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Abstract The present study investigates the intri-
cate relationships between the properties of cellu-
lose nanomaterials (CNMs) and the lignocellulosic 
feedstocks from which they are derived. The start-
ing pulps, consisting of eucalyptus, pine, hemp, and 
sisal commercial bleached pulps where characterized, 
and later subjected to TEMPO-mediated oxidation at 
several concentrations, followed by mechanical treat-
ment in a high-pressure homogenizer. The resulting 
CNMs were extensively analyzed to assess carboxyl 
content, nanofibrillation yield, optical transmittance, 
and rheological and structural properties through 
methods including X-ray diffraction, X-ray photoelec-
tron spectroscopy, solid-state 13C nuclear magnetic 
resonance, and sugar composition analysis post-acidic 
methanolysis. Despite the consistent processing con-
ditions, the study reveals significant differences in the 

physicochemical and rheological behaviors of CNMs, 
strongly linked to the inherent properties of their 
respective feedstocks. These disparities highlight the 
pivotal influence of feedstock characteristics on the 
final attributes of CNMs, while most of the previ-
ous works linked these differences either to chemical 
or structural differences. The findings suggest that 
optimizing CNM properties for specific applications 
requires precise control over feedstock selection and 
processing parameters, underscoring the critical role 
of material origin in the development and application 
of advanced nanomaterials.

Keywords Cellulose nanofibers · TEMPO-
mediated oxidation · Lignocellulosic feedstocks · 
Rheology · Structural characterization

Introduction

Understanding the fundamental structure of lignocel-
lulosic fibers is crucial when selecting the feedstock 
for cellulose nanomaterial (CNM) production, as the 
chemical composition, accessibility, and structural 
properties directly influence processing efficiency 
and the quality of the resulting CNMs (Signori-Iamin 
et al. 2023; Hu et al. 2024). The use of raw materials 
alternative to wood, such as agricultural residues or 
annual plants, for CNM production has been a topic 
of great interest during the last decade (Aguado et al. 
2022; Pradhan et  al. 2022). Feedstock availability, 
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regional resource management, and logistics play a 
critical role in market dynamics, influencing produc-
tion scalability and economic feasibility. Balancing 
these factors is essential to develop a sustainable and 
competitive CNM market capable of meeting increas-
ing industrial demand across various sectors (Balea 
et al. 2020).

The impact of the choice of feedstock on both the 
production process and the resulting CNM proper-
ties has been only cursorily addressed in the literature 
(Aguado et al. 2022; Alila et al. 2013; Bettaieb et al. 
2015). Most studies exploring raw material alterna-
tives to wood for CNF production tend to empha-
size the advantages of the feedstock’s origin, while 
paying less attention to the potential benefits that 
its structural properties and chemical composition 
could offer. Both wood and non-wood plants contain 
the same macroconstituents (e.g., lignin, hemicel-
lulose, cellulose), but their content, the hemicellu-
loses’ monosaccharide composition, lignin monomer 
composition and linkage structure and other struc-
tural characteristics are different, such as microfibril 
angle, lumen diameter, cell wall thickness, and crys-
tallinity (Ludueña et al. 2013). Annual plants, such as 
jute, sisal, or hemp, usually exhibit lower lignin con-
tents, shorter growing cycles with moderate irrigation 
requirements, and are thus usually intended for higher 
value-added applications than wood fibers (Manian 
et al. 2021; Serra-Parareda et al. 2021).

The structure of plant cell walls significantly influ-
ences fiber properties and their suitability for specific 
processes. Wood pulp fibers, with rigid and lignified 
cell walls, are particularly durable, while fibers from 
annual plants tend to be strong yet flexible. More spe-
cifically, eucalyptus wood fibers, being short with 
thin cell walls, are less resistant to chemical break-
down, making them easier to delignify and bleach 
(Morais et al. 2021). Pine fibers, which are longer and 
stronger, exhibit higher recalcitrance in pulping and 
bleaching due to their thicker cell walls and greater 
lignin content, requiring more intensive treatments 
(Singh et al. 2013). Hemp fibers are long, strong, and 
high in cellulose content, with lower recalcitrance, 
making them suitable for bio-composites and tex-
tiles (Manian et  al. 2021). Sisal fibers, though also 
long and strong, are more rigid and recalcitrant, mak-
ing them more challenging to bleach and ideal for 
sturdy industrial uses, such as ropes and mats (Aracri 
et al. 2011). Although determining the suitability for 

different industrial processes (Salmén, 2022), these 
features, broadly known and adequately understood 
for selecting the most appropriate application, have 
not been translated into the nanofiber domain.

One of the most well-known and broadly imple-
mented process for CNF production is TEMPO-medi-
ated oxidation. This largely regioselective oxidation 
consists of oxidizing the primary alcohol located at 
the gluyopyranoses’ C-6 to an aldehyde, to be later 
converted into a carboxyl group (Saito and Isogai 
2004). This oxidative treatment is usually performed 
on bleached fibers, ensuring the oxidation targets 
cellulose, specifically, while enhancing porosity and 
accessibility for subsequent uniform functionaliza-
tion. However, the presence of hemicellulose and, in 
addition, the sugar composition of hemicellulose, has 
an important effect on the oxidation process, which is 
later translated into the CNF properties. This was pre-
viously observed by the authors, when significantly 
different rheological behavior was found depending 
on the selected source for TEMPO-oxidized CNF 
production (Serra-Parareda et al. 2021). Not only this, 
but the starting composition of the fibers, i.e., prior to 
TEMPO-mediated oxidation, has also been reported 
to be crucial when assessing oxidized pulps by near 
infrared spectroscopy, as samples can be easily clus-
tered according to their origin (Mazega et al. 2024).

Preservation of the hemicellulose fraction plays a 
vital role in fiber processing due to its ability to bind 
with water and associate with cellulose, facilitating 
fiber swelling and increasing the internal porosity 
of the cell wall, which enhances water transport and 
diffusion throughout the fiber matrix. This property 
makes hemicellulose essential for controlling mois-
ture content and fiber behavior in pulping and related 
applications (Koskela et  al. 2022). The hemicellu-
lose’s composition of various monosaccharides, such 
as xylose, mannose, glucose, arabinose, 4-O-meth-
ylglucuronic acid, and galactose, will determine its 
hydrophilic capacity, while its amorphous structure 
promotes chemical accessibility. The composition 
and structure of hemicellulose directly affect fiber 
reactivity, contributing significantly to the kinetics 
and selectivity of the chemical reactions (Kumagai 
and Endo 2021). Actually, the pivotal role of hemicel-
lulose for CNM production, particularly for cellulose 
nanofibers (CNFs), has been previously identified in 
the literature, and not only for TEMPO-mediated oxi-
dation (Chaker et al. 2013; Lin et al. 2020; Li et al. 
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2021a). However, the role of hemicellulose is still 
unclear, and requires further investigation. Not only 
this, but the xylan content has also been identified 
to impart significant differences on CNM properties 
(Pääkkönen et al. 2016).

