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A B S T R A C T

Cellulose nanocrystals (CNCs) are attracting increasing interest as renewable nanomaterials for composite fillers 
and rheological modifiers. Their properties depend on morphology and crystalline structure, governed by cel
lulose source and hydrolysis conditions. Conventionally, CNCs are extracted by acid hydrolysis at elevated 
temperatures, favoring rapid depolymerization and limiting alternative reorganization pathways. Herein, sul
furic acid hydrolysis was performed at room temperature as a structure-directing approach to investigate how 
cellulose source, crystalline polymorphism, and mercerization pretreatment influence CNC formation. Hemp 
pulp, micronized cellulose powder, and microfibrillated cellulose were studied in native and mercerized forms. 
Suppressing thermal activation alters the balance between depolymerization, solubilization, and recrystalliza
tion, leading to CNCs with distinct crystalline structures and non-classical morphologies. In addition to typical 
rod-like nanocrystals, hierarchical and flake-like nanoparticles were obtained, including larger particles several 
hundred nanometers long (average length ≈320 nm) decorated with smaller cellulose II crystallites (≈45 nm 
length, ≈15 nm width). The results demonstrate that the interplay between cellulose source, pretreatment, and 
hydrolysis conditions governs CNC morphology and polymorphism. This study provides mechanistic insight into 
CNC formation under low-temperature acid hydrolysis and demonstrates how controlled access to unconven
tional CNC architectures and surface features can be exploited for rational design of cellulose-based nano
materials for advanced applications.

1. Introduction

Thanks to its unique combination of mechanical strength, renew
ability, and surface chemistry, cellulose provides a versatile platform for 
designing advanced materials. Cellulose is a linear homopolymer of 
glucose units linked via β-1,4 glycosidic linkages (Seddiqi et al., 2021). It 
is considered to be the most abundant biopolymer on Earth and can be 
extracted from sources such as higher plants, algae, and, to a lesser 
extent, from tunicates and bacteria (Habibi et al., 2010; Zhao & Li, 
2014). Cellulose is characterized by a hierarchical structure in which 
cellulose chains aggregate to form nanofibrils with alternating crystal
line and less-organized domains. The interactions between the chains 
are mainly governed by the presence of hydrogen bonds between the 

hydroxyls lying in the glucose unit ring plane, and Van der Waals in
teractions out of the ring plane. Cellulose typically occurs in two native 
crystalline forms, namely Iα and Iβ, characterized by parallel-oriented 
chains and collectively referred to as cellulose I (Salem et al., 2023; 
Sèbe et al., 2012). Another allomorph of significant scientific and in
dustrial relevance is cellulose II, which is composed of antiparallel 
glycosidic chains (Flauzino Neto et al., 2016; Sèbe et al., 2012). This 
form is thermodynamically more stable than the allomorph I and is 
typically obtained from native cellulose through irreversible processes 
called mercerization and regeneration (Hubbe et al., 2024; Sharma 
et al., 2015) Mercerization is a solid-state process, where native cellu
lose is swollen in a concentrated sodium hydroxide solution and re
crystallizes into cellulose II upon removing the swelling agent.(Meurs 
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et al., 2026) Regeneration, instead, is a process where the conversion is 
achieved by solubilization of cellulose in a solvent, followed by its 
reprecipitation in water (O"sullivan, 1997; Phanthong et al., 2018; 
Shibazaki et al., 1997). Other cellulose allomorphs (IIII, IIIII, IVI, IVII, and 
X) have been identified, but their relevance is mostly academic (Salem 
et al., 2023).

Over the last few decades, the exponential growth of nanosciences 
has brought attention to the development of nanomaterials derived from 
cellulose. This class of materials, commonly reported as nanocellulose 
(NC), is generally characterized by a high tensile modulus, a large sur
face area, and complete renewability (Amara et al., 2021; Thomas et al., 
2018). Cellulose nanofibrils (CNFs) and cellulose nanocrystals (CNCs) 
are two primary forms of NC. CNCs are commonly described as rod-like 
particles with a width typically between 3 and 50 nm and a length be
tween 100 nm and several micrometers, resulting in a form factor usu
ally falling within the 5–50 range (ISO Standard TS 23151:2021). Due to 
their low density and their impressive mechanical properties, CNCs have 
found applications in different fields, including polymer nano
composites, biodegradable food packaging, and electronics (Amara 
et al., 2021; Shojaeiarani et al., 2021). The properties and potential 
applications of CNCs are influenced by their shape and dimensions, 
which in turn strongly depend on the source of cellulose and the prep
aration method (Babaei-Ghazvini et al., 2024; Brito et al., 2012; Leong 
et al., 2022; Song et al., 2019; Yu et al., 2021). For example, crystals with 
a high aspect ratio are usually preferred for mechanical reinforcement 
thanks to their ability to form a percolated network at a low filler vol
ume fraction, while low-aspect ratio CNCs could be used to enhance gas 
barrier properties in nanocomposites (Babaei-Ghazvini et al., 2024; 
Leong et al., 2022).

