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25 to 50  mmol/g substrate enhanced fibrillation but 
reduced the average CNF length from 813 to 665 nm. 
In contrast, no significant differences in fibrillation 
were observed when using 25 or 50 mmol NaClO/g 
substrate in samples with lower initial lignin content 
(15 wt%). Overall, TEMPO oxidation reduced lignin 
levels to 5–7.5 wt%, despite substantial differences in 
the starting materials. Substrates with higher initial 
lignin content yielded lower amounts of carboxylated 
groups, likely due to the oxidizing agent being con-
sumed in lignin removal rather than cellulose oxida-
tion. Morphological characterization of the substrates 
before and after TEMPO oxidation highlighted the 
critical role of this step in modifying fiber structure, 
which directly correlated with fibrillation efficiency. 
Zeta potential and rheological analyses highlighted 
the potential of CNFs produced from a single-step 
delignification process for high-value applications 
such as rheology modifiers, hydrogels, and films.

Keywords  Nanocellulose · Organosolv · 
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Introduction

Cellulose nanofibrils (CNFs) are renewable structures 
derived from natural resources, primarily lignocel-
lulosic biomass, including wood, grasses, and agro-
industrial residues (Moon et al. 2011; De France et al. 
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2017). CNFs exhibit nanometric cross-sections (ca. 
2–20 nm) and lengths up to micrometer-scale, being 
flexible and capable of entangling and forming gels 
at low concentrations (around 1 wt%) (Eichhorn et al. 
2010; De France et al. 2017). Thus, CNFs have dem-
onstrated versatility in various applications, including 
the preparation of hydrogels (Du et  al. 2019), aero-
gels and cryogels (Ferreira et  al. 2021), films (Fang 
et  al. 2019), emulsions (Kedzior et  al. 2021), and 
electronic devices (Hoeng et  al. 2016). These appli-
cations benefit from the unique properties of CNFs, 
including high aspect ratio, tunable surface chemistry, 
rheological behavior, and optical and barrier proper-
ties (Isogai et al. 2011; Abitbol et al. 2016).

CNF production from lignocellulosic biomasses 
involves extracting cellulose fibrils, which are embed-
ded in a lignin–hemicellulose matrix in the plant cell 
wall, commonly using a combination of chemical and 
mechanical treatments (Himmel et  al. 2007; Isogai 
et  al. 2011). Due to the multicomponent and hierar-
chical nature of biomass, an initial delignification step 
is commonly applied to remove non-cellulosic com-
ponents (Isogai et  al. 2011; Mariano et  al. 2014; de 
Amorim et  al. 2020). After that, chemical modifica-
tions, such as oxidation with the radical 2,2,6,6-Tetra-
methylpiperidine 1-oxyl (TEMPO), are applied prior 
to mechanical treatments to enhance fibrillation and 
reduce costs. TEMPO-mediated oxidation is a tradi-
tional method applied for CNF production that intro-
duce carboxyl groups onto cellulose surface, improv-
ing fiber wettability and electrostatic repulsion during 
mechanical fibrillation (Saito et al. 2007; Isogai et al. 
2011; Rol et al. 2019). In sequence, CNFs can be pro-
duced through mechanical fibrillation of TEMPO-
oxidized substrates using refiners (Kargupta et  al. 
2021), grinders (Iwamoto et al. 2007), homogenizers 
(Wang et al. 2019), microfluidizers (Carneiro Pessan 
et al. 2023), or ultrasonicators (Scopel et al. 2023).

A key challenge in CNF production is achiev-
ing efficient fibrillation while preserving cellu-
lose integrity or yield since harsh delignification 
can damage fibers and reduce the aspect ratio of 
the resulting CNFs (Isogai et  al. 2011; de Oliveira 
et  al. 2016). Retaining lignin in the substrate prior 
to surface modification and mechanical disinte-
gration is a promising strategy to avoid excessive 
damage to cellulose fibers. The so-called lignin-
containing cellulose nanofibrils (LCNF) have been 
recently reported, demonstrating that the presence 

of residual lignin can impact nanocellulose proper-
ties, such as enhanced oxygen barrier in films, anti-
oxidant activity, and UV-light absorption (Imani 
et  al. 2019; Han et  al. 2020; Patterson et  al. 2023; 
Almeida et al. 2024). However, retaining lignin usu-
ally results in lower fibrillation yields due to the 
lignin intrinsic function in plant cell wall (Puang-
sin et al. 2017; Wen et al. 2019). Likewise, TEMPO 
oxidation notably removes lignin, in addition to the 
conversion of hydroxy into carboxy groups (Ma 
et al. 2012), which may be considered when applied 
to partially delignified substrates.

