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TEMPO-mediated oxidation is an effective and widely used method for producing carboxylated cellulose
nanofibrils (CNFs) from lignocellulosic substrates. However, the morphology of the resulting nanocelluloses can
vary significantly when TEMPO oxidation is applied to sugarcane bagasse (SCB) substrates with minimal lignin
content, depending on the amount of oxidizing agent used. This work elucidates strategies for tailoring nano-
cellulose morphology from SCB by TEMPO oxidation and reveals the effect of a delignification step prior to
bleaching on nanocellulose properties. To this end, two delignified substrates with minimum lignin content,
obtained via sequential organosolv-bleaching or single-step bleaching, were subjected to TEMPO oxidation and
ultrasonication. Although both substrates exhibited similar lignin contents, the use of a pre-delignification step
was crucial for producing short particles characterized as cellulose nanocrystals (CNCs), whereas single-step
bleaching produced CNFs. These findings highlight that morphological changes induced by the two-step
delignification process, rather than lignin content alone, play a key role in determining the final nanocellulose
morphology. Therefore, the most appropriate nanocellulose production route can be selected based on the target

application, whether CNFs or CNCs are preferred.

1. Introduction

Nanocelluloses, also referred to as cellulose nanomaterials or cellu-
lose nanoparticles, are a class of renewable materials primarily derived
from lignocellulosic biomass [1,2]. Wood remains the predominant
source of nanocelluloses since it is traditionally used in pulp and paper
mills [3]. However, non-wood lignocellulosic biomasses, especially
agro-industrial wastes, have attracted increasing attention due to their
abundance, low cost, and origin as byproducts of crop processing [4].

Currently, agro-industrial residues are mainly landfilled or inciner-
ated for energy recovery [4,5], despite their potential as substrates for
producing bioproducts, including chemicals, fuels, and materials [4,6].
In this context, nanocellulose production from agro-industrial wastes
offers a strategic route and opportunity for enhance biomass valoriza-
tion due to their broad application potential, including the preparation
of hydrogels [7], electronic devices [8], nanocomposites [9], aerogels
and cryogels [10], films [11], and emulsions [12]. These applications
leverage the unique properties of nanocelluloses, such as high aspect
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ratio, tunable surface chemistry, rheological behavior, and optical and
barrier properties [13,14].

Nanocelluloses are generally classified into two main types: cellulose
nanofibrils (CNFs) and cellulose nanocrystals (CNCs). Both CNFs and
CNCs exhibit nanoscale cross-sections (2-20 nm) but differ in length and
flexibility, resulting in different properties. CNFs are elongated and
flexible structures, often several micrometers long, capable of forming
gels at low concentrations (~1 wt%) due to their strong entanglement
capacity [15]. In contrast, CNCs are short, rigid, and highly crystalline
particles that exhibit chiral nematic ordering at higher concentrations
[16], and provide excellent reinforcement to polymeric matrices in
nanocomposites [17]. Given their structural and functional differences,
distinct biomass processing routes are required to obtain CNFs or CNCs,
depending on the intended application.

Regardless of whether CNFs or CNCs are the target, their production
from lignocellulosic biomass typically begins with lignin removal,
commonly referred to as delignification, to obtain a cellulose-enriched
solid. This step is essential because lignocellulosic biomass consists
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Fig. 1. Schematic representation of the nanocellulose production from SCB,
comprising delignification (via sequential organosolv-bleaching or single-step
bleaching), TEMPO-mediated oxidation using 25 or 50 mmol NaClO per gram
of substrate, and mechanical treatment by ultrasonication.

mainly of cellulose, hemicellulose, and lignin, which are linked through
chemical bonds and intermolecular interactions that form a natural
composite structure [14,18]. Therefore, lignin acts as a barrier to the
subsequent chemical, biological, or mechanical treatments required to
isolate nanocelluloses [19]. Following delignification, CNFs are typi-
cally obtained by mechanically fibrillating the cellulose-rich substrate
using microfluidizers, homogenizers, or ultrasonicators [20]. Prior to
mechanical treatment, the cellulose-rich material can be chemically
[21,22] or enzymatically [23,24] treated to lower energy consumption
and improve fibrillation efficiency. Conversely, CNCs are predominantly
produced via acid hydrolysis [25], which removes amorphous cellulose
domains and releases crystalline regions as colloidal particles [26]. The
resulting CNCs typically carry surface functional groups such as sulfate
half-esters, which are most prevalent due to the use of sulfuric acid in
hydrolysis [27]. However, the surface chemistry can vary depending on
the production route [28].