In the literature, many sources of cellulose have been used for the 
preparation of CNCs, while the processing is typically an acid hydrolysis 
carried out between 45 and 65 ◦C, for up to 90 min (Chen et al., 2015; 
Leong et al., 2022; Tang et al., 2022). Sulfuric acid is the most commonly 
employed hydrolyzing agent, although other acids, such as hydrochlo
ric, oxalic, maleic, and phosphotungstic acids, have also been reported 
(Filson & Dawson-Andoh, 2009; Jia et al., 2017; Liu et al., 2014; Paw
cenis et al., 2022). Sulfuric acid selectively degrades the disorganized 
regions of cellulose nanofibrils, while preserving the crystalline do
mains. The resulting CNCs have anionic sulfate ester groups on their 
surface, ensuring their colloidal stability in aqueous media (Sarı & 
Kaynak, 2025).

The present study investigates the sulfuric acid hydrolysis of cellu
lose from different sources under room-temperature conditions. While 
the study of the morphology of CNCs produced at varying acid con
centrations has been extensively reported, room-temperature hydrolysis 
has so far received limited attention (Song et al., 2019; Wang et al., 
2012; Yu et al., 2021). Previous studies have established that the hy
drolysis severity strongly influenced the CNC yield and properties, with 
sulfuric acid concentration generally exerting a more dominant effect 
than temperature or time under conventional conditions (Chen et al., 
2015). However, hydrolysis parameters can also direct recrystallization 
pathways and crystalline polymorphism, suggesting that temperature 
suppression may promote alternative structural evolution routes.

In addition to assessing the influence of the cellulose origin, the ef
fect of a mercerization pretreatment prior to hydrolysis is examined to 
elucidate how composition, crystalline polymorphism, and 
mercerization-induced swelling jointly affect the structure of the 
resulting CNCs. Mercerization not only converts cellulose I into cellulose 
II but also increases fiber accessibility and porosity, which are expected 
to influence hydrolysis kinetics (Lin et al., 2022). Particular attention is 
devoted to the CNC morphology, analyzed by transmission electron 
microscopy (TEM), with the aim of identifying structure–processing 
relationships. Rather than benchmarking efficiency against conven
tional high-temperature protocols, this study exploits suppressed ther
mal activation as a structure-directing regime to access unconventional 
hierarchical and flake-like CNC morphologies. Although related 

nanostructures have been sporadically observed under mild hydrolysis 
conditions, a systematic investigation of how cellulose origin, merceri
zation pretreatment, and crystalline polymorphism jointly influence 
nanocrystal morphology under a room-temperature hydrolysis regime 
remains lacking. In this context, the present work explored this unusual 
strategy to access distinctive NC morphologies and provide experi
mental insights toward a deeper understanding of the formation of hi
erarchical nanostructures.

2. Materials and methods

2.1. Materials

Dried sheets of delignified and bleached hemp fibers were provided 
by OP Papírna, s.r.o. (Czech Republic). Commercial micronized (6–12 
µm) and delignified wood pulp (Technocel FM8) was provided by CFF 
GmbH & Co (Germany). Microfibrillated cellulose paste (Exilva P01V), 
derived from Norwegian spruce, was kindly provided by Borregaard 
(Norway). In the following, these materials will be referred to as hemp 
pulp (HP), microfibrillated cellulose (MFC), and micronized cellulose 
powder (MCP), respectively. H2SO4 and NaOH were purchased from 
Sigma-Aldrich. All the materials were used without further purification.

2.2. Mercerization

Native cellulose (1.5 g) was treated in 30 mL of a 20 wt% NaOH 
solution for 5 h at room temperature. The suspension was then diluted 
10 times using deionized water and was vacuum filtrated using a 0.20- 
µm cellulose nitrate membrane filter by Advantec MFS. The mercerized 
cellulose was then rinsed multiple times on the filter using deionized 
water.