In this study, we hypothesized that the structural 
and chemical characteristics of the starting material 
strongly influence the resulting properties of CNMs 
when processed under identical conditions. Specifi-
cally, this work offers a comprehensive analysis of the 
structure–property relationships between the struc-
tural features of eucalyptus, pine, hemp, and sisal 
fibers and the electrostatic, physical, and rheological 
properties of the resulting CNMs. By highlighting 
the importance of selecting the appropriate starting 
material to achieve targeted properties and applica-
tions, this study also provides a more fundamental 
perspective on optimizing top-down CNM produc-
tion, as it identifies pathways for improvement as a 
potential help for advancing the industrial adoption 
of this renewable, high-performance cellulose-based 
nanomaterial.

Experimental section

Materials

Four different commercial bleached pulps were 
selected: (i) eucalyptus, (ii) pine, (iii) hemp, and 
(iv) sisal. Eucalyptus and pine bleached kraft pulps 
(BKEP and BKPP, respectively) were kindly pro-
vided by LECTA group (Zaragoza, Spain), in the case 
of BKEP, and by Celulosa Arauco y Constitución 
S.A. (Los Horcones, Chile), in the case of BKPP. 
Hemp and sisal pulps were provided by Celulosa de 
Levante S.A. (Tortosa, Spain). In all cases, the pulps 
were provided in the form of dry laps with a mois-
ture content around 10%. All the reagents required for 
TEMPO-mediated oxidation, sample processing and 
characterization, were acquired at Merck (Barcelona, 
Spain).

TEMPO-mediated oxidation

TEMPO-mediated oxidation was performed on the 
selected pulps using 5, 10, and 15  mmol of NaClO 
per gram of dry pulp, aiming at three different levels 
of oxidation. In all experiments, 100  mg/g of NaBr 

and 16 mg/g of TEMPO were dissolved in 1000 mL 
of deionized water. Then 15 g of dry pulp was added 
under gentle stirring, and the total volume was 
adjusted to 1500 mL. After the fibers were fully dis-
persed, the required NaClO was added. pH was then 
maintained at 10.5 by means of dropwise addition of 
a 0.5  M NaOH solution until no further significant 
changes of the pH were observed. The fibers were 
rinsed, filtered, and stored at 4 °C in hermetic plastic 
bags for further characterization and processing.

Samples were labeled by feedstock (E for eucalyp-
tus, P for pine, H for hemp, S for sisal) and NaClO 
dosage (5, 10, and 15 mmol/g. For example, eucalyp-
tus pulp treated with 5 mmol/g NaClO was labeled as 
E5, while hemp oxidized with 10 mmol/g NaClO was 
labeled as H10.

Carboxyl content determination of the oxidized pulps

The carboxyl content (CC) of the oxidized pulps was 
determined following a previously reported method-
ology (Mazega et al. 2023a). In brief, 0.5 to 2 mg of 
dry fiber was added to a solution containing 5  mL 
of methylene blue (300  mg/L) and 5  mL of borate 
buffer at pH 8.5. The samples were stirred and then 
centrifuged at 3500×g for 20  min. After centrifuga-
tion, 2  mL of the supernatant were transferred into 
a 25 mL flask containing 2.5 mL of 0.1 N HCl, and 
the volume was adjusted with deionized water. The 
absorbance at 664 nm was measured and correlated to 
a calibration curve.

Hemicellulose chemical composition: acidic 
methanolysis

Acidic methanolysis was conducted following a mod-
ified version of the protocol by Sundherg et al. (1996). 
In summary, 10 mg of cellulosic pulp was placed in 
a centrifuge vial and suspended in acidic anhydrous 
methanol (2 M HCl in MeOH). The suspension was 
heated to 100 °C using a sand-filled heating block for 
a duration of 4  h to ensure depolymerization. After 
the reaction period, the process was halted by adding 
200 µL of anhydrous pyridine, followed by the intro-
duction of 1000 µL of an internal standard solution 
(D-Sorbitol in anhydrous methanol, 500 mg/L).

The solvent was evaporated in a nitrogen flow, 
and the residue was subjected to derivatization. For 
this step, 200 µL of anhydrous pyridine, 200 µL of 
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BSTFA (with 1% TMCS), and 100 µL of TMCS were 
added. The derivatized sample was diluted with 500 
µL of anhydrous ethyl acetate. The vials were sealed 
and left for sedimentation of the residue for at least 
4 h. After this, the solution was transferred to a 2 mL 
Eppendorf tube and centrifuged at 13,200  rpm for 
20 min. A 200 µL portion of the supernatant was then 
transferred to a GC vial for analysis.

The sugar content was measured using a gas chro-
matography flame ionization detector (GC-FID) sys-
tem (Agilent 7890B) equipped with a DB-1701P col-
umn, ensuring accurate quantification. The process 
was conducted for each starting material and all the 
oxidized pulps.

Analytical size-exclusion chromatography (SEC)

SEC analysis was performed according to published 
procedures (Siller et  al. 2014; Potthast et  al. 2015) 
using a size exclusion/multi-detector (SEC-MALLS-
RI) system. The system was composed of a Bio-
Inert 1260 Infinity II HPLC pump (G1312B; Agilent 
Technologies, Waldbronn, Germany), an HP Series 
1100 autosampler (G1367B; Agilent Technologies), 
MALLS detector (Wyatt Dawn DSP with a diode 
laser, λ = 488 nm, Waters Corporation) and refractive 
index detector (Shodex RI71, Showa Denko K.K.). 
Four serial SEC columns (Styragel HMW 6E Mixed 
Bed, 15–20 μm, 7.8 mm i.d., 300 mm length, Waters 
GmbH, Vienna, Austria) with one Agilent GPC 
guard column (PL gel, 20  μm, 7.8  mm i.d., 50  mm 
length; Agilent Technologies) were used as a station-
ary phase. As a mobile phase, N,N-dimethylaceta-
mide/ lithium chloride (0.9%, w/v; filtered through 
a 0.02 μm filter) was used at a flow rate of 1.0 mL/
min. For each measurement, a sample volume of 100 
μL was injected at a 45  min run time. The molecu-
lar weight distribution (MWD) and its statistical 
moments were calculated based on a refractive index 
increment of 0.140 mL/g for cellulose in N,N-dimeth-
ylacetamide/lithium chloride (0.9% w/v) at 488  nm. 
The raw data was processed with Astra 4.73 (Wyatt 
Technology) and GRAMS/AI 7.0 software (Thermo 
Fisher Scientific).

Cellulose samples for SEC were prepared by dis-
solving them as described elsewhere (Potthast et al. 
2015). Approximately, 12  mg of an air-dried pulp 
sample was disintegrated using deionized  H2O and 
a standard kitchen blender. The suspension was 

filtered using a Büchner funnel with filter paper 
(Lab Logistics Group GmbH, Meckenheim, Ger-
many), washed with EtOH, and pre-dried on the fil-
ter by vacuum filtration. The sample was transferred 
into a 4 mL screw-cap vial and activated by shaking 
in 3  mL DMAc at room temperature for 16–24  h. 
Subsequently, the sample was filtered and dissolved 
in 1 mL of DMAc/LiCl (9% w/v) at room tempera-
ture. Prior to analysis, the sample was diluted with 
pure DMAc (0.3  mL sample solution + 0.9  mL 
DMAc) and filtered through a 0.45  µm syringe 
filter (PTFE; Agilent Technologies, Waldbronn, 
Germany).

X-ray diffraction

X-ray diffraction (XRD) patterns were recorded 
by Bruker’s diffractometer D8 Advance, operat-
ing at 40  kV and 30  mA, with Cu-Kα radiation 
(λ = 0.1542  nm). Samples were lyophilized, ground 
in a domestic coffee mill (twice for 20 s) and placed 
on zero-diffraction silicon plates. Data were collected 
in reflectance mode over a 2θ range of 4.5–50°. The 
obtained diffractograms were fitted to Gaussian func-
tions with Systat’s PeakFit software (version 4.1.2). 
Baseline subtraction was set as “Linear D2” and no 
smoothing was applied. The distinguishable peaks of 
cellulose Iβ, namely those corresponding to planes 
(1–10), (110), (102), (200) and (004), were identi-
fied according to idealized patterns (French 2014). 
The crystallinity index (CI) was estimated as the ratio 
between the areas of the so-called crystalline peaks 
 (Ahkl) and the total area (Park et al. 2010):

The crystallite size (D) can be estimated for cel-
lulosic samples from their XRD patterns, selecting 
the diffraction peak associated with a given (hkl) 
plane. The Scherrer’s equation adopts the form 
(Agarwal et al. 2017):

where β is the full width at half maximum of a dif-
fraction peak in radians and θ is the Bragg angle that 
corresponds to the center of the same peak.

(1)CI =
A
1−10 + A

110
+ A

102
+ A

200
+ A

004

A
total

(2)D
hkl

=
0.94�

�cos�
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Solid-state nuclear magnetic resonance

Solid-state 13C cross-polarization/magic angle spin-
ning (CP/MAS) NMR spectra were obtained using 
a Bruker Avance III HD 400 spectrometer (Bruker, 
Germany), operating at a resonance frequency of 
100.61 MHz. The setup featured a 4 mm dual broad-
band CP/MAS probe. 13C spectra were recorded at 
20 °C using the total sideband suppression sequence 
at a MAS rate of 5 kHz, a CP contact time of 2 ms 
and a recycle delay of 2 s. The acquisition time was 
49 ms. Chemical shifts were externally referenced to 
the carbonyl signal of glycine at 176.03 ppm. Prior to 
spectral recording, samples were swollen in deionized 
water overnight.

All 13C NMR spectra were normalized to the local 
maxima between 104 and 105  ppm, corresponding 
to the anomeric carbon of β-glucans, in OriginLab’s 
OriginPro 8.5 software.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was carried 
out by means of CCiTUB’s ESFOSCAN, a device 
based on the PHI 5000 VersaProbe 4 instrument from 
Physical Electronics (ULVAC-PHI). Experiments 
involved a monochromatic focused X-ray source (alu-
minum Kα, 1486.6 eV) calibrated with the 3d5/2 line 
of Ag with a full width at half maximum of 0.6 eV. 
The analyzed area was a circle of 100  μm in diam-
eter. The resolution parameters included 27  eV of 
pass energy and 0.1 eV per step. Measurements took 
place in an ultrahigh vacuum chamber at a pressure 
between 5·10−10 and 5·10−9 Torr.

Spectra were submitted to peak deconvolution 
in the 280–290  eV range, corresponding to the C1s 
region (Yokota et  al. 2021). The Voigt function was 
selected for multiple peak fitting in OriginLab’s Orig-
inPro 8.5 software. In general, deconvolution into 
three peaks (C-2/C-3, C-4/C-5/C-6, and C-1) was 
possible. For sisal samples, it was impossible to dis-
tinguish the C-2/C-3 peak from the C-4/C-5/C-6 one.

CNM production and characterization

All oxidized fibers underwent mechanical fibrilla-
tion via high-pressure homogenization (HPH) at a 

consistency of 1 wt%, following a specific pressure 
sequence. This sequence consisted of three passes at 
300 bar followed by three passes at 600 bar.

The rheological behavior of CNM suspensions 
was evaluated at a consistency of 0.3 wt% (0.5 and 
1% additionally for samples that did not behave like a 
gel at theses consistencies) using a modular compact 
rheometer (MCR 302e) equipped with RheoCom-
pass software. The analysis employed a concentric 
cylinder (CC27) configuration and measured shear 
rates ranging from 0.1 to 1000  s⁻1. The relationship 
between apparent viscosity and shear rate was mod-
eled using the Ostwald-de Waele equation (Eq. 3), as 
previously established for CNM suspensions (Hubbe 
et al. 2017; Li et al. 2021b):

where K represents the viscosity coefficient and n is 
the flow behavior index. Specific spindle settings and 
other experimental parameters were adjusted accord-
ing to the requirements of the rheometer to ensure 
accurate measurements.

The yield of fibrillation, expressed as the mass 
fraction of nanosized fibers in the CNF suspensions, 
was determined by centrifuging a 0.2 wt% CNM sus-
pension at 4000×g for 30 min. The nanofibrillated 
fraction was expected to be contained at the super-
natant, while the non-nanofibrillated fraction was 
assumed to be retained as sediment. The recovered 
sediment was oven-dried until constant weight and 
referred to the initial dry mass. Transmittance was 
determined over 0.1 wt% CNM suspensions in a Shi-
madzu UV-160 spectrophotometer in the wavelength 
range between 400 and 800 nm, using distilled water 
as background (Mazega et al. 2023b).

Scanning transmission electron microscopy 
(STEM) was conducted to assess the diluted CNM 
suspensions dried onto sample holders and negatively 
stained with uranyl acetate. The images were taken 
with a TESCAN CLARA at an accelerating voltage 
of 7 kV.

Results and discussion

The raw materials selected for the study underwent 
TEMPO-mediated oxidation followed by fibrilla-
tion using a high-pressure homogenizer. This process 

(3)η = K ⋅ γ
n−1
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resulted in suspensions ranging from translucent 
to transparent. The visual appearance of these sus-
pensions is illustrated in Figure  S1, which displays 
images at a consistency of 1 wt%. Notably, visual 
inspection alone reveals significant differences among 
the feedstocks, particularly regarding light scattering 
and viscosity. Furthermore, the severity of the oxida-
tive process appears to influence each raw material 
differently, leading to intriguing transitions between 
low- and high-viscosity systems and variations in the 
water retention capacity of the resulting CNMs.

Features of oxidized CNMs

Table  1 provides the CC of the oxidized pulps as 
function of the selected raw material and the oxi-
dizer amount (OA). The data reveal variations in CC 
depending on the fiber type, with higher CC values 
observed as the OA increased. Wood fibers achieved 
a maximum CC of approximately 1.5 mmol/g, while 
hemp and sisal reached slightly lower maximum 
values when 15 mmol of NaClO per gram of fiber 
was used in the TEMPO-mediated oxidation pro-
cess. However, these differences are not statisti-
cally significant, and the overall trend in CC evolu-
tion was consistent across all raw materials studied. 
The obtained CC values are aligned with previously 

published results for TEMPO-mediated oxidation, 
indicating that all the oxidations were adequately 
performed (Isogai et  al. 2011; Isogai and Zhou 
2019; Serra et al. 2017).