The understanding of TEMPO oxidation applied to 
lignin-containing substrates and its influence on CNF 
properties is particularly relevant for agro-industrial 
residues, such as sugarcane bagasse (SCB). Recent 
studies have demonstrated the potential of producing 
CNFs from SCB through TEMPO oxidation (Pinto 
et al. 2019; Haroni et al. 2021; Carneiro Pessan et al. 
2023). Previous studies have indicated lignin removal 
as a consequence of TEMPO oxidation in nanocel-
lulose production from thermomechanical pulp from 
softwood (Okita et al. 2009), jute fibers (Sharma et al. 
2025), poplar (Wen et al. 2019), and switchgrass (Sun 
et  al. 2022). However, there is still a lack of under-
standing of how TEMPO oxidation affects partially 
delignified SCB. This is particularly relevant consid-
ering that TEMPO oxidation applied to highly del-
ignified SCB (lignin content of 3.5  wt%) has been 
shown to produce cellulose nanocrystals (CNCs) 
rather than CNFs by increasing the concentration of 
the oxidizing agent (Pinto et al. 2019). It suggests that 
TEMPO oxidation step also may alter nanocellulose 
morphology, which could be potentially surpassed by 
using less delignified substrates that are less prone 
to damage during oxidation. It is important to high-
light that each biomass responds differently when 
subjected to the same delignification conditions due 
to the differences in morphology and chemical com-
position and these differences must be considered 
during TEMPO oxidation. Given the abundance of 
SCB, rationalizing CNF production from this sub-
strate is important for enhancing its value using 
delignification routes other than the conventional 
delignification-bleaching sequence (de Oliveira et al. 
2016; Pinto et al. 2019; Carneiro Pessan et al. 2023). 
In addition, it is crucial for tailoring CNF properties 
since residual lignin can affect charge distribution, 
fibrillation mechanisms, and efficiency, contributing 
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to understanding CNF production from a fundamental 
perspective.

This study investigates the relationship between 
residual lignin content and TEMPO oxidation lev-
els with the production and properties of CNFs from 
SCB. Specifically, the goal was not only to produce 
CNFs but also to understand the fundamental effects 
of remaining lignin on fiber chemistry, oxidation effi-
ciency, and CNF morphology. Understanding these 
factors is key to optimizing CNF production from 
SCB and tailoring its properties for target applica-
tions, while also providing a holistic perspective of 
biomass processing, including the use of lignin as a 
byproduct. A Design of Experiments (DoE) approach 
was used to select two conditions for organosolv 
delignification with aqueous ethanol solutions, pro-
ducing substrates with different lignin levels. Lignin 
content, fiber morphology, and surface charge were 
evaluated  to develop efficient CNF production from 
SCB through a single organosolv delignification step.

Methodology

Materials

Sugarcane bagasse was kindly donated by Raízen® 
(Piracicaba, Brazil). Raw samples were dried in a 
convection oven (Tecnal, TE-394/3) under 60 °C for 
8  h, milled in a knife mill (Arthur H. Thomas Co 
– Standard model 3) until passing through a 2  mm 
sieve, and stored in plastic containers. NaBr (99% 
purity), ethanol (99.5% purity), glacial acetic acid 
(99.7% purity), NaOH (99% purity), HCl (36.5–38% 
purity), H2SO4 (95–98% purity), and silicone oil (350 
cps) were purchased from Synth® (Diadema, Brazil); 
TEMPO (98% purity), acetyl bromide (99% purity), 
and hydroxylamine-HCl (98% purity) were purchased 
from Sigma Aldrich®; and NaClO (10–12% purity) 
was acquired from Êxodo Científica® (Sumaré, Bra-
zil). All reactants were used as received.

Production of CNFs

Process summary

The steps involved in CNF production from raw SCB 
are illustrated in Fig. 1 and include: 1) Delignification; 

Fig. 1   Schematic process for CNF preparation from SCB, 
involving: 1) Delignification by organosolv extraction at two 
levels, resulting in samples Org(+) and Org(−), where + and—
symbols refer to high and low lignin content, respectively; 
2) TEMPO oxidation using two levels of NaClO (25 or 

50  mmol/g), as indicated by the suffixes 25 and 50, respec-
tively; and 3) Mechanical treatments (ultrasonication or micro-
fluidization), where US and MF represent ultrasonication and 
microfluidization, respectively
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2) TEMPO oxidation; and 3) Mechanical treatment. 
A detailed description of each step is provided in the 
following sections.

Delignification with organosolv extraction

Partially delignified samples were obtained through 
organosolv extraction using aqueous ethanol solutions 
(de Oliveira et al. 2016; Rabelo et al. 2022), as shown 
in Fig. 1. A 23 Factorial Design (three variables eval-
uated in two different levels) was used for screening 
experimental conditions. The studied variables were 
ethanol concentration (40 or 80% v/v), time (60 or 
120 min), and temperature (160 or 200 °C), resulting 
in 8 experiments and 3 central points (60% v/v etha-
nol, 90  min, and 180  °C). Cellulose, hemicellulose, 
lignin, and ash contents for all DoE proposed condi-
tions are presented in Supplementary Information 
(Section S1, Table S1, and Figure S1). Lignin content 
was selected as the response in DoE.

Experiments were conducted using 10  g of SCB 
(dry mass) and 100 mL of the aqueous ethanol solu-
tion in a stainless-steel reactor immersed in a silicone 
oil bath preheated to the target temperature. After the 
reaction, the system was cooled in an ice bath for 1 h. 
The solid substrate was filtered through 75 µm nylon 
sieve, rinsed first with 200 mL of ethanol to prevent 
lignin reprecipitation onto cellulose fibers, and then 
with tap water until rinsing water became colorless. 
The solid substrate was then dried in a convection 
oven (60  °C, 6 h) and stored for chemical and mor-
phological characterization and CNF production.

Based on DoE, samples with higher lignin con-
tent were designated Org(+), while those with lower 
contents were labeled Org(-). Both samples were 
obtained under similar conditions, treating SCB with 
ethanol at 40% v/v for 60 min, with the only differ-
ence being the temperature. Org(+) samples were 
treated at 160  °C, while Org(−) were treated at 
200 °C. The + and – symbols in sample codes indicate 
higher or lower lignin contents, respectively.

TEMPO‑mediated oxidation

TEMPO oxidation was applied to Org(+) and Org(−) 
samples using a TEMPO/NaBr/NaClO system 
(Saito et  al. 2007), as evidenced in step 2 of Fig. 1. 
Two NaClO concentrations were evaluated (25 and 
50  mmol/g substrate). In a typical experiment, 1  g 

of substrate (dry weight) was dispersed in 100 mL of 
water and incubated for 24 h (hydration step). Subse-
quently, 0.016 g of TEMPO and 0.1 g of NaBr were 
added to the dispersion and stirred until fully dis-
solved (ca. 10 min). NaClO was then added (18.6 mL 
of NaClO 10 wt% for 25  mmol/g substrate and 
37.2 mL of NaClO 10 wt% for 50 mmol of NaClO/g 
substrate). The oxidation reaction was initiated upon 
NaClO addition, and the pH was adjusted to 10 by 
adding NaOH 3  mol/L dropwise. The system was 
stirred at 350 rpm for 130 min while maintaining the 
pH at 10.0 ± 0.2 by adding NaOH 3 mol/L as needed. 
After oxidation, the solid fractions were washed via 
centrifugation (3500  rpm, 10  min, 8 cycles) and 
maintained in water (solid content of ~ 0.8 wt%). The 
suffixes 25 and 50 were assigned to the samples oxi-
dized with 25 and 50  mmol of NaClO/g substrate, 
respectively.

Mechanical treatments

Suspensions of oxidized pulp at ~ 0.8 wt% were 
homogenized using an Ultra Turrax disperser (IKA 
T25) at 7000 rpm for 5 min. They underwent mechan-
ical treatment with either ultrasonication or microflu-
idization, as evidenced in Fig. 1 (step 3: Mechanical 
treatment). Oxidized samples were probe-sonicated 
(Eco-Sonics QR550) at 60% amplitude, 330 W, and 
20  kHz for 15  min (intermittent cycles of 5  min on 
and 5 min off) in an ice bath, similarly to a previous 
report but using a shorter sonication time (Camargos 
and Rezende 2021). Sample Org(+)-25 was also soni-
cated for 30 min as a proof of concept.

For microfluidization, selected oxidized sam-
ples (Org(+)-50 and Org(−)-25, Fig.  1) were pro-
cessed in a microfluidizer (M110P, Microfluidics 
Corp) equipped with a Z-shaped interaction chamber 
(200 µm inner diameter). Based on previous reports, 
samples passed through the system eight times (Car-
neiro Pessan et  al. 2023). The suffixes US and MF 
were assigned to samples treated via ultrasonication 
and microfluidization, respectively.

Characterization

Chemical composition

Cellulose, hemicellulose, lignin, extractives, and ash 
contents were determined according to the protocol of 
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the National Renewable Energy Laboratory (Sluiter 
et al. 2008). In addition, the lignin content in samples 
before and after TEMPO oxidation was also quantified 
using the acetyl bromide soluble lignin (ABSL) method 
(Moreira-Vilar et al. 2014).

Percentage of fibrillation

After ultrasonication, dispersions were diluted to 
0.4 wt% to reduce viscosity and then centrifuged 
(3500 rpm, 10 min) to separate residual non-fibrillated 
fibers. The liquid fraction was separated from the pre-
cipitate (composed of non-fibrillated fibers). The solid 
fraction was then dried in a convection oven (105 °C) 
until a constant weight was reached. The percentage of 
fibrillation ( %Fibr ) was calculated according to Eq. 1:

where: Ci is the initial concentration of the dispersion; 
Vi is the initial volume of the dispersion; and mlf  is the 
dry mass of the large fibers.

CNF morphology by atomic force microscopy (AFM)

CNFs were analyzed by AFM in the non-contact mode 
under ambient conditions (Shimadzu, SPM-9600) 
using silicon tips (NCHR Pointprobe, Nanoworld) with 
a cantilever spring constant of 42 N/m and nominal 
resonance frequency of 318 kHz. Before analysis, the 
dispersions were diluted to 0.0025 wt%, deposited onto 
cleaved mica supports, and dried inside a desiccator. 
The diameter and length of CNFs were measured using 
Gwyddion 2.56 software. For each sample, 150 CNFs 
were measured to create diameter and length distribu-
tion histograms.

Conductometric titration

The content of oxidized groups (COO−) of TEMPO-
oxidized fibers was determined by conductometric titra-
tion following previously reported procedures (Katz 
et al. 1984; Foster et al. 2018).

(1)%Fibr =
Ci × Vi − mlf

Ci × Vi

× 100

Substrate morphology by field emission scanning 
electron microscopy (FESEM)

The morphology of the raw, pretreated, and oxidized 
substrates was analyzed by FESEM (FEI Quanta 250) 
operating at 2 kV. Dried samples were sputter-coated 
with iridium (Baltec, Oerlikon-Balzers) at 11.3  mV 
for 120 s before analysis. For oxidized samples, dis-
persions were freeze-dried (Terroni, LS Series) prior 
to analysis. At least 20 images of each sample were 
captured to ensure reproducibility.

Zeta potential

The zeta potential of CNFs dispersed at pH 5 (0.05 
wt%) was measured using a Zetasizer® 300 ZS (Mal-
vern) in backscattering (173°) mode. Each measure-
ment was conducted in triplicate, with at least 10 
scans per measurement.

Rheology measurements

The rheological properties of 1 wt% CNF dispersions 
were evaluated using a Haake MARS 60 rheometer 
(Thermo Fisher) equipped with parallel plate geom-
etry (35  mm). Flow curves were obtained using a 
pre-shear 0.001  s−1 for 100  s and a test from 0.001 
to 1000 s−1. Storage modulus (G’) and loss modulus 
(G”) were determined using oscillatory measure-
ments in a strain sweep from 0.01 to 50% at 1 Hz. All 
measurements were performed in duplicate.

Results and discussion

Effect of the delignification process on the chemical 
composition of SCB

Delignification is the first stage in CNF prepara-
tion, facilitating subsequent surface modification and 
fibrillation. While cellulose-enriched substrates are 
conventionally used for CNF production, retaining 
higher levels of residual lignin represents an alter-
native strategy that may help reduce excessive fiber 
damage during CNF isolation from lignocellulosic 
biomass (Zhang et al. 2023).

Figure 2 shows the chemical composition of the 
substrates used for CNF production. Organosolv 
treatments reduced lignin content from 33% in raw 
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SCB to 24% in Org(+) and to 15% in Org(−), the 
selected conditions for CNF production. Among all 
conditions evaluated in the DoE, the lowest lignin 
content achieved by organosolv treatments was 11% 
(Supplementary Information, Section S1), obtained 
under the same ethanol concentration and temper-
ature as Org(−) (40% v/v and 200  °C), but with a 
reaction time of 2  h instead of 1  h. The condition 
shown in Fig.  1 was selected to minimize reaction 
time, as the objective was not to reduce the lignin 
content to the lowest possible value. The resulting 
lignin contents are consistent with previous reports 
on similar biomasses treated by organosolv extrac-
tion using aqueous ethanol solutions (Rabelo et  al. 
2022).

Organosolv extraction was selected due to its 
proven efficiency in removing lignin from her-
baceous feedstocks, attributed to the synergistic 
effect of water and ethanol in hydrolyzing linkages 
between cellulose and lignin and in solubilizing the 
macromolecule after cleavage (Rabelo et al. 2022). 
This method offers additional advantages, includ-
ing the recovery of high-purity lignin as a co-prod-
uct and the potential for solvent recycling (Eraghi 
Kazzaz and Fatehi 2020). Despite these benefits, 
CNF production from organosolv-treated substrates 
remains relatively limited and often requires addi-
tional bleaching steps to further reduce lignin con-
tent, as reported for SCB (Pinto et al. 2019; Rabelo 
et al. 2022; Carneiro Pessan et al. 2023).

CNF morphology

Following delignification, the substrates were sub-
jected to TEMPO oxidation using two NaClO con-
centrations: 25 mmol/g (low) and 50 mmol/g (high), 
followed by ultrasonication or microfluidization to 
produce CNFs (Fig. 1). The morphology of the CNFs 
obtained by ultrasonication and microfluidization is 
shown in Figs. 3 and 4, respectively, along with his-
tograms of length and diameter distributions. Over-
all, samples exhibited a typical CNF morphology, 
with structures averaging 531 to 813  nm in length, 
extending up to micrometers, and average diameters 
of approximately 1–2 nm.

The Org(+)-25-US sample exhibited a higher 
average length (813  nm, Fig.  3a) compared to the 
Org(+)-50-US (665  nm, Fig.  3b). Both samples 
underwent the same delignification conditions, but 
Org(+)-50-US was TEMPO-oxidized using a higher 
concentration of NaClO. This suggests that increas-
ing the oxidizing agent concentration weakens the 
fibers, facilitating their fragmentation and resulting in 
shorter CNFs. Despite this increased average length, 
TEMPO oxidation using 25 mmol NaClO/g substrate 
yielded a fibrillation of 70 ± 2%. In contrast, when 
the NaClO concentration was increased to 50 mmol/g 
substrate, no significant amount of unfibrillated fib-
ers were measured. It is important to note that only 
the nanofibrillated fraction of Org(+)-25-US was 
analyzed by AFM. An additional experiment was 
conducted by increasing sonication time from 15 to 
30 min for this substrate, which did not significantly 
improve fibrillation yield (75 ± 3%). Instead, the 
average CNF length decreased from 813 to 655  nm 
(Supplementary Information, Section S2, Figure S2). 
These results suggest that longer ultrasonication pri-
marily shortens already fibrillated CNFs rather than 
promoting further fibrillation of larger fiber bundles, 
highlighting that substrate accessibility is essential 
for efficient mechanical treatment. Therefore, under 
the tested conditions, increasing the oxidation level 
appears to be more effective for enhancing fibrillation 
than extending the mechanical treatment time.

For Org(−) samples, which had a lower initial 
lignin content, the average CNF lengths were 685 
and 531 nm for samples treated with 25 or 50 mmol 
NaClO/g substrate, respectively, and no significant 
amount of unfibrillated fibers were measured. These 
average lengths also suggest that increasing oxidizing 

Fig. 2   Chemical composition of the raw SCB and organosolv-
treated substrates, indicating cellulose, hemicellulose, lignin, 
and ash contents. Error bars represent standard deviations of 
duplicates
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Fig. 3   Morphology of 
CNFs prepared by TEMPO 
oxidation and ultrasoni-
cation and their respec-
tive diameter and length 
histograms of samples with 
higher initial lignin content 
treated with 25 mmol 
NaClO/g, sample Org(+)-
25-US (a) or using 50 mmol 
NaClO/g, Org(+)-50-US 
(b); and of samples with 
lower initial lignin content 
treated with 25 mmol 
NaClO/g, sample Org(−)-
25-US (c) or using 50 mmol 
NaClO/g, sample Org(−)-
25-US (d). Histograms 
were obtained by measuring 
150 CNFs in AFM images. 
Height profiles were used to 
determine diameters



	 Cellulose

Vol:. (1234567890)

agent concentration reduces CNF length. When com-
paring substrates with different initial lignin con-
tents oxidized with the same amount of NaClO (e.g., 
Org(+)-25-US vs. Org(−)-25-US or Org(+)-50-US 
vs. Org(−)-50-US), Org(−) samples were more eas-
ily fibrillated but yielded shorter CNFs than Org(+) 
samples. This indicates that greater lignin removal 
during the delignification step leads to the formation 
of shorter CNFs when the same NaClO concentration 
is used during TEMPO oxidation.

Figure  4 shows CNFs produced via microflu-
idization using the selected samples Org(+)-50 and 
Org(−)-25. The average diameters and lengths of 
CNFs produced by microfluidization were compa-
rable to those obtained by ultrasonication, indicat-
ing that the fibrillation method had minor impact 
on CNF morphology under the tested conditions. It 

is important to note that microfluidization was per-
formed under milder conditions to avoid extensive 
fiber damage, using only the chamber with the larger 
inner diameter (200 µm) and eight processing cycles 
(Carneiro Pessan et  al. 2023). This comparison was 
carried out due to the differences in the fibrillation 
mechanisms between ultrasonication and microflu-
idization. In ultrasonication, microscopic gas bubbles 
are generated, expanded, and imploded, deconstruct-
ing fibers through cavitation (Hassan et al. 2018; Hoo 
et  al. 2022). In contrast, microfluidization promotes 
fibrillation by forcing fibers through a narrow cham-
ber under high pressure, promoting fibrillation (Khan 
et al. 2014). For both ultrasonication or microfluidiza-
tion, increase the processing time or number of passes 
would likely reduce CNF lengths (Camargos and 
Rezende 2021; Carneiro Pessan et al. 2023).

Fig. 4   Morphology 
of CNFs prepared by 
TEMPO oxidation and 
microfluidization and 
their respective diameter 
and length histograms of 
samples with higher initial 
lignin content treated with 
50 mmol NaClO/g, sample 
Org(+)-50-MF (a); and 
of samples with lower 
initial lignin content treated 
with 25 mmol NaClO/g, 
sample Org(−)-25-MF (b). 
Histograms were obtained 
by measuring 150 CNFs in 
AFM images. Height pro-
files were used to determine 
diameters
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It is important to note that substrates with higher 
lignin content typically require higher amounts of 
oxidizing agent compared to those with very low 
lignin levels (below 5 wt%), for which concentra-
tions in the range of 5–15  mmol/g are commonly 
used (Xu et  al. 2022). In contrast, substrates with 
higher lignin contents may require NaClO concen-
trations of approximately 50–60  mmol/g (Camar-
gos and Rezende 2021; Sharma et  al. 2025). Spe-
cifically for SCB, the comparison between 25 and 
50 mmol NaClO/g was also intended to align with 
a previous study that used the same concentrations 
for SCB substrates with low lignin contents (below 
5  wt%) obtained through organosolv-bleaching. In 
that study, applying NaClO concentrations above 
25  mmol/g led to the formation of CNCs rather 
than CNFs (Pinto et al. 2019).

The CNF dimensions obtained from the partially 
delignified substrates are consistent with the values 
reported in literature for SCB, particularly in terms 
of diameter, as length is less frequently reported 
and is influenced by various factors, including 
the delignification process. Regarding diameter, 
recent studies have reported CNFs with average 
diameters around 2 nm, measured by AFM height, 
when using TEMPO oxidation on non-wood bio-
masses such as sugarcane bagasse (Mariano et  al. 
2014; Rossi et  al. 2021; Lorevice et  al. 2023) and 
hop stem (Kanai et al. 2022). CNFs produced from 
the partially delignified SCB in this study were 
longer than nanocelluloses produced from more 
processed substrates (subjected to organosolv and 
alkaline bleaching, then oxidized under the same 
conditions), which resulted in nanocelluloses with 
average lengths between 150 and 190 nm and were 
classified as CNCs (Pinto et  al. 2019). Compared 
to TEMPO-oxidized CNFs derived from softwood 
thermomechanical pulp, CNFs from SCB exhibited 
thinner diameters and shorter lengths, likely due 
to the structural differences between the fibers and 
the lower recalcitrance of SCB relative to wood fib-
ers (Okita et al. 2009). It is important to note that 
diameters measured by AFM are generally smaller 
than those measured by transmission electron 
microscopy (TEM), as previously reported, which 
should be considered when comparing nanocellu-
lose dimensions (Chen et al. 2021).

TEMPO oxidation effect on lignin content, surface 
charge, and substrate morphology

Based on the differences in CNF morphology and 
fibrillation, we investigated possible factors underly-
ing the variations in CNF characteristics as a func-
tion of delignification type and oxidizing agent level. 
We analyzed lignin content, the degree of oxidation, 
residual mass after TEMPO oxidation, and substrate 
morphology.

Figure  5a shows the lignin content of substrates 
before and after TEMPO oxidation, quantified using 
the acetyl bromide soluble lignin (ABSL) method. 
TEMPO oxidation significantly reduced the lignin 
content in both Org(+) and Org(−) samples to 
5–7.5%, despite their initial differences. Lignin con-
tent varied only slightly between substates oxidized 
with 25 or 50  mmol NaClO/g substrate, suggesting 

Fig. 5   Characterization of oxidation effects: a ABSL quan-
tification before and after TEMPO oxidation; b Quantity of 
oxidized groups on the fiber surface after TEMPO oxidation. 
Error bars represent standard deviations of duplicates
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that increasing NaClO concentration did not substan-
tially enhance lignin removal. Even when applied to 
raw SCB (control experiment), TEMPO oxidation 
reduced lignin content from 30 to 18% and 13% after 
25 and 50  mmol NaClO/g substrate, respectively 
(Fig. 5a). This confirms that TEMPO oxidation con-
tributes to lignin removal, as reported in previous 
studies (Ma et  al. 2012; Rahimi et  al. 2013). There-
fore, it is important to evaluate the residual lignin 
content in CNFs derived from organosolv-treated 
SCB and to understand how it relates in fibrillation 
and morphology among the substrates.

TEMPO oxidation applied to thermomechani-
cal pulps under similar levels of oxidizing agent has 
been shown to result in near-complete lignin removal 
(around 0.5% after oxidation), highlighting that 
lignin removal is influenced by substrate characteris-
tics such as initial lignin content and fiber structure 
(Okita et al. 2009). Similar behavior was observed for 
CNFs produced from jute fibers (Sharma et al. 2025), 
hemp bast (Puangsin et al. 2017), and elephant grass 
(Camargos and Rezende 2021). In this study, the 
results reinforce that final lignin contents should be 
considered in CNF applications that seek to exploit 
lignin-related properties. Likewise, the findings sug-
gest that lignin content alone does not dictate fibril-
lation efficiency, as indicated by the partial fibrilla-
tion observed in sample Org(+)−25 despite having a 
lignin content similar to that of other fully fibrillated 
samples.

Figure  5b shows the amount of oxidized groups 
(COO−) on the fiber surface after TEMPO oxida-
tion. The values ranged from 0.72 to 0.99  mmol/g 
substrate and can be interpreted in conjunction with 
the changes in lignin content. Since TEMPO oxida-
tion contributes to lignin removal when applied to 
partially delignified substrates (Fig.  5a) (Ma et  al. 
2012; Rahimi et  al. 2013), higher lignin content 
appears to reduce oxidation efficiency, as part of the 
oxidizing agent is consumed in further lignin removal 
rather than in cellulose modification. This effect is 
most evident in sample Org(+)-25, which exhibited 
a lower amount of COO− groups compared to the 
other samples, likely due to the higher lignin content 
in Org(+) substrates combined with the lower NaClO 
concentration used. Similarly, raw SCB showed lower 
COO− contents, of around 0.4 and 0.64 mmol/g sub-
strate after oxidation using 25 and 50 mmol NaClO/g 
substrate, respectively, corroborating these findings.

The remaining mass of the substrates before 
and after oxidation (Support Information, Section 
S3, Table  S2) further supports this interpretation. 
TEMPO-oxidized Org(+) samples retained less solid 
mass (59 and 39% using 25 and 50 mmol/g, respec-
tively) than Org(−) samples (71 and 70% using 25 
and 50 mmol/g, respectively). This greater mass loss 
in Org(+) substrates is mostly attributed to enhanced 
lignin removal. Moreover, considering the entire 
process, the final amount of CNFs produced from 
the same initial mass of raw SCB was comparable 
between samples, as discussed further.

The effects of delignification and TEMPO oxida-
tion were also assessed by FESEM analysis (Fig. 6). 
Raw SCB (Fig.  6a) exhibits the typical morphology 
previously reported for this biomass, consisting of 
fibers with ~ 150 μm in diameter, composed of cellu-
lose, hemicellulose, and lignin arranged in a compact 
structure (Rezende et al. 2011). The thick fibers vis-
ible in Fig. 6a correspond to conducting vessels of the 
sugarcane plant. These vessels are made up of thinner 
fibers, which become increasingly exposed in Fig. 6b 
and e as lignin is progressively removed by the orga-
nosolv treatment. Lignin is known to act as an adhe-
sive within the fiber bundle. Therefore, its removal 
leads to fiber exposure and, eventually, complete sep-
aration of microfibers (Rezende et al. 2011).

Fiber separation resulting from TEMPO oxida-
tion is shown in Fig.  6c, d, and f. These morpho-
logical changes strongly correlate with lignin content 
and play a crucial role in CNF production, alongside 
the presence of COO− groups. However, Org(+)-25 
samples (Fig.  6c) still contained large fiber bundles 
after TEMPO oxidation, which likely contributed 
to their lower fibrillation yield. This suggests that a 
lower level of TEMPO oxidation was insufficient to 
separate fibers in lignin-rich substrates. These results 
also indicate that the morphological changes induced 
by delignification and TEMPO oxidation are key 
determinants of CNF yield and properties. Although 
tracking lignin content is important for understanding 
chemical modifications during TEMPO oxidation, it 
becomes more informative when considered along-
side morphological changes.

Based on the chemical, surface, and morphologi-
cal characterizations, Fig.  7 summarizes the effects 
of each processing step on CNF production. Start-
ing from raw SCB, organosolv extraction produced 
substrates with different lignin quantities but similar 
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morphologies, with cellulose fibers still covered and 
less exposed. TEMPO oxidation played a signifi-
cant role in reducing lignin content, regardless of the 
quantity of remaining lignin after delignification, and 
in modifying substrate morphology by promoting 
fiber separation. However, the substrate with higher 

initial lignin content treated using 25 mmol NaClO/g 
still contained microfibril bundles alongside individu-
alized microfibrils. This condition resulted in longer 
CNFs on average, but the sample were less fibrillated 
overall. In contrast, the same substrate treated using 
50  mmol NaClO/g, as well as the Org(−) samples 

Fig. 6   FESEM images showing SCB morphology before and 
after chemical treatments: raw SCB (a); SCB after milder del-
ignification yielding sample Org(+) (b);  Org(+) followed by 
TEMPO oxidation using 25 (c) or 50 mmol/g substrate  (d); 

SCB after higher delignification yielding sample Org(−) (e); 
and  Org(−) followed by TEMPO oxidation using 25 mmol/g 
substrate (f)
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treated with either 25 or 50  mmol NaClO/g, con-
sisted primarily of individualized microfibrils prior to 
mechanical treatment and yielded CNFs with an aver-
age length of 530–685 nm on average and considered 
nearly completely fibrillated.

CNF characterization: zeta potential and rheology

The zeta potential of CNFs is a crucial parameter 
that governs their colloidal stability and suitability 
for various applications. In TEMPO-oxidized CNFs, 
it reflects the electrostatic repulsion arising from the 
carboxylated groups introduced on the fibril surface 
(Isogai et al. 2011). As shown in Fig. 8, all prepared 
CNF samples exhibit strongly negative zeta poten-
tial values, indicating good colloidal stability (Fos-
ter et  al., 2018). Among the ultrasonicated samples, 
Org(+)-25-US presented a less negative zeta poten-
tial than Org(+)-50-US, likely due to the lower con-
centration of oxidized groups on the fiber surface 
(Fig. 5b), which are the primary contributors to elec-
trostatic stabilization. In contrast, no significant dif-
ferences were observed between Org(−)-25-US and 
Org(−)-50-US, probably because the Org(−), with 
lower initial lignin content, underwent more efficient 
oxidation in both cases. When comparing mechanical 
treatments, ultrasonicated CNFs exhibited more nega-
tive zeta potential than those prepared via microflu-
idization, suggesting a higher surface charge density. 
Literature reports values between − 80 and − 60 mV 

for TEMPO-oxidized CNFs (Isogai et  al. 2011; 
Levanič et al. 2022), which are slightly more negative 
than the values observed in this work. This discrep-
ancy may stem from the reduced carboxylate content, 
as part of the oxidizing agent was consumed during 
lignin removal.

Figure  9 displays the flow curves and images of 
selected CNF samples prepared via ultrasonication 
and microfluidization at a concentration of 1  wt%. 
The rheological behavior of CNFs in water is criti-
cal for applications such as gels, 3D printing, and 
film formation, as it influences their flow properties, 

Fig. 7   Schematic summary rationalizing the effect of each step in CNF production from SCB

Fig. 8   Zeta potential of the prepared CNFs at pH 5. Error bars 
represent standard deviations of triplicates



Cellulose	

Vol.: (0123456789)

processability, and are an indicative of their mechani-
cal properties. All dispersions exhibited shear-thin-
ning behavior, a characteristic feature of CNFs in 
water (Bhattacharya et al. 2012; Shin and Hyun 2021; 
Xu et  al. 2024) and behaved as invertible gels. This 
response suggests the formation of a percolated net-
work due to the entanglement of flexible, elongated 
CNFs, reinforced by electrostatic repulsion between 
surface COO− groups. Furthermore, gel-like behavior 
was observed, as indicated by oscillatory rheology, 
where the storage modulus (G′) exceeded the loss 
modulus (G″) (Supplementary Information, Section 
S4, Figure S3).

Process considerations

In addition to CNF characterization, process yield 
is a critical parameter for evaluating the efficiency 
and scalability of the production route. Table 1 sum-
marizes process yields, including the residual mass 

after delignification, as well as the yields following 
TEMPO-mediated oxidation and mechanical fibrilla-
tion. The total amount of CNFs obtained from 100 g 
of raw SCB was comparable among all samples, 
ranging from 30 to 33 g. These values indicate that, 
regardless of the processing route, the overall CNF 
yield remained relatively consistent. However, the 
distribution of mass loss varied across the different 
processing stages, depending on the delignification 
strategy and oxidation conditions applied.

The first notable difference was observed in the 
mass retained after delignification. The Org(+) sub-
strates, which underwent delignification at 160  °C, 
retained a higher amount of solid material, yield-
ing 81 g per 100 g of raw SCB. In contrast, Org(−) 
substrates, treated at a higher temperature (200  °C), 
retained only 42 g per 100 g of raw SCB. This obser-
vation is consistent with the greater lignin solubiliza-
tion efficiency of organosolv at elevated temperatures 
(Rabelo et al. 2022) and aligns with results from the 
DoE. As expected, the mass loss during TEMPO 
oxidation showed the opposite trend. The Org(+) 
samples experienced greater mass loss during oxi-
dation compared to the Org(−) ones. As previously 
discussed, TEMPO oxidation functions as a second-
ary delignification step, which explains the increased 
higher mass loss for samples with higher lignin 
content.

Despite the similar overall CNF yields, the 
most effective processing strategy should account 
for additional factors such as CNF-fiber bundle 
separation, lignin recovery potential, and energy 

Fig. 9   Rheology profiles 
and invertible gel test of 
samples prepared by ultra-
sonication

Table 1   Process yields expressed as mass remaining after del-
ignification, oxidation, and fibrillation starting from 100 g of 
raw SCB. Error represents standard deviations of duplicates

# Considering 70% fibrillation yield

Sample Mass after 
delignification(g)

Mass after oxidation 
and fibrillation (g)

Org(+)−25 81 ± 4 33 ± 2#

Org(+)−50 81 ± 4 31 ± 4
Org(−)−25 42 ± 4 30 ± 3
Org(−)−50 42 ± 4 30 ± 3
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efficiency. One key aspect is fibrillation efficiency. 
The Org(+)−25-US sample exhibited a lower fibril-
lation yield (70%), as a significant fraction of the oxi-
dized substrate remained as larger fiber bundles. This 
suggest that additional separation steps, such as cen-
trifugation or filtration, may be necessary to isolate 
the nano-sized fraction (Masruchin et al. 2015). How-
ever, such fractionation steps can increase processing 
costs and must be carefully considered in biomass 
valorization strategies. Alternatively, retaining both 
nano- and micro-scale fibers in the final material may 
be beneficial for applications that require structured 
hierarchical reinforcement (Ferreira and Rezende 
2018). This approach can improve global yield by 
incorporating both oxidized fibers and fibrillated 
nanocellulose into the final product. Indeed, even in 
substrates that undergo nearly complete fibrillation, 
residual micrometer-scale fibers may still be present 
due to the inherent heterogeneity of lignocellulosic 
materials. Depending on the target application, these 
residual fibers may need to be removed through post-
processing steps.

Another critical aspect is the potential for lignin 
recovery, which is highly relevant for biorefinery 
strategies. The organosolv process yields sulfur-free 
lignin, which is attractive to produce materials and 
chemicals (Rabelo et al. 2022). The organosolv treat-
ment that generated the Org(−) samples removed 
a greater quantity of lignin during delignification, 
facilitating its recovery and enhancing the circularity 
of biomass processing. In contrast, Org(+) substrates 
retained more lignin initially, but the macromolecule 
was subsequently oxidized during the TEMPO oxida-
tion step, reducing the feasibility of recovering pure 
lignin as a valuable co-product. In this case, a trade-
off between delignification temperature and lignin 
recovery must be considered.

A final consideration is the trade-off between del-
ignification severity and oxidation intensity. The 
milder delignification used to produce Org(+) sam-
ples required less energy (temperature of 160  °C) 
compared to the more severe delignification used for 
Org(−) samples (temperature of 200  °C). However, 
Org(+) samples required higher concentrations of 
oxidizing agent than Org(−) to achieve nearly com-
plete fibrillation. Since the final CNF yields and 
properties were comparable, the most cost-effective 
strategy will depend on whether minimizing energy 
consumption during delignification or reducing 

chemical consumption during oxidation is prior-
itized. Additionally, the findings reported here sug-
gest that intermediate NaClO concentrations could be 
explored, potentially between 25 and 50 mmol/g for 
Org(+) and between 5 and 25 mmol/g for Org(−).

Conclusion

This study elucidated the impact of producing CNFs 
from partially delignified SCB, focusing on the rela-
tionship between substrate properties (lignin content, 
oxidation efficiency, and fiber morphology) and the 
resulting CNF characteristics. Although final CNF 
yields were similar across conditions (30–33  g per 
100  g of raw SCB), the distribution of mass losses 
varied depending on the delignification and TEMPO 
oxidation steps, which should be considered for co-
product recovery strategies. Retaining more lignin 
and applying 25  mmol NaClO/g substrate resulted 
in longer CNFs but incomplete fibrillation, ulti-
mately requiring higher oxidizing agent concentra-
tions to increase fibrillation, despite resulting in 
shorter fibrils. In contrast, substrates with lower 
lignin content enabled the use of lower oxidizing 
agent concentrations. CNF morphology was primar-
ily governed by the combined chemical and structural 
changes induced by the sequence of delignification 
and TEMPO oxidation. These findings demonstrate 
the feasibility of producing CNFs via a single delig-
nification step, thereby simplifying the process. The 
resulting CNFs exhibit promising characteristics for 
applications such as hydrogels, films, mechanical 
reinforcement, and rheology modifiers. Furthermore, 
this work contributes to the strategic valorization of 
sugarcane bagasse, providing an efficient pathway 
for converting agricultural residues into high-value 
nanomaterials.
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