2.3. CNC extraction

Cellulose (1.5 g) was treated in 90 mL of a 64 wt% solution of H2SO4 
under stirring. The extraction proceeded under stirring for 2 h at room 
temperature (25◦C). The reaction mixture was subsequently diluted 3 
times using cold distilled water and allowed to rest for 1–2 h to allow 
cellulose to sediment. The supernatant was removed, and the suspen
sion/decanting processes were repeated two more times. The CNC 
mixture was partially neutralized with NaOH until reaching pH 1 and 
dialyzed against distilled water using a 14 kDa membrane (Sigma- 
Aldrich), until the dialysis bath reached the conductivity value of 
distilled water. The resulting suspension was sonicated for 30 min at 
30% amplitude with a TS103 tip of a Bandelin Sonoplus 400 W, followed 
by filtration using a 0.65 µm cellulose ester membrane filter (Advantec 
MFS) to remove large aggregates. The extraction process was performed 
on both native and mercerized materials.

2.4. X-ray diffraction (XRD)

XRD patterns were collected on nanocellulose samples using a Mal
vern Panalytical Empyrean diffractometer equipped with CuKα radia
tion (λ = 0.15418 nm) and a PIXcel 3D solid-state detector with rapid 
readout and high dynamic range. Measurements were performed at 40 
kV and 40 mA over a 2θ range of 10–40◦, with a step size of 0.02◦. A 
Bragg–Brentano High Definition (BBHD) optic was used on the incident 
beam to improve resolution and enable more reliable quantification of 
the amorphous contribution. For comparative evaluation of crystal
linity, the crystallinity index (CI) was calculated using Segal’s method 
(Segal et al., 1959; Park et al., 2010): 

CI = 100 ×
(Icr − Iam)

Icr
(1) 

where Icr corresponds to the maximum intensity of the (200) reflection 
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for cellulose Iβ or the (110) reflection for cellulose II, and Iam represents 
the intensity associated with the amorphous fraction, taken as the 
minimum intensity between the (200) and (110) peaks of cellulose Iβ (2θ 
≈ 18◦) or between the (110) and (110) peaks of cellulose II (2θ ≈ 15◦), 
respectively (Park et al., 2010). The CI values are intended for relative 
comparison between samples.

The crystallite size was estimated using Scherrer’s equation by 
analyzing the full width at half maximum (FWHM) of selected re
flections after correction for instrumental broadening (Scherrer, 1918): 

Dhkl =
Kλ

βcosθhkl
(2) 

where Dhkl is the crystallite size perpendicular to the (hkl) planes, K is 
the shape factor (typically close to unity), λ is the X-ray radiation 
wavelength, β is the corrected FWHM (in radians), and θhkl is the Bragg 
angle.

Peak profile fitting was performed using High Score Plus software 
(Malvern Panalytical) with pseudo-Voigt functions (Kα1/Kα2 splitting) 
on background-subtracted patterns. Instrumental broadening was 
determined using LaB₆ standard powder (NIST SRM®660a, crystallite 
size within the 2–5 nm range) and subtracted from measured peak 
widths.

2.5. Electron microscopy

Native samples were analyzed by SEM. The dry powders were 
deposited on conductive carbon tape and coated with platinum using a 
Quorum Q150T ES Pt sputter coater. The specimens were observed with 
a Zeiss Supra 40 scanning electron microscope (SEM) equipped with a 
field emission (FE) gun, and operating at 3 kV, in secondary electron 
imaging mode.

In addition, CNC suspensions were characterized by TEM. Droplets of 
ca. 0.001 wt% suspensions were deposited onto freshly glow-discharged 
carbon-coated grids and negatively stained with 2 wt% uranyl acetate. 
The specimens were observed with a Jeol JEM-2100 Plus microscope 
operating at 200 kV, and images were recorded with a Gatan Rio 16 
camera. The particle size was measured from the FE-SEM and TEM 
micrographs using the ImageJ software. The average values of length, 
width, and aspect ratio were calculated after measuring 200 particles 
from each sample.

2.6. Fourier-transform infrared spectroscopy (FT-IR)

Oven-dried cellulose samples were dispersed in KBr, and their FT-IR 
spectra were collected in transmission mode using a Nicolet iS50 FT-IR 
spectrometer by Thermo Scientific, with a 4 cm− 1 resolution and a total 
of 32 scans per sample.

2.7. Dynamic light scattering (DLS) and ζ -potential

DLS analyses and ζ-potential measurement were performed on 0.01 
wt% CNC aqueous suspensions at pH 8 using a Litesizer 500 by Anton 
Paar GmbH. ζ-potential measurements were performed at pH 8, through 
the same DLS device (Litesizer 500, Anton Paar) equipped with an 
Omega Cuvette.

2.8. Sugar composition analysis

The quantification of fucose, arabinose, rhamnose, glucose, galac
tose, mannose, xylose, ribose, glucuronic acid, and galacturonic acid 
was performed on the native starting materials by anionic liquid chro
matography. The samples were previously hydrolyzed in concentrated 
sulfuric acid and then analyzed using a DIONEX ICS6000, equipped with 
a CarboPac PA1 (250 × 2 mm) column and a PAD detector. The cellu
lose, glucomannan, and xylan contents were estimated using the method 

described by Zhu & Theliander (2015).

2.9. Elemental analysis

The moles of –OSO3H groups of the CNC samples per 100 glucose 
units (n) were calculated through the method reported by Hu et al. 
(2014)), using the formula: 

n =
100 × 162.14 × S%

[32.07 − (80.06 × S%)]
(3) 

where S is the weight percentage of sulfur determined by elemental 
analysis performed with the CHNS elemental analyzer vario Macro cube 
by Elementar Analysensysteme GmbH (Germany).

3. Results and discussion

3.1. Characterization of the cellulosic starting materials

HP, MCP, and MFC were selected to establish a quantitative baseline 
for assessing the effects of source and pretreatment on the CNC prepa
ration. These materials differ in botanical origin and initial morphology, 
enabling a systematic comparison of their chemical composition, crys
tallinity, crystallite size, and fiber dimensions prior to hydrolysis. The 
quantitative sugar compositions of the native starting materials are re
ported in Table 1. All samples exhibit a total hemicellulose content 
lower than 10 wt%. HP contains both glucomannan and xylan, which 
are the main constituents of the hemicellulosic fraction in hemp, in 
agreement with previous studies (Buchert et al., 1994; Gaynor et al., 
2024). In MCP, only xylan was observed, while the presence of gluco
mannan was not detected, consistent with its origin from hardwood 
feedstock (Buchert et al., 1994; Pérez et al., 2002). In contrast, MFC from 
Norwegian spruce exhibits a higher amount of glucomannan compared 
to xylan. These values are consistent with the literature, where gluco
mannan is reported as the predominant hemicellulose component in 
softwoods (Buchert et al., 1994; Pérez et al., 2002).

Moreover, an alkali treatment (mercerization) was conducted on a 
dilute (around 1.6 wt%) suspension of pristine HP, MCP, and MFC, 
resulting in their mercerized counterparts. A schematic representation 
of the mercerization process is illustrated in Scheme 1a. The mass yields 
of the mercerized samples, calculated after drying, were 94, 92, and 90% 
for HP, MCP, and MFC, respectively. As a result, six distinct cellulosic 
materials were used as starting materials to prepare CNCs: native HP, 
MCP, and MFC, along with their mercerized forms (i.e., merc. HP, merc. 
MCP, and merc. MFC).

The morphology of both native and mercerized cellulose samples 
was characterized by FE-SEM observation (Fig. 1). In addition to qual
itative morphological differences, quantitative estimates of fiber width, 
length, and aspect ratio were obtained, providing comparative metrics 
for the different starting materials. HP fibers (Fig. 1a) exhibit a wide 
diameter distribution, ranging from tens of µm to hundreds of nm. The 
native MCP appears composed of particles (Fig. 1b) characterized by an 
average aspect ratio lower than 3 (specifically, 2.7 ± 1.0). >50% of the 
particles exhibit a length lower than 20 μm. MFC is in the form of 
interwoven micro- and nanofibrils, resulting in a film with a homoge
neous surface (Fig. 1c). All the analyzed fibrils exhibit a diameter well 
below 1 µm, with a mean value of 130 ± 90 nm.

Mercerized HP (Fig. 1d) is characterized by fibers with a width dis
tribution comparable to that of native HP. Mercerized MCP (Fig. 1e) 

Table 1 
Polysaccharide compositions of the native starting materials.

Starting material Cellulose (wt%) Glucomannan (wt%) Xylan (wt%)

HP 95.2 2.0 2.8
MCP 97.4 0 2.6
MFC 90.9 7.6 1.5
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appears similar to the corresponding native material, but with a slightly 
reduced aspect ratio (2.4 ± 1) and average length (14 ± 4 µm) of par
ticles. Mercerized MFC is shown in Fig. 1f: the sample appears less ho
mogeneous and compacted than the native material and shows the 
presence of nanofibers with nanometric width together with some 
micrometric bundles. In both mercerized and native MFC and HP sam
ples, it was not possible to estimate the average aspect ratio of the fibers 
due to their overlapping and their high length.

The crystalline structure, crystallinity index, and crystallite size, 
used here as semi-quantitative descriptors of supramolecular organiza
tion, were analyzed by XRD, and the results are reported in Fig. 2a and 
Table 2. The diffraction patterns of the native starting materials exhibit 

the four characteristic reflections of cellulose Iβ at 2θ = 15.0◦, 16.5◦, 
22.5◦, and 34.5◦ (French, 2014; Gong et al., 2017). The first three re
flections correspond to the (110), (110) and (200) crystal planes, 
respectively, while the weak signal at 34.5◦ is due to the overlapping of 
several minor higher-order reflections. Moreover, in the MCP and MFC 
profiles, a shoulder at approximately 2θ = 20.5◦, related to the (012) 
and (102) planes, is also present (French, 2014). This feature is not 
clearly visible in the HP pattern, likely due to preferred orientation ef
fects in the dried fibrous sample (French, 2014).

Following mercerization, the diffraction profiles of HP, MCP, and 
MFC exhibit the characteristic pattern of cellulose II, with reflections at 

Scheme 1. Graphical representation of cellulose mercerization (a) and of CNC extraction (b). The arrows represent the direction of the chain in the two allomorphs: 
cellulose I (parallel) and cellulose II (antiparallel).

Fig. 1. FESEM micrographs of the different starting cellulosic materials used for the preparation of CNCs: HP (a), MCP (b), MFC (c), merc. HP (d), merc. MCP (e) and 
merc. MFC (f).
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approximately 12.0◦, 20.5◦, and 22.0◦ corresponding to the (110), 
(110), and (020) crystal planes, respectively (French, 2014; Gong et al., 
2017). The disappearance of the cellulose Iβ reflections at 15–17◦ con
firms the conversion from cellulose I to cellulose II upon alkaline 
treatment. Polymorph identification was primarily based on peak posi
tions and profile evolution rather than CI values alone.

The CIs calculated from the XRD profiles using Segal’s method are 
reported in Table 2. The CI values are intended for relative comparison 
between samples rather than absolute quantification of crystalline 
fractions. Native HP, MCP, and MFC exhibit similar CIs, with values 
ranging from 84 to 89%, consistent with their cellulose Iβ structure. 
After mercerization, all samples show the emergence of cellulose II re
flections accompanied by a decrease in apparent CI values. This decrease 
in apparent crystallinity caused by mercerization has been previously 
reported and is attributed to structural rearrangement and increased 
disorder during the I-to-II polymorphic transition, particularly in highly 
crystalline substrates (Halonen et al., 2013; Haouache et al., 2022; Revol 
et al., 1986; Yue et al., 2013).

The FT-IR spectra of the native and mercerized starting materials 
(Fig. 2b) exhibit the characteristic peaks of cellulose. However, subtle 
differences in the spectra reflect variations in the crystalline structure of 
the materials. In particular, analysis of the -OH stretching band, which 
appears in any cellulosic samples between 3000 cm− 1 and 3600 cm− 1, 
reveals two weak peaks at 3490 cm− 1 and 3446 cm− 1 that are exclu
sively present in the mercerized samples. These signals are associated 
with the intramolecular hydrogen bonding of cellulose II, confirming the 
crystallographic change due to mercerization observed by XRD. 
Furthermore, the spectra of the mercerized samples do not show the 
peak at 711 cm− 1, related to cellulose Iβ, which is evident in the native 
materials, in agreement with diffraction results (Zuluaga et al., 2009). 

The decrease in the intensity of the peak at 1427 cm− 1, attributed to 
symmetric –CH2 bending, and a shift of the signal corresponding to 
C-O-C vibration of the glycosidic bond from 898 to 894 cm− 1 are also 
observed: these features have already been reported in the literature for 
mercerized materials and are attributed to conformational change from 
the tg to gt form of the CH2OH and by the different torsional angles of 
β-(1-4)-D-glycosidic bond, respectively (Dhar et al., 2015; Flauzino Neto 
et al., 2016; Han et al., 2013; Ray & Sarkