5 CNFs to
compare their crystallinity. In both WAXD and solid-state '*C
NMR spectra, HC-5 showed sharper peaks than BKP-10
(Figure S2). The difference was particularly noticeable in the
NMR data, where the C4 crystallinity index was 13% for BKP-
10 and 20% for HC-S. These results indicate that CNFs with
fewer defects exhibit higher crystallinity. The dent defects in
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the CNFs, which are caused by molecular chain detachment
from the surface, result in smaller crystalline size, leading to a
decrease in crystallinity.

CNFs have been reported to exhibit right-handed twist,
which is observed as periodic height variations along the fiber
axis in AFM images.”’® Among the CNFs prepared in this
study, twist was more frequently and clearly observed in HC-S
with fewer defects than in BKP-10 with more defects (Figure
2). Therefore, we conducted a statistical analysis to investigate
the relationship between the defect structure and the twist
behavior of the CNFs.

We employed the wavelet transform to analyze the twist of
the CNFs. The wavelet transform is a method for determining
which frequencies are present at specific positions within data.
For example, it was applied to the height profile extracted from
the AFM image of a CNF exhibiting twist (Figure 4a). This
analysis yielded a wavelet power spectrum (Figure 4b), where
the horizontal axis represents the position along the fiber, and
the vertical axis corresponds to the frequency, which represents
the twist pitch in this case. The brightest areas in the spectrum
indicate strong periodicity, and the most prominent perio-
dicity, shown in yellow, appears within the range of 64—128
nm. This result matches the periodic height variation, with a
twist pitch of approximately 100 nm, observed in the height
profile. To determine the presence of twist, the strength of the
periodicity was quantified using the scale-averaged power, and
positions with statistically significant periodicity were identified
according to the method of Torrence and Compo (Figure
4¢).>' The scale-averaged power was calculated over the range
of 32—128 nm, with reference to the previously reported twist
pitch of CNFs. Finally, at each position where twist was
detected, the frequency with the strongest periodicity was
extracted (red lines in Figure 4b), and these frequencies were
used as the twist pitch of the CNF at each location.

Assuming the 18-chain model, the detected twist pitch
corresponds to a 180° rotation (Figure 4d). We applied the
above method to a height profile based on the 18-chain model,
assuming a constant twist pitch of 100 nm, and confirmed the
successful detection of a 100 nm twist pitch (Figure 4e).

Using the above method, the ratio of the length detected as
being twisted to the total length of the CNF was calculated
(Figure Sa). The twist ratios for BKP-10, BKP-S, HC-10, and
HC-S were 4.93%, 11.13%, 11.51%, and 23.59%, respectively,
indicating that CNFs with fewer defects had more twisted
regions. Figure Sb shows the distribution of the twist pitch of
HC-5 (see Figure SS for the twist pitch distributions of BKP-
10, BKP-S, and HC-10). A broad distribution ranging from 50
to 120 nm was observed for all the CNF samples.

Four potential factors may explain why more twisting was
detected in the CNFs with fewer defects. The first factor is the
length of the CNFs. For short CNFs less than 100 nm, the
frequency analysis resolution decreases, making detection of
periodicity difficult even if twist is present. The second factor is
the irregular fluctuation of the height profile caused by defects.
Because previous studies suggested that CNFs tend to
delaminate along the (200) and (1—10) planes, we assumed
a model in which two molecular layers are delaminated with a
40% probability from the (200) and (1—10) cross-sectional
planes.’”*> The height profile of a CNF with such
delamination was simulated, but a constant twist pitch shows
an irregular periodicity. As a result, fewer regions were
identified as having statistically significant twist (Figure S3b).
Similar CNFs were observed in the actual data (Figure S4).
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Figure 4. Wavelet transform of the height profile of a twisted HC-5 CNF. (a) AFM image of the twisted CNF and its height profile, where the kink
positions are indicated by green arrowheads. (b) Wavelet power spectrum of the height profile shown in part a obtained using the Morlet wavelet.
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twisted CNF and its wavelet transform.
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This suggests that even if a CNF is periodically twisted, defects
can hinder the detection of twist. The third factor is the
possibility that defects disrupt or suppress the twist periodicity
itself. Although this phenomenon cannot be directly confirmed
from the AFM data, previous studies reported that the driving
force of CNF twisting is intramolecular hydrogen bonding and
that the twist period correlates with the fibril width.**~°
Therefore, dent defects are highly likely to disrupt the twist
periodicity of CNFs. The fourth factor is the difference in the
carboxy group content on the surface of the CNFs. Previous
studies have reported that CNFs can undergo structural
rearrangement, including untwisting, due to interactions with
the substrate during drying.37’38 Given this, such interactions
may be influenced by the carboxy group content, thereby
affecting the degree of twisting.

The twist pitches obtained in this study include the range
previously reported for TEMPO-oxidized CNFs (approx-
imately 40—70 nm) but show greater variability.’® One
possible reason for this is that our method detected twist
even in regions with significant noise, which may have been
overlooked by previous analyses that measured the distances
between peaks (Figure S6). Furthermore, as shown in Figure
Sc, twist was also detected in areas where the pitch fluctuated
near kinks, contributing to the broader distribution of pitches.
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This study is the first to demonstrate that the raw material
selection and chemical pretreatment in CNF preparation are
critical for controlling defects in single CNFs. Defectless CNFs
were obtained by using weakly aggregating holocellulose as a
raw material and applying TEMPO oxidation under weakly
acidic conditions, which suppressed the decomposition
reactions. These defectless CNFs are characterized by their
long length, with mechanical breakdown into smaller CNFs
effectively suppressed, and by their highly uniform height
owing to the minimal presence of dent defects and aggregation.
Moreover, CNFs with fewer defects exhibit more frequent
periodic height variations associated with twist. This finding
suggests that the extent of detectable twist in CNF samples
could serve as an indicator for evaluating their quality.

Establishing a method to control defects allows max-
imization of the potential of CNFs and facilitates the design
of higher-performance CNF materials. In particular, defect
suppression is expected to significantly enhance their perform-
ance as reinforcement materials. Additionally, these CNFs are
expected to closely maintain the native state of cellulose,
contributing to a better understanding of the structure of
individual cellulose microfibrils, which remains largely unex-
plored.
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Data Availability Statement

The Python code for the calculation of the theoretical height
range of CNFs is provided on GitHub (https:// github.com/
terio0819/AFM_Simulation/tree/ main).
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transform (Figure S3), twist pitch distributions of BKP-
10, BKP-S, and HC-10 (Figure S4), wavelet transform of
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