Oxidation catalyzed by 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) is a well-established method for modifying cellulose pulps to
produce carboxylated CNFs. In TEMPO-mediated oxidation, the primary
hydroxy groups of cellulose are converted into carboxyl groups under
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mild conditions, which enhances electrostatic repulsion and facilitates
CNF isolation [14]. Although less common, CNCs can also be produced
via TEMPO oxidation under specific conditions [29-31], typically
requiring higher concentrations of oxidizing agent. Notably, CNC pro-
duction via TEMPO oxidation is acid-free and conducted under milder
conditions compared to conventional acid hydrolysis [31].

Sugarcane bagasse (SCB) has emerged as a promising substrate for
nanocellulose production since it is highly available as a byproduct of
sucrose and ethanol mills in countries like Brazil [4,32]. Previous studies
have shown that CNCs can be obtained from SCB subjected to organo-
solv treatment followed by a two-step bleaching process as the
delignification method, and subsequent TEMPO oxidation using NaClO
concentrations higher than 25 mmol/g substrate [30]. In that study,
CNC production was attributed to the increased surface charge resulting
from the higher concentration of oxidizing agents. A similar rationale
was proposed for CNC formation from TEMPO-oxidized microcrystalline
cellulose and bleached softwood substrates [31].

Since variations in oxidizing agent concentration may influence
nanocellulose production, previous studies have focused on the TEMPO
oxidation step [30,31]. Investigating the impact of delignification stra-
tegies is however essential to identify the factors that drive CNC rather
than CNF formation from SCB. Such understanding should also enable
the development of more effective nanocellulose production routes,
including biomass fractionation strategies.

This study aimed to identify the key factors governing the formation
of CNFs or CNCs from SCB and to propose strategies for tuning nano-
cellulose morphology by altering the delignification route. Two sub-
strates with similarly low lignin contents, which were obtained via
either sequential organosolv-bleaching or single-step bleaching, were
subjected to TEMPO oxidation at two levels of oxidizing agent to assess
the influence of delignification strategy. The results indicate that single-
step bleaching produces CNFs with reduced fiber damage, while
sequential organosolv-bleaching enables acid-free production of
carboxylated CNCs. This work thus provides a direct comparison be-
tween delignification strategies under identical oxidation conditions,
isolating the effect of pretreatment on the final nanocellulose
morphology.

2. Experimental
2.1. Materials

Sugarcane bagasse was kindly provided by Raizen® (Piracicaba,
Brazil), dried in a convection oven (Tecnal, TE-394/3) at 60 °C for 8 h,
milled using a knife mill (Arthur H. Thomas Co - Standard model 3) to a
particle size below 2 mm, and stored in plastic containers. NaOH (P.A.),
H505 (29 % concentration), NaBr (P.A.), and ethanol (99.5 % concen-
tration) were purchased from Synth® (Diadema, Brazil); TEMPO was
obtained from Sigma Aldrich® (St. Louis, MO, USA); and NaClO (10-12
% purity) was supplied from Exodo Cientifica® (Sumaré, Brazil). All
reagents were used as received.

2.2. Nanocellulose production

An overview of the nanocellulose production routes is provided in
Fig. 1. In the first approach, raw SCB underwent sequential delignifi-
cation consisting of organosolv extraction followed by bleaching (sam-
ple denoted as “OB”). In the second approach, bleaching was applied
directly to raw SCB (sample denoted as “B”). After delignification, both
substrates were subjected to TEMPO oxidation and subsequent me-
chanical treatment to produce nanocelluloses. Detailed descriptions of
each process are provided in the subsequent sections.

2.2.1. Delignification
Organosolv treatments were performed using a 40 % (v/v) ethanol-
water mixture at 200 °C for 1 h, with a solvent-to-biomass ratio of 10
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Table 1
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Chemical composition of raw, organosolv-bleached (OB), and directly bleached (B) SCB substrates.

Sample Composition (wt%) Total (%) Remaining mass from 100 g of raw SCB
Cellulose Hemicellulose Lignin Ashes

Raw SCB 39+1 29 +2 33+1 2+1 103 + 3 100

OB* 80 +2 13.2 £ 0.2 5.0+0.2 0.9+0.1 99 + 2 24 +3

B 74+ 3 16.8 £ 0.3 3.4+0.2 3.7+0.1 98 +3 45+ 4

@ OB substrate was obtained from bleaching organosolv-treated materials, which initially contained 71 + 2 % cellulose, 11.2 + 0.1 % hemicellulose, 14.8 & 0.2 %
lignin, and 1.5 + 0.1 % ash. After the organosolv step, the solid yield was 42 + 4 g per 100 g of raw SCB.

mL/g. Afterward, the reaction mixture was cooled to room temperature
in an ice bath for 1 h. The solid was then separated using a nylon sieve
(75 pm pore size), rinsed with ethanol to prevent lignin reprecipitation
onto the cellulose fibers, and thoroughly washed with tap water until the
rinsing water became colorless.

Bleaching was applied to both organosolv-treated and raw substrates
[33], yielding the OB and B samples, respectively. Briefly, 10 g of dried
biomass were dispersed in 200 mL of 5 wt% NaOH solution in a 2000 mL
Erlenmeyer flask. Then, 200 mL of 24 % (v/v) HyO2 were added drop-
wise under continuous magnetic stirring (450 rpm) to minimize foam
formation. The mixture was subsequently stirred at 70 + 5 °C for 1 h.
After that, it was cooled to room temperature on the bench (40 min), and
the solid was recovered using a nylon sieve (75 pm pore size). The solid
was washed with tap water until neutral pH was reached, dried at 60 °C
in a convection oven for 6 h, and stored in plastic bags for subsequent
chemical and morphological characterizations, as well as nanocellulose
production.

2.2.2. TEMPO oxidation

TEMPO-mediated oxidation was conducted using the TEMPO/NaBr/
NaClO system, following a previously established protocol [21]. Two
NaClO concentrations (25 and 50 mmol/g substrate) were used,
resulting in samples designated with the suffixes 25 and 50, respectively
(Fig. 1). Briefly, 1 g of substrate (dry weight) was dispersed in 100 mL of
deionized water 24 h before the reaction. Subsequently, 0.016 g of
TEMPO and 0.1 g of NaBr were added and stirred until fully dissolved
(~10 min). NaClO was then added, marking the beginning of the reac-
tion. The initial pH was adjusted to 10 by the dropwise addition of 3
mol/L HCl. The reaction mixture was stirred at 350 rpm for 130 min.
The pH was monitored every 10 min and maintained at 10.0 + 0.2
adding 3 mol/L NaOH. After the reaction, the solids were washed by
centrifugation (3500 rpm, 10 min, 8 cycles) and stored as 0.8 wt%
dispersions in deionized water.

2.2.3. Mechanical treatment

Dispersions of oxidized pulp (0.8 wt%) were homogenized using an
Ultra-Turrax disperser (IKA T25) at 7000 rpm for 5 min. Subsequently,
ultrasonication was performed using a probe sonicator (Eco-Sonics
QR550) at 60 % amplitude (330 W, 20 kHz) for 15 min in intermittent
cycles (5 min on/5 min off) in an ice bath. The suffix “US” was added to
the sample codes. As a proof of concept, selected samples B25 and OB25
were also mechanically treated in a microfluidizer (M110P, Micro-
fluidics Corp.) equipped with Z-shaped interaction chambers (200 pm
inner diameter). Based on previous reports, the samples were passed
through the microfluidizer eight times [20]. The suffix “MF” was added
to the sample names (B25MF and OB25MF).

2.3. Characterization

2.3.1. Chemical composition

The contents of cellulose, hemicellulose, lignin, extractives, and
ashes in the raw, organosolv, and bleached substrates were determined
according to the National Renewable Energy Laboratory protocol [34].

2.3.2. Atomic force microscopy (AFM)

Nanocelluloses were analyzed by AFM in non-contact mode under
ambient conditions, using a Shimadzu SPM-9600 microscope equipped
with silicon tips (NCHR Pointprobe, Nanoworld) featuring a cantilever
spring constant of 42 N/m and nominal resonance frequency of 318 kHz.
Prior to imaging, nanocellulose dispersions were diluted to 0.0025 wt%,
drop-cast onto freshly cleaved mica substrates, and dried in a desiccator.
The diameters and lengths of the nanocelluloses were measured using
Gwyddion 2.56 software, with 150 individual particles analyzed per
sample to generate diameter and length distribution histograms.

2.3.3. Field emission electron scanning microscopy (FESEM)

The morphology of the raw, delignified, and oxidized substrates was
analyzed using FESEM (FEI Quanta 250) operated at 2 kV. Prior to im-
aging, dried samples were sputter-coated with iridium at 11.3 mV for
120 s using a Baltec coater (Oerlikon-Balzers). For oxidized samples, the
dispersions were freeze-dried (Terroni, LS Series) prior to analysis. Each
sample was examined in multiple regions and representative imagines
were selected to characterize morphological features.

2.3.4. Degree of polymerization (DP)

The average DP of cellulose was determined by viscosimetry analysis
in accordance ISO 5351 with minor modifications. Briefly, B, OB, B25,
and OB25 samples were dried and subsequently dissolved in a copper
ethylenediamine (CED) solution (0.5 mol/L). The intrinsic viscosity
([n]) was measured using a capillary viscometer at 25 °C, and the DP was
calculated using the Mark-Houwink equation: DP = [n]/0.42 [35,36].

2.3.5. Conductometric titration

The carboxylate groups (-COO™) present in the B25, B50, OB25, and
OB50 samples were quantified by conductometric titration following
previously reported procedures [37].

2.3.6. Zeta potential

The zeta potential of nanocellulose dispersions (0.05 wt%) at pH 5
was measured using a Zetasizer Nano ZS-Zen3600 (Malvern In-
struments). Measurements were performed in triplicate, each run con-
sisting of at least 10 scans acquired in backscattering mode (173°).

2.3.7. Rheology

Flow behavior of nanocellulose dispersions (1 wt%) was evaluated
using a Haake MARS 60 rheometer (Thermo Fisher Scientific). Mea-
surements were conducted at 25 °C using a double-gap geometry (DG41)
for OB25US and a parallel plate geometry (35 mm, P35) for B25. Each
sample was subjected to a pre-shear at 0.001 s ! for 100 s, followed by a
shear rate sweep from 0.001 to 1000 s~ *.

2.3.8. Thermogravimetric analysis (TGA)

TGA was performed using a TGA-DTA 6200 analyzer (Seiko In-
struments) under a nitrogen atmosphere. Approximately 5 mg of each
dry sample was heated from room temperature to 600 °C at a constant
rate of 20 °C/min.
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Fig. 2. Morphology of nanocelluloses and their respective diameter and length histograms of samples: A) OB25US; B) B25US; C) OB50US; D) B50US.

3. Results and discussion
3.1. Biomass chemical composition

Two distinct delignification strategies were evaluated to obtain
cellulose-enriched substrates, as described in Fig. 1: (i) a sequential
treatment comprising organosolv extraction followed by bleaching
(referred to as OB), and (ii) a single-step bleaching (referred to as B).
While the sequential delignification-bleaching route represents a more
conventional approach, single-step bleaching is simpler, involving only
one chemical stage, which may reduce fiber degradation and process
costs.

In this study, single-step bleaching was explored with two main
objectives: first, to assess whether a minimal residual lignin content is
sufficient for CNC production from SCB or if multiple delignification
stages are necessary, based on prior work using sequential organosolv
and bleaching treatments [30]. Secondly, the single-step bleaching was
applied to evaluate the feasibility of reducing the number of delignifi-
cation steps in the nanocellulose production process from SCB.

The first goal was to obtain similar lignin contents in the substrates
using distinct delignification strategies. Table 1 presents the chemical
composition of the resulting solids. Both the sequential (OB) and single-
step (B) delignification routes led to similarly reduced lignin contents
(3.4-5 wt%), meeting the intended target. Cellulose content increased
from 39 wt% in raw SCB to 74-80 wt% in the delignified samples, while
hemicellulose content decreased from 29 wt% to 13-17 wt%. The lower
hemicellulose content observed in OB may result from its additional
removal during organosolv treatment, which was conducted at 200 °C.
At this temperature, autohydrolysis makes the medium acidic, promot-
ing hemicellulose hydrolysis and solubilization [38]. Given the com-
parable final compositions of OB and B, the organosolv step does not
appear to be mandatory when the sole objective is lignin removal. This
finding is relevant from a process optimization standpoint, as it sim-
plifies the preparation of bleached SCB pulps. In addition, single-step
bleaching enables fair comparisons between substrates obtained
through distinct routes but chemically convergent routes.

On the other hand, the solid yield after delignification differed sub-
stantially between the two methods: 24 and 45 g from 100 g of raw SCB
for OB and B, respectively. This difference can be attributed to the mass
loss during organosolv extraction, which alone produced 42 g of solid
from 100 g of raw SCB. When bleaching was applied to this pretreated
material, the increased fiber accessibility likely enhanced further
delignification, contributing to a lower final yield for OB.

Bleaching has previously demonstrated high efficacy in removing
lignin from SCB substrates [30,33,39]. Its effectiveness stems from the
synergistic action of the reactants: NaOH promotes lignin removal via
hydrolysis of ester bonds in lignin-carbohydrate complexes, while HoO,
oxidizes carbonyl and quinoid structures in lignin side chains [40]. As a
result, the bleached substrates appear white due to the chromophore
degradation, as shown in Fig. 1. In addition, HoO, enhances lignin sol-
ubility and reacts with the side-chain carbonyls and carbon-carbon
double bonds, contributing to further oxidative degradation and
improved lignin removal [41]. Organosolv extraction was employed as
the initial delignification step because it relies solely on water and
ethanol, which act synergistically to disrupt the bonds between cellulose
and lignin [42]. Simultaneously, this process also solubilizes lignin
macromolecules [5]. However, organosolv extraction alone does not
sufficiently reduce the lignin content for nanocellulose production, as it
typically leaves approximately 15 wt% of lignin in the substrate.
Therefore, bleaching steps are commonly employed to further decrease
lignin levels when needed.

3.2. Morphology of nanocelluloses

After delignification, the substrates underwent TEMPO oxidation
using two NaClO concentrations (25 and 50 mmol/g substrate), fol-
lowed by ultrasonication to produce nanocelluloses. Although these
NaClO levels are higher than the typical range of 5-15 mmol/g [43],
they were chosen to replicate a previous study on organosolv-bleached
SCB, where such concentrations yielded CNC-like nanocelluloses [30].
In the present work, this experimental design was used to isolate the
effect of delignification strategy, rather than oxidant dosage, on
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Organosolv

Fig. 3. FESEM images of raw SCB and substrates after delignification and oxidation: A) raw SCB, showing fiber bundles; B) Organosolv-treated SCB, with partially
separated fibers; C-D) Organosolv-bleached substrates before (C) and after (D) TEMPO oxidation (25 mmol/g); E-F) Bleached-only SCB before (E) and after (F)

TEMPO oxidation (25 mmol/g).

nanocellulose morphology. It also allowed us to explore whether a single
bleaching could replace the two-step process used previously in the
organosolv-bleached treatment.

Fig. 2 shows the morphology of prepared nanocelluloses. Regardless
of the sample, the nanocellulose diameter remained within the 2-3 nm
range. However, the length of the nanocelluloses was strongly influ-
enced by the delignification strategy. Applying bleaching after organo-
solv extraction, rather than directly to SCB, significantly affected the
final morphology, shifting the material classification between CNFs and
CNGs.

A direct comparison between OB25US and B25US, which were pre-
pared using the same oxidant dosage and mechanical treatment,

revealed that the sequential organosolv-bleaching yielded in shorter
particles, with average length of 190 nm (Fig. 2A), which fall within the
CNC classification. On the other hand, the directly bleached substrate
(B25US) produced longer nanocelluloses, with 343 nm length on
average (Fig. 2B). Furthermore, length distribution analysis showed that
0OB25US particles were mostly shorter than 200 nm, while B25US dis-
played broader distribution, predominantly between 200 and 400. This
distinction is particularly relevant given that both substrates exhibited
similarly low lignin contents, suggesting that lignin content alone is not
the primary determinant of nanocellulose morphology. In addition,
sonicated OB25 and OB50 dispersions became highly fluid, even after
only 5 min of probe ultrasonication, typical of CNC dispersions at this
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Fig. 4. Carboxylate content (COO~) of TEMPO-oxidized samples, determined
by conductometric titration. Values refer to sample oxidized with 25 or 50
mmol NaClO per gram of substrate.

concentration. Conversely, B25 and B50 dispersions became more
viscous following ultrasonication, a behavior typical of CNF suspensions
at this concentration, as discussed in detail below.

Similarly, when using 50 mmol NaClO/g substrate, the organosolv-
bleached sample produced shorter particles (average length: 272 nm
on average, Fig. 2C) compared to those from the directly bleached
substrate (417 nm on average, Fig. 2D). This trend mirrors the results
obtained with 25 mmol NaClO/g, confirming that the delignification
strategy consistently influences nanocellulose morphology. However,
for both substrates, the average nanocellulose length increased a little
when the oxidant concentration was raised from 25 to 50 mmol/g.

After TEMPO oxidation, the remaining mass was similar across all
samples: 81 + 3 wt% for B25, 80 + 4 wt% for B50, 80 + 1 wt% for
0OB25, and 79 =+ 2 wt% for OB50. The ~20 wt% mass loss is attributed to
the formation of the water-soluble byproducts during oxidation [44].
The comparable post-oxidation yields across different NaClO concen-
trations suggest that the excess oxidant is likely consumed in over-
oxidation of already accessible domains, rather than leading to
increased yield losses.

The observed differences in nanocellulose morphology indicate that
delignification plays a key role in determining particle length. Substrates
subjected only to bleaching consistently produced longer fibrils,
whereas those that underwent sequential organosolv-bleaching yielded
shorter nanocelluloses. To clarify the mechanisms behind these
morphological differences, the following sections explore the impact of
delignification on fiber structure.

3.3. Effect of delignification history

Since the OB and B substrates presented similar overall chemical
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compositions (Table 1), with only slight differences, the observed dif-
ferences in nanocellulose morphology cannot be attributed solely to
composition. Instead, they are more plausibly explained by differences
in fiber structure resulting from the delignification process. In partic-
ular, the greater fiber disruption promoted by sequential organosolv-
bleaching enhanced fibril accessibility and separation both during
TEMPO oxidation and mechanical treatment.

FESEM analysis (Fig. 3) reveals pronounced morphological differ-
ences in the bleached substrates obtained by the two routes. Untreated
SCB (Fig. 3A) displays compact fibers composed mostly of cellulose,
hemicellulose, and lignin [45]. Delignification via organosolv or
bleaching exposes thinner fibers (Fig. 3B and E) since lignin acts as a
binding agent, holding the fiber bundles together [46]. When bleaching
is applied to a pre-delignified substrate, such as in the organosolv-
treated samples, the substrate appears more fibrillated and disordered
even before TEMPO-oxidation (Fig. 3C). The morphological disruption
is attributed to the initial organosolv step, despite the substrate still
retaining approximately 15 wt% lignin.

OB exhibited a lower hemicellulose content (13 wt%) than B (17 wt
%) (Table 1). While hemicellulose can, in some cases, facilitate fibril-
lation by increasing fiber flexibility and reducing aggregation, in this
case, the extent of fiber disruption in OB had a more pronounced effect,
promoting easier fragmentation [47,48]. Likewise, lignin forms a
network surrounding cellulose microfibrils, covalently linked to hemi-
celluloses through ester and ether bonds in lignin-carbohydrate com-
plexes [49]. Hemicelluloses interact with cellulose surfaces via multiple
hydrogen bonds, and with lignin through both covalent and non-
covalent interactions, acting as a cohesive bridge between these two
components [50]. This supramolecular arrangement maintains the
integrity of the fiber bundles and limits the accessibility of reactants to
cellulose microfibrils, which hinders their individualization. Therefore,
the successive removal of lignin and hemicellulose during organosolv-
bleaching leads to greater exposure of microfibrils and facilitates their
fragmentation during TEMPO oxidation and mechanical treatment. This
mechanistic insight explains why OB samples yielded shorter nano-
celluloses (CNCs), in contrast to the CNFs from the B substrate. Notably,
after TEMPO-oxidation, both OB25 and B25 samples appeared highly
disaggregated, with micro- and nano-fibrillated regions already
observable prior to any mechanical treatment (Fig. 3D and F,
respectively).

The determination of cellulose DP revealed trends consistent with
the morphological changes observed by SEM. Before TEMPO oxidation,
the B sample showed a higher DP (647) than OB (533), indicating that
the combination of organosolv extraction and bleaching promoted
partial depolymerization of cellulose chains. After TEMPO oxidation,
OB25 and B25 exhibited similar DPs (363 and 342, respectively), indi-
cating that this step was a major contributor to chain depolymerization,
as expected [51]. However, average DP alone does not capture differ-
ences in the supramolecular organization of cellulose chains. In this

Average: 3 nm

Diameter (nm)
Average: 530 nm

1500 2500 3500
Length {(nm)

Fig. 5. AFM image and corresponding diameter and length distribution histograms of nanocelluloses obtained by microfluidization: A) OB25MF; and B) B25MF.
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Fig. 6. Characterization of nanocelluloses: A) Zeta potential values of the
prepared nanocelluloses, indicating their colloidal stability; B) flow curves from
rheology measurements of aqueous nanocellulose suspensions at 1 wt%, along
with representative images of the dispersions; and C) TGA curves showing the
thermal degradation profiles.

context, OB substrates likely contain less cohesive fiber domains prior to
TEMPO oxidation. Conversely, B substrates may have retained a more
cohesive fibrillar network, leading to longer fibrils when fibrillated,
despite reaching a similar DP after oxidation. This difference highlights
the importance of processing history in explaining nanocellulose
morphology and fragmentation behavior. Furthermore, viscosity-based
DP reflects only average molecular weight and does not provide
insight into the distribution. Thus, two samples with similar average DPs
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may differ substantially in polydispersity. This supports the notion that
substrate morphology plays a critical role in fibrillation outcomes,
including fiber damage, induced by delignification. In such cases, su-
pramolecular interactions, such as fibril entanglement, can significantly
influence mechanical disintegration, even if not evident in DP.

Fig. 4 presents the quantity of surface-oxidized groups (i.e., COO™)
on the substrates after TEMPO oxidation. The carboxylate contents
ranged from 1.0 to 1.4 mmol/g substrate, consistent with previous
values reported for SCB oxidized under comparable conditions [30]. A
closer comparison between B and OB samples reveals some small dif-
ferences in oxidation behaviors. When treated with 25 mmol NaClO/g,
the B25 sample exhibited a higher carboxylate content (1.4 & 0.2 mmol
COO™/g) than OB25 (1.0 + 0.1 mmol/g). Interestingly, increasing
NaClO concentration to 50 mmol/g resulted in a higher COO™ content
for OB50 (1.3 + 0.1 mmol/g), while B50 displayed a similar value to
B25 (1.2 + 0.2 mmol/g). This trend suggests that distinct oxidation
dynamics between the two substrates, likely arising from differences
during delignification. This difference is attributed to the fact that
oxidation efficiency is influenced not only by chemical composition but
also by fiber morphology, surface accessibility, and potential solubili-
zation of cellulose fragments. The OB substrate, having undergone a
more aggressive delignification, likely contained shorter chains and
more disordered domains that were more susceptible to oxidation and
solubilization during the reaction. As a result, part of the oxidizing agent
may have been consumed in degrading soluble fragments, leading to
lower COO™ content in the solid substrate.

The presence of carboxylate groups is a key factor for nanocellulose
production, as these negatively charged groups enhance electrostatic
repulsion between fibrils. This facilitates mechanical disintegration and
helps stabilize the resulting dispersions by preventing aggregation [14].

3.4. Evaluation of microfluidization as an alternative mechanical
treatment

In replacement to sonication, microfluidization was used as the
mechanical treatment on selected samples to determine whether the
observed differences in nanocellulose morphology were specifically
related to the fibrillation method. In typical ultrasonication, fibrillation
occurs through cavitation, a process in which microscopic bubbles are
formed, expanded, and imploded, generating intense shear forces that
break down the fiber structure [52,53]. Cavitation primarily affects the
more fragile regions of the fibers, resulting in reductions in both diam-
eter and length. On the other hand, the microfluidization forces the
suspension through narrow interaction chambers under high pressure,
applying shear and impact forces via a different mechanism [54].

Fig. 5 presents representative AFM images along with the diameter
and length histograms of nanocelluloses produced via microfluidization.
As observed previously with ultrasonication, OB yielded significantly
shorter nanocelluloses compared to B, with average lengths of 291 nm
and 530 nm, respectively. The difference indicates that the delignifica-
tion strategy rather than the type of mechanical treatment, is the pri-
mary factor influencing nanocellulose morphology. It is important to
highlight that microfluidization was performed under relatively mild
conditions [20] to minimize excessive fiber damage and better isolate
the effects of the delignification route on nanocellulose production.

3.5. Surface properties of nanocelluloses and rheology behavior of their
suspensions

Fig. 6A shows zeta-potential values of the prepared nanocelluloses.
The results indicate high colloidal stability, as the absolute values
exceed 30 mV in modulus, which is a commonly accepted threshold for
stable colloidal dispersions of nanocelluloses [55]. This behavior is
attributed to the high content of surface carboxy groups introduced
during TEMPO oxidation (Fig. 4). Nanocelluloses contained such func-
tional groups exhibit strong hydrophilicity, making them suitable for
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applications in water-based systems such as films, gels, emulsions, and
hydrogels [9,27].

Fig. 6B displays the flow curves of selected samples prepared at the
concentration of 1 wt%. As expected, the dispersions exhibited shear-
thinning behavior, which is typical of nanocellulose suspensions. This
behavior is associated with the alignment and disentanglement of
nanocelluloses under shear, reducing flow resistance and, consequently,
viscosity [56]. The viscosity profiles varied considerably, correlating
with the morphology of the nanocellulose produced. Sample B25US
showed significant higher viscosities due to their strong ability to form
entangled networks even at low concentrations, which is a behavior
typical of CNFs [1]. Although these CNFs are shorter on average than
those commonly obtained from wood pulp [57], they still exhibited high
viscosities, likely due to the high surface charge and entanglement ca-
pacity [57]. On the other hand, short nanocelluloses such as those
produced from OB25US (CNCs) do not readily form gels at this con-
centration. These particle suspensions displayed much lower viscosity
values, as a higher concentration is typically required to promote suf-
ficient interaction and network formation, which is similar to other CNC
samples [25,58].

Finally, Fig. 6C presents the TGA curves for OB25US and B25US.
Both nanocellulose samples showed an initial minor weight loss below
200 °C, attributed to the evaporation of adsorbed and bound water.
Between 200 and 350 °C, thermal degradation occurred primarily due to
the cellulose degradation [59]. Topget for thermal degradation was
241 °C for B25US and 223 °C for OB25US. This difference is likely
related to the more aggressive delignification steps used in preparing
OB25US, which may have introduced additional chain ends that serves
as initiation sites for earlier thermal degradation.

3.6. Process summary and considerations

Process yields should be interpreted in conjunction with nano-
cellulose characterization results. Fig. 7 summarizes the mass balance
for both delignification strategies, taking 100 g of raw SCB as the initial
input. The organosolv-bleached route yielded a lower amount of cellu-
lose substrate (24 g) due to the two-step delignification process, which
resulted in greater mass loss and ultimately led to a lower yield of
nanocellulose (19 g). In fact, the organosolv extraction applied to raw
SCB produced 42 g of pretreated material, which was subsequently
bleached. In contrast, single-step bleaching applied directly to raw SCB
produced 45 g of delignified substrate and yielded 36 g of CNFs. The
reduction in nanocellulose yield relative to the delignified solids in both
routes is primarily attributed to the ~20 wt% mass loss during TEMPO
oxidation, which generates water-soluble byproducts [44].

The main differences between the resulting nanocelluloses lie in their
morphology, which significantly affects their potential applications. B
samples produced longer fibrils and formed more viscous suspensions,
while OB samples yielded shorter fibrils with lower viscosity. Although
the overall yield from the OB route was lower, it is important to note that
the typical CNC yield obtained by HySO4 hydrolysis is around 50 % of
the cellulose content in the biomass under optimal conditions [60,61].
Therefore, the OB process offers a promising acid-free alternative for
producing carboxylated CNCs [31].

From a biorefinery perspective, sequential organosolv-bleaching
enables efficient recovery of lignin as a co-product with high value for
materials and chemicals [5], which improves overall SCB valorization
[62]. In contrast, lignin extracted from the single-bleaching method is
less prone to recovery, as the oxidative treatment leads to extensive
fragmentation, leaving most of it as acid-soluble oxidative byproducts.
From a process standpoint, the B route offers operational advantages for
CNF production by eliminating the organosolv step, reducing chemical
and energy consumption, simplifying unit operations, and potentially
lowering capital and operating costs. Considering the similar post-
oxidation yields and performance for CNF, this route may be more
preferable for large-scale applications, with the added possibility of
using lower NaClO concentration for the single-step bleaching to pro-
duce CNFs. In contrast, the OB route is better suited for scenarios
prioritizing product diversification, high-yield, and acid-free carboxyl-
ated CNCs, although it typically requires higher NaClO concentrations,
as previously demonstrated [30]. This reflects a process-product trade-
off, in which the optimal pathway depends on the desired product
portfolio and specific market demands.

4. Conclusion

This study elucidated the impact of processing SCB substrates with
similarly low lignin content but obtained through different delignifica-
tion strategies on nanocellulose morphology. The findings demonstrated
that morphology can be effectively tuned by modifying the delignifica-
tion route alone, while keeping the oxidation conditions constant.
Structural modifications induced by sequential organosolv-bleaching
were essential for enabling the production of CNCs via TEMPO oxida-
tion, while single-step bleaching favored the formation of CNFs. The
comprehensive evaluation of chemical, surface, and morphological
properties at each processing stage provides valuable insights into
optimal pathways for preparing carboxylated CNFs via a single single-
step route or carboxylated CNCs through an acid-free approach. These
results broaden the design space for nanocellulose production and
enable strategic selection of production routes tailored to specific
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