Although the oxidative process appeared to have 
similar effects on the fibers, their properties and 
characteristics diverged significantly after high-
pressure homogenization. For instance, the fibrilla-
tion yield for fibers oxidized at an oxidizer amount 
(OA) of 5  mmol/g was comparable for eucalyp-
tus, pine, and hemp, producing nanosized frac-
tions of approximately 42–50% by weight. How-
ever, when the OA was increased to 10  mmol/g, 
hemp displayed a relatively lower fibrillation yield 
(65.43%) compared to eucalyptus and pine, which 
both exceeded 70%. Notably, sisal fibers consist-
ently exhibited the highest fibrillation yields across 
all conditions, outperforming the other fibers at any 
OA. At the maximum OA of 15  mmol/g, no sedi-
ment was observed after centrifugation for any sam-
ple, indicating nearly 100% nanofibrillation. These 
yields of fibrillation correlate with the transmittance 
of the suspensions at 0.1 wt% in the visible light 
range (600 nm wavelength), a correlation previously 
reported and attributed to the significant influence 
of particle size on light scattering (Puangsin et  al. 
2013; Signori-Iamin et al. 2022).

Table 1  Main morphological, optical and rheological features of the obtained CNMs

* Systems extremely diluted. The Ostwald-de Waele regressors at higher solid content are provided as Supplementary Material
a Oxidizer amount, expressed as mmol of NaClO per dry gram of fiber
b Transmittance of 0.1 wt% suspensions at 600  nm of wavelength
c All the parameters were obtained from curves at 0.3 wt% consistency

Feedstock OAa (mmol/g) CC
(meq/g)

Yield of fibrillation (%) T at 600  nmb (%) Ostwald-de Waele  regressorsc

K (mPa·sn) n (−) R2

Eucalyptus 5 0.79 ± 0.04 51.16 ± 3.11 45.1 ± 0.3 1972.94 0.31 0.9822
10 1.05 ± 0.02 73.14 ± 2.06 82.6 ± 0.2 1953.63 0.41 0.9886
15 1.48 ± 0.07  > 95 91.0 ± 0.2 5673.35 0.39 0.9800

Pine 5 0.58 ± 0.10 43.80 ± 1.98 31.4 ± 0.1 38.97 0.60 0.9648
10 0.96 ± 0.03 72.60 ± 4.20 78.2 ± 0.5 4025.80 0.32 0.9995
15 1.46 ± 0.02  > 95 96.3 ± 0.4 67.11 0.72 0.9585

Hemp 5 0.60 ± 0.04 42.15 ± 1.56 37.7 ± 0.2 122.00 0.43 0.9908
10 1.06 ± 0.01 67.26 ± 2.13 67.9 ± 0.4 3.69 1.01 0.0913*
15 1.34 ± 0.04  > 95 88.2 ± 0.6 2.25 1.06 0.3112*

Sisal 5 0.76 ± 0.05 65.43 ± 4.07 43.1 ± 0.1 18.82 0.78 0.9866
10 1.00 ± 0.08 91.59 ± 5.10 90.4 ± 0.3 1350.63 0.45 0.9971
15 1.37 ± 0.04  > 95 93.7 ± 0.2 6.26 1.01 0.0214*
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While those differences in morphological and 
optical properties are noteworthy, the most signifi-
cant discrepancies between the CNMs from different 
feedstocks lie in their rheological behavior, illustrated 
by the Ostwald-de Waele regressors derived from 
the fitting to a power-law regression of the rheol-
ogy curves provided in Fig. 1. These regressors cor-
respond to diluted CNM suspensions (0.3 wt%) due 
to the impossibility to test all the samples at higher 
solid content consistently. On the one hand, some of 
the suspensions exhibited a thick gel-like aspect at 1 
wt% consistency, requiring a plate-plate or cone-plate 
setup. Conversely, CNMs obtained from H10, H15 
and S15 did not form gels, hindering the determina-
tion of their viscosity with this setup. On the other 
hand, the apparent viscosities of those samples result-
ing in a gel were not appropriate for their characteri-
zation with the concentric cylinders setup, requiring 

dilution for accurate measurements. These significant 
differences on the rheological behavior of the sam-
ples make their comparative assessment challenging, 
as 0.3 wt% results in an extremely diluted system for 
those samples that do not form gels at 1 wt% (H10, 
H15, and S15).

As displayed in Table  1 and Fig.  1, the CNM 
suspensions obtained from eucalyptus exhibited an 
increasing viscosity with the oxidation severity. This 
enhancement of the viscosity was relevant from 10 to 
15  mmol/g of OA, increasing the consistency factor 
(K) from 1953.63 to 5673.36 mPa·sn. In all cases, the 
eucalyptus CNMs exhibited a shear-thinning behav-
ior, with a flow behavior index (n) lower than 1. In 
terms of fluid behavior, pine CNFs exhibited a similar 
pattern to those prepared from eucalyptus, although 
its maximum viscosity was found for a 10  mmol/g 
addition of oxidizer, together with the lowest n value 

Fig. 1  Rheology curves of the obtained CNMs from eucalyptus (A), pine (B), hemp (C), and sisal (D) at different oxidation degrees
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for this feedstock. This suggests that 15 mmol/g may 
result in an excessive OA for pine fibers that, beyond 
selectively oxidized C-6, may contribute to fiber deg-
radation. TEMPO oxidation, with increasing sever-
ity, introduces carbonyl groups along the cellulose 
chains by oxidizing C-2 and C-3 as side reactions. 
Note that the selectivity of the TEMPO oxidation for-
mally still remains very high and well above 95%. At 
the same time, any carbonyl group along the cellulose 
chain will cause immediate chain cleavage in already 
weakly alkaline medium according to beta-alkoxy 
elimination mechanisms (Hosoya et al. 2018) so that 
a minute amount of carbonyl structures can already 
affect significant chain shortening. We assume the 
oxidation selectivity to decrease with increasing oxi-
dant concentrations and oxidation time. In addition, 
short oxidation times will primarily affect amorphous 
domains while longer oxidation times will increas-
ingly oxidized also the surfaces of crystalline regions. 
Note that the introduction of carbonyl groups is the 
oxidation mode that makes monosaccharides with-
out primary alcohol groups, such as xylopyranose 
in xylane, susceptible to and degradable by TEMPO 
oxidation. This hypothesis suggests a dynamic shift in 
the nature of chain degradation as oxidation advances, 
starting with increasing degradation of the cellulose 
chains as the process intensifies. The differences on 
the chemical composition of eucalyptus and pine have 
been previously reported to impart an effect over both 
selectivity and yield of TEMPO-mediated oxidation 
(Syverud et al. 2011). These differences, as it will be 
later discussed, may have an influence on the CNM 
properties, originated during the oxidation process 
and further highlighted upon intense fibrillation.

The CNM suspensions obtained from non-wood 
feedstocks, hemp and sisal, exhibited lower viscos-
ity than those obtained from wood. This is aligned 
with previous studies, where nanocrystal-like struc-
tures were found for CNMs obtained from these raw 
materials, attributed to a lower 2D fractal dimen-
sion (Serra-Parareda et  al. 2021). Nonetheless, the 
rheological characterization revealed that both hemp 
and sisal can transition from gel-like suspensions to 
low-viscosity fluids. This is illustrated by the fitting 
of the rheology curves to the Ostwald-de Waele equa-
tion, which resulted in extremely low  R2 for samples 
H10, H15 and S15, demonstrating the unsuitability 
of this model for these specific samples. Accord-
ing to the selected rheological model, these samples 

exhibited an n higher than 1, which indicates a slight 
shear-thickening behavior. CNF suspensions usually 
exhibit shear-thinning fluid characteristics (n < 1) due 
to nanofibril alignment with the flow and, in addition, 
thixotropic behavior (Hubbe et al. 2017). This shear-
thickening behavior could be explained by an exces-
sive dilution of the system for these samples, where 
water may impart most of the effects on the viscos-
ity measurements, with a residual role of the CNFs 
present in the suspension. We cannot exclude that 
the higher amount of carbonyl structures introduced 
at high oxidation degrees influences the rheological 
behavior by dynamic interchain crosslinking of the 
hemiacetal/hemiketal type. It should be noted that 
carbonyl structures in oxidized celluloses (and poly-
saccharides in general) are not present in their usual 
 sp2-hybrid form as C = O, but as masked carbonyl 
moieties with sß3-hybrid carbonys (hydrates, hemi-
acetals, hemiketals, hemialdals). Actually, the rheo-
logical power-law model cannot capture Newtonian 
viscosity plateaus, found at both extremely low and 
high shear rates of CNF suspensions (Lasseuguette 
et  al. 2008). The extreme dilution of the CNM sus-
pensions led to a plateau on viscosity for all the shear 
rate range (Fig.  1C, D), making the fitting of the 
power-law model unsuitable for these samples. The 
dilution effect over the unsuitability of the power-law 
model was confirmed assessing the specific samples 
from hemp and sisal, at 1 wt% consistency (Figure 
S2). The Ostwald-de Waele regressors for these sam-
ples at 1 wt% consistency are provided in Table S1. 
As expected, at increasing consistency, the rheologi-
cal behavior of these samples exhibited shear-thin-
ning characteristics with an improved fitting to the 
power-law model, corroborating the negative effects 
of excessive dilution.

Figure  2 presents STEM images of negatively 
stained CNMs, previously dried onto sample hold-
ers from a diluted suspension. Specifically, Fig.  2a, 
b reveal eucalyptus and pine CNFs obtained through 
oxidation with 10  mmol of NaClO. Both samples 
exhibit an entangled network of kinked nanosized 
fibrils with a high aspect ratio. This network appears 
more pronounced in the pine sample compared to 
the eucalyptus one, being consistent with their rheo-
logical behavior. Notably, the K factor of P10 CNFs 
accounted for 4025.80  mPa·sn, while E10 CNFs 
yielded a K factor of 1953.63  mPa·sn. Additionally, 
the shear-thinning behavior was more pronounced in 
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P10 CNFs than in E10 CNFs. The fibrillar, network-
like structure observed in the STEM images supports 
the rheology curves, further confirming their classifi-
cation as CNFs and their gel-forming capacity at low 
concentration.

Figure  2c, d provide a STEM image of CNMs 
obtained from H5 and H10, respectively. In both 
cases, the samples exhibited long structures that, at 
the same time, exhibited a significantly greater diam-
eter than those corresponding to eucalyptus and pine. 

Fig. 2  STEM images of diluted CNM suspensions of E10 (a), P10 (b), H5 (c), H10 (d), S5 (e), and S10 (f)
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Additionally, these bigger fibers show a relatively 
low entanglement, which prevents the formation of 
a strong network and, thus, resulting in low-viscos-
ity suspensions. Remarkably, the presence of bigger 
structures, although at the nanoscale, supports the 
lower transmittance of the obtained suspensions com-
pared to those prepared from eucalyptus, pine, and 
sisal, as revealed in Table  1. These differences are 
particularly patent with the addition of 10 mmol/g of 
NaClO, where the transmittance is significantly lower 
in the case of hemp CNMs. Finally, Fig. 2e, f provide 
images of S5 and S10, respectively, where the forma-
tion of networks becomes apparent. Particularly, the 
entanglement appears to be higher in the case of S10 
CNFs (Fig. 2f) than in the case of S5 CNFs (Fig. 2e), 
although the entanglement degree is somewhat dif-
ficult to quantify. In any case, this is supported by 
the rheology provided in Fig. 1 and the values of the 
Ostwald-de Waele parameters, where a shear-thinning 
behavior was found for both samples, suggesting this 
network forming capacity and their alignment with 
the flow when subjected to shear stress.

Chemical changes on TEMPO-oxidized fibers and 
sugar composition of methanolysates

The discrepancies in CNM properties across raw 
materials can be attributed to their inherent differ-
ences, including chemical composition and structural 
characteristics, such as crystallinity or distribution of 
molecular weights, which are closely related to fiber 
recalcitrance and, thus, accessibility. While differ-
ences in chemical composition readily explain the 
variations observed in eucalyptus and sisal, they do 
not fully account for the similarities between pine 
and hemp. Previous studies determined the chemical 
composition of these materials, revealing that pine 
pulp comprises 87.4% cellulose and 7.4% hemicellu-
lose, closely resembling hemp, which contains 86.5% 
cellulose and 7.1% hemicellulose. In contrast, euca-
lyptus has a higher hemicellulose content (17.5%), 
while sisal exhibits less (13.7%) (Aguado et al. 2022; 
Sanchez-Salvador et  al. 2022). Additionally, the 
MWD highlighted differences among eucalyptus, 
sisal, and the other materials, while revealing strong 
similarities between pine and hemp, as revealed in 
Fig. 3.

As reflected in Table 2, eucalyptus fibers exhib-
ited the largest average molecular weight, account-
ing for 414.35 kDa  (Mw), while sisal fibers exhibited 

Fig. 3  Molecular weight 
distribution (MWD) of the 
starting materials



Cellulose 

Vol.: (0123456789)

the lowest (168.25  kDa for  Mw). The molecular 
weight distribution determined by GPC comprises 
all contained polysaccharides, both from amor-
phous and crystalline domains, linear and branched, 
i.e., cellulose and hemicelluloses. In line with the 
chemical composition, pine and hemp exhibited a 
similar MWD and average values, as well as disper-
sity (Đ).

These differences in cellulose and hemicellulose 
content, and in MWD, however, provide limited 
insight into the variations between the CNMs derived 
from pine and hemp. The differences on the MWD 
between eucalyptus and sisal may also originate in 
the different hemicellulose content, which cannot be 
evaluated by viscosimetry analysis. This was previ-
ously noted in a study employing near-infrared (NIR) 
spectroscopy to quantify the carboxyl content (CC) of 
TEMPO-oxidized fibers, where principal component 
and linear discriminant analyses (PCA-LDA) revealed 
overlap between pine and hemp (Mazega et al. 2024). 
One plausible explanation lies in differences in 
sugar composition, which influences the outcome of 
TEMPO-mediated oxidation and, consequently, the 
properties of the resulting CNMs. The dominating 
monosaccharides of the galactoglucomannans in pine 
are hexoses which all have a TEMPO-oxidizable C-6, 
while the dominating monosaccharides in the arabi-
noxylan of hemp are pentoses which lack this primary 
alcohol unit. Exemplarily, Syverud et al., (2011) simi-
larly highlighted the impact of sugar composition dif-
ferences, particularly between eucalyptus and pine, on 
the characteristics of TEMPO-oxidized CNFs. Also 
here, the reactivity difference between pentoses and 
hexoses explains the observations. In this sense, the 
neat and TEMPO-oxidized fibers were subjected to 
a methanolysis process in order to quantify the sugar 
composition within the hemicellulose fraction of 
each starting material for CNM production. Results, 

consisting of glucose, xylose, mannose and galactose 
contents, are provided in Fig. 4.

Considering the evolution of the different sugar 
composition at increasing CC—corresponding to oxi-
dation severity—for each feedstock, together with the 
observed features of the different CNFs, it becomes 
apparent that xylan content, quantified as xylose 
(Fig. 4B), may have a determining role on the effect 
of TEMPO-mediated oxidation. Xylan, primarily 
located at the surface and distributed along the outer 
layer of the secondary wall (S2), with its amorphous 
structure and abundance of hydroxy groups, is more 
hydrophilic than cellulose (Pääkkönen et  al. 2016). 
Its inherently outward-oriented conformation hin-
ders the formation of a densely packed fiber structure, 
creating more space between cellulose fibers (Arola 
et al. 2013). This spatial arrangement within the fiber 
matrix allows for increased water affinity and facili-
tates accessibility, making the fibers more suscepti-
ble to chemical interactions (Sanchez-Salvador et al. 
2022; Gupta et al. 2023). This higher accessibility is 
particularly apparent at low oxidation degrees, where 
both eucalyptus and sisal CNFs already exhibited a 
gel-like behavior, proving enhanced colloidal stabil-
ity and water uptake, while this was not observed for 
pine and hemp (i.e. 5  mmol/g of OA) (Rodionova 
et al. 2013). Note that among the hemicellulose poly-
saccharides and resulting monosaccharides involved 
(see Fig. 4), xylopyranose is the only one that is for-
mally inert to TEMPO oxidation (no primary hydroxy 
group) while all hexopyranoses (from glucose, man-
nose and galactose) can be readily oxidized. It is 
hypothesized that the higher accessibility provided 
by the hemicellulose structure prevents much of the 
internal fibrillation typically caused by oxidative 
cleavage of cellulose chains. This process becomes 
more evident as the fiber surface becomes predomi-
nantly oxidized, with the oxidation degree increasing 
at a similar rate as fiber degradation, thereby expos-
ing additional surface for selective C-6 oxidation. As 
the exposed surface reaches a stage where most of 
its C-6 sites are oxidized, the reaction is expected to 
shift again towards side reactions (chain degradation), 
driven by the introduced carbonyl groups. This cre-
ates a limiting effect, whereby an increase in oxidative 
power no longer results in additional surface oxida-
tion due to the degradation of oxidized fibers, which 
become increasingly susceptible due the harsh reac-
tion conditions. Pääkkönen et al., (2016) highlighted 

Table 2  Molecular weight averages (weighted in number, 
weight, and Z-average) and dispersity in the four materials of 
study

Feedstock Mn (kDa) Mw (kDa) Mz (kDa) Đ

Eucalyptus 92.34 414.35 812.50 4.50
Pine 90.46 272.10 478.75 3.01
Hemp 99.99 279.20 471.80 2.81
Sisal 38.77 168.25 399.20 4.34
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the importance of xylan on the swelling and pro-
cessing characteristics of TEMPO-oxidized CNFs, 
indicating the relevance of appropriately selecting 
the raw material prior to oxidation and fibrillation 
for the production of CNFs. Actually, Sang et  al., 
(2017) reported that the amorphous regions of fibers 
are degraded first, generating dissolved fragments of 
cellulose. This has been supported by other authors, 
which hypothesized that the specific surface of cellu-
lose could be enlarged due to the degradation of these 
small fragments, exposing more primary hydroxy 
groups to be oxidized (Isogai et al. 2009; Shibata & 
Isogai 2003; Zhou et al. 2008).

Although the chemical composition of the starting 
materials, as well as their evolution with oxidation, 
can provide some interesting insights on the differ-
ences between the obtained CNFs and their rheologi-
cal behavior, there might be other aspects influencing 

this variety of both morphological and rheological 
features. On the one hand, pine and hemp share a 
relatively low xylan content, while the characteristics 
of the CNMs are significantly different, particularly 
in terms of rheology. On the other hand, while sisal 
exhibits a similar behavior than eucalyptus at low 
oxidation degrees, the viscosity of CNM suspensions 
experiences a significant drop at high oxidation rates. 
The low viscosity could be attributed to depolymeri-
zation during the oxidative process, which is known 
to drastically reduce the chain length, translating into 
fiber degradation (Hosoya et al. 2018).

Insights from X-ray diffraction

As it can be seen from Fig.  5, diffractions on (110) 
and (1–10) planes, located between 2θ = 14.1° and 
2θ = 16.6°, were hardly distinguishable from each 

Fig. 4  Evolution of the glucose (A), xylose (B), mannose (C), and galactose (D) contents as function of the carboxyl content (CC) 
for each starting material
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other, as commonly found among natural samples 
(Nam et  al. 2016). In contrast, the (200) diffraction 
peak was consistently clear, with little and identifi-
able overlapping from the (102) diffraction. Hence, 
the prominent (200) peak, at 2θ ~ 22.5°, has been 
used for the calculation of D. In Table 3, this result 
is shown along with CI values for the different OA 
studied. The deconvolution is depicted in Figure S3, 
while Table S2 presents the amplitude and area of the 
fitted crystalline peaks.

The width of the (200) diffraction peak was higher 
for wood-sourced cellulose than for cellulose from 
annual plants: βeucalyptus > βpine > βsisal > βhemp (Fig. 5). 
Subsequently,  D200 followed the reverse order 
(Table 3). The slightly higher crystallite size in non-
wood materials explains their failure to reach CC val-
ues of 1.5  mmol/g. Given the spatioselective nature 
of the reaction, only the surface of elementary fibrils 

was oxidized, whilst inner cellulose chains remained 
chemically unavailable (Wang et al. 2025). In another 
context, the tight packing of cellulose chains in fibrils 
from hemp and sisal, associated with their relatively 
high CI, was one of the causes for their lower vis-
cosity at a given shear rate. Likewise, their lack of 
an abrupt shear-thinning behavior can be related to a 
stiffer, more crystalline structure, which conditioned 
the response of the fibrillar network to deformation in 
aqueous suspension (Li et al. 2015).

Oxidation selectivity towards hydrated domains 
also explains the apparent increase in CI with OA. 
Although the classical two-phase model for cellu-
lose often leads to oversimplifications, it is useful to 
describe the preferential oxidative cleavage of the 
most reactive parts, i.e., the so-called amorphous 
fraction. Consistent with our current understand-
ing of cellulose crystallinity (Chami Khazraji and 

Fig. 5.  1D XRD patterns 
recorded for the non-
oxidized starting materi-
als. The full width at half 
maximum of the (200) peak 
is displayed for each of the 
profiles

Table 3  Crystallite size 
for the different starting 
materials and crystallinity 
as a function of OA

Starting material D200 (nm) CI

Non-oxidized 5 mmol/g 10 mmol/g 15 mmol/g

Eucalyptus 4.48 0.58 0.64 0.68 0.75
Pine 4.93 0.61 0.64 0.68 0.78
Hemp 5.92 0.78 0.85 0.87 0.89
Sisal 5.47 0.69 0.73 0.76 0.77
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Robert 2013; O’Neill et al. 2017; Chen et al. 2022), 
the amorphous fraction is constituted by those macro-
molecules or units thereof that, instead of displaying 
maximum hydrogen bonding to adjacent carbohydrate 
chains, are more accessible to water. This includes 
not only a portion of cellulose, but also most of hemi-
cellulose, including heteropolysaccharides, such as 
xylans and glucomannans (Table  3). As the degree 
of oxidation increased, all pulps exhibited a steady 
increase in crystallinity, mainly due to the removal 
of water-solvated, partly oxidized cellulose and, in 
general, hemicellulose. No significant effects were 
observed on peak width, but simultaneously tracking 
CI and D with one-dimensional XRD patterns is hin-
dered by their interrelations. As French (2022) noted, 
a cellulosic sample consisting of few large crystal-
lites will seem (and, in fact, can be deemed) more 

crystalline than another sample composed of many 
small crystallites. In this case, given that recrystalli-
zation or crystal nucleation phenomena were not pos-
sible under the experimental conditions of this study 
(Naduparambath et al. 2018), the increase in CI was 
only due to the partial solubilization of amorphous 
parts of the starting material.

Investigating reaction effects through solid-state 
NMR and XPS

All 13C NMR spectra showed the carbon peaks com-
mon to native β-glucans (Fig.  6). From lower to 
higher field, these signals and the approximate chemi-
cal shift for their maxima are: C-1, the anomeric car-
bon, at 104.4–104.9 ppm; C-4, split into that of inner 
chains at 88.2 – 88.5  ppm (crystalline) and that of 

Fig. 6.  13C NMR spectra of non-oxidized and TEMPO-oxidized fibers at different OA for eucalyptus (A), pine (B), hemp (C), and 
sisal (D). All intensity values have been normalized with respect to the C-1 peak (104.4–104.9 ppm)
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outer chains at 83.5–84.3  ppm (exposed); C-2, C-3 
and C-5, appearing overlapped as a pseudo-doublet 
at ~ 72.2 and ~ 75.0 ppm; C-6, split into that of inner 
chains at 64.7–64.9  ppm and that of outer chains at 
62.8 – 63.3  ppm. Regardless of the raw material, 
TEMPO-mediated oxidation produced the progres-
sive decrease of the resonance of outer C-6, the peak 
located most upfield, and the appearance of a car-
boxyl carbon signal at 174.4–174.7 ppm (Tang et al. 
2024).

The spatioselective nature of the reaction is pre-
cisely corroborated by the relative reduction of outer 
C-6 signals (with respect to the C-1 peak). In con-
trast, the resonance peaks for C-6 of inner chains 
were either unaltered or slightly increased. Another 
noticeable effect of oxidation was the ~ 0.5 ppm shifts 
downfield of outer C-4 signals, due to the increasing 
percentage of neighboring C-6 carboxyls. Finally, 
the upfield part of C-2/C-3/C-5 pseudo-doublets 

increased in relative area and intensity, but without 
influence on the total area of double peaks. This can 
be easily explained by the shielding of C-5 carbons 
by the neighboring carboxyl groups in oxidized units, 
causing a shift upfield. Spectra offer no evidence on 
β-elimination products (Hosoya et al. 2018), as their 
concentration—similar to the concentration of intro-
duced carbonyl groups—is too small for NMR detec-
tion, although the effect on the molecular weight loss 
was evident.

Regarding differences among starting materials, 
some unique features were displayed by hemp fibers: 
the C-1 NMR signal was found split as a doublet and 
a sharp peak appeared at 72.2 ppm (C-2). Despite the 
apparent peculiarity of such a profile, it matches other 
CP/MAS 13C NMR spectra of pure cellulose I sam-
ples (Kono et al. 2002).

While 13C NMR spectroscopy analyzed the whole 
volume of the sample in each case, XPS analyses 

Fig. 7  X-ray photoelectron spectra for samples from eucalyptus wood (A), pine wood (B), hemp (C), and sisal (D)
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provide specific information on surface chemistry 
(Fig.  7, Figure S4). As a drawback, the identifica-
tion of specific carbon atoms is not straightforward. 
The most frequent approach involves a three-peak 
deconvolution that corresponds, in increasing energy 
order, to C–C/C–H, C–O, and O–C–O/C = O (Ste-
vens and Schroeder 2009; Aiello et al. 2024). In other 
words, the higher the electron density on carbon, 
the lower the binding energy. Nonetheless, Kostov 
et  al. (2018) associated each of the carbon atoms of 
anhydroglucose units to specific binding energies: 
C-2/C-3 < C-4/C-5/C-6 < C-1.

Among non-oxidized fibers, the surface of those 
from eucalyptus had the highest relative area associ-
ated to O–C–O/C = O, specifically 17.7% of total C1s 
area (Table S3). This includes the contribution from 
glucuronoxylan, and more particularly from its ester 
groups and glucuronic acid units (Gupta et al. 2023). 
In hemp, with a small hemicellulose fraction, the area 
of the higher-energy peak following deconvolution 
accounted for 9.2%. Another question to consider is, 
beyond the unit cell of cellulose Iβ, the habit or shape 
acquired by the transversal section of cellulose micro-
fibrils, as there is still uncertainty about the position-
ing of outer cellulose chains (Cosgrove et  al. 2024). 
Be it due to a different arrangement of external glu-
can chains or to a different hemicellulose allocation, 
the overall electron density on the surface of hemp 
fibers can be deemed higher.

Moreover, differences were accentuated by oxida-
tion. Spectra for wood fibers kept the same qualitative 
profile, regardless of the oxidation degree. In quanti-
tative terms, the reaction had mixed effects on rela-
tive areas, given the co-existence of depolymeriza-
tion (loss of O–C–O), oxidation (gain of C = O), and 
removal of hemicellulose (loss of both O–C–O and 
minor C = O). Carbonyl groups introduced at C-2 or 
C-3 as a result of incomplete oxidation selectivity are 
present in masked form (see above) and would appear 
as O–C–O  (sp3 carbon) rather than C = O  (sp2 car-
bon). In the case of non-wood materials, the reaction 
produced shifts towards lower binding energy. This 
is especially noticeable in the spectra of hemp with 
OA = 15  mmol/g, where peak broadening was also 
observed, and those of sisal with OA = 10 mmol/g or 
OA = 15  mmol/g (Fig.  7). It may be concluded that 
the surface of annual plant fibers was degraded to a 
greater extent during the reaction, in comparison with 
their woody counterparts.

On structure–property relationships

Understanding how the molecular and supramolecu-
lar structure of the raw material can affect the prop-
erties of CNMs obtained thereof is extremely help-
ful for popularizing the large-scale production of 
nanocellulose. Most of the properties summarized in 
Table  1, namely the content in carboxyl groups, the 
yield of nanofibrillation and the transparency, dis-
played similar values. The differences found in these 
properties can be satisfactorily explained by struc-
tural results. For instance, fibers from annual plants 
reached a slightly lower maximum CC than wood 
pulp fibers because the former had less chemically 
accessible carbohydrate chains than the latter, i.e., 
larger crystallites. However, the rheological behavior 
of CNM aqueous suspensions differed not only quan-
titatively, in a matter of orders of magnitude, but also 
qualitatively, with the raw material. Specifically, the 
consistency index in dilute aqueous suspensions of 
highly oxidized CNFs (0.3 wt%) lied above 1  Pa·sn 
when the source was eucalyptus wood, but below 
10  mPa·sn if the feedstock was hemp. In addition, 
while dilute CNF suspensions from both eucalyp-
tus and pine clearly showed shear-thinning behavior 
(n < 1), this was not observed for CNFs from hemp or 
sisal with high oxidation degree. Although increas-
ing CNF concentration to 1.0 wt% attained flow 
behavior indices of 0.56 – 0.62 for hemp and sisal 
with OA = 15 mmol/g (Table S1), viscosity remained 
much lower than that of CNFs from wood pulps. All 
in all, the rheological behavior of CNFs from annual 
plants approached that of CNCs (Qiao et  al. 2016; 
Serra-Parareda et  al. 2021). In dilute suspensions, 
CNFs adopted a high degree of alignment with the 
flow, i.e., nearly isotropic orientations.

Establishing structure–property relationships 
between the starting cellulosic fibers and the rhe-
ological behavior of the resulting nanocellulose 
suspensions is a complex task. In all cases, fibers 
mostly consisted of cellulose Iβ (Fig. 5), little dif-
ference was found between the average molecular 
weight of hemp carbohydrates and that of pine car-
bohydrates (Fig. 3), and both sources had low xylan 
content (Fig.  4). In addition, effects of TEMPO-
mediated oxidation on the chemical composition 
were rather similar, as shown by 13C NMR (Fig. 6). 
Perhaps highlighting key differences, XPS showed 
shifts towards lower binding energy in the case of 
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non-wood materials, which were accentuated by 
oxidation (Fig. 7). However, despite the knowledge 
on the positioning of the inner chains of the dif-
ferent cellulose polymorphs (French 2014), more 
research is needed to characterize the topology of 
the microfibril surface for different raw materials 
(Cosgrove et al. 2024).

For woody CNF suspensions, the increase in 
viscosity for a given shear rate is related to the 
amount of water whose translational and rotational 
freedom is restricted (Aguado et  al. 2023). Elec-
troviscous effects from carboxylate groups and a 
high availability of hydrophilic surfaces contrib-
ute to such restrictions. In this context, the posi-
tioning of hemicelluloses, especially xylan, on the 
surface of cellulose microfibrils plays an essential 
role. Xylan-attached fibrils are intrinsically more 
hydrated, with more than half of xylan’s H-bonding 
capabilities being dedicated to water (Pääkkönen 
et  al. 2016). In turn, the outer cellulose chains 
in each crystallite (or elementary fibril) are ini-
tially less accessible to degradation by  ClO– and 
 BrO– ions. The stronger thickening effects of euca-
lyptus CNFs, compared to pine CNFs, are partially 
due to the sacrificial protective role of xylan.

Hillscher et  al. (2024) discussed that effects of 
TEMPO-mediated oxidation on the physical prop-
erties of oxycellulose are closely related to the 
chemical composition of the fiber prior and after 
the reaction. Chemical accessibility plays a cru-
cial role, since the initially low proportion of sur-
face primary hydroxy groups exposed to the reac-
tion medium will hinder the oxidation rate. As 
the original structure of the fiber suffers progres-
sive degradation, more surface –OH groups are 
exposed, reaching higher substitution on the C-6 
position. Introduced carbonyl group along the cel-
lulose chain tend to undergo extensive formation of 
dynamic interchain hemiacetal/hemiketal linkages. 
In parallel, as depolymerization occurs, it does so 
in irregular ways through the fibrils (Ono et  al. 
2021). Depolymerization decreases the capabilities 
of CNFs to catch water by reducing the aspect ratio 
and, thus, their capacity to generate entangled net-
works (Batchelor 1970). A higher rate of degrada-
tion in the case of annual plant-sourced fibers was 
likely a major cause for the low consistency index 
of the resulting CNF suspensions.

Conclusions

Despite the similarities among different lignocellu-
losic feedstocks in terms of chemical composition, 
supramolecular structure, and average molecular 
weight, oxidized CNMs produced thereof present 
striking differences. The most remarkable one lies 
in rheology, despite an identical CNM production 
procedure. On one hand, eucalyptus-sourced CNM 
suspensions were highly viscous at a given shear 
rate and, even if diluted, consistently displayed a 
shear-thinning behavior. This is indicative of cel-
lulose nanofiber (CNF) like structure, which was 
supported by the obtained STEM images. Pine also 
revealed this CNF-like behavior, exhibiting an entan-
gled network even at highly diluted states. On the 
other, non-wood CNFs, especially those from hemp, 
approached a behavior more typically associated with 
CNCs in dilute aqueous suspensions. This effect was 
also observed for sisal at high oxidation degrees. This 
study does not attribute this difference to a single 
feature, but to the additive and superimposing contri-
bution of significant differences in multiple charac-
teristics. Specifically, hemp fibers contain much less 
xylan (acid methanolysis), their cellulose Iβ crystal-
lites are larger (XRD), their fibril surface has higher 
overall electron density (XPS), and they are more eas-
ily degraded during TEMPO-mediated oxidation. The 
present study highlighted the importance of feedstock 
selection for CNM production, especially if their 
planned application involves thickening effects. For 
that, factors contributing to higher viscosity, such as a 
high hemicellulose content (especially xylan), a small 
crystallite size, a relative electron deficit on surface 
carbons atoms, and a high average molecular weight, 
should be enforced. Additionally, the present work 
provides insight into the appropriate selection of the 
starting material based on the intended application, 
demonstrating that CNMs can achieve similar surface 
charges despite exhibiting distinct rheological behav-
iors. Furthermore, the evolving rheological properties 
of certain starting materials, such as hemp and sisal, 
enable the implementation of cascade-like processes, 
with side-extractions at varying oxidation levels. The 
present work, beyond elucidating structure-process-
property relationships for CNM production, high-
lights the need for further research to facilitate the 
full industrial deployment of CNMs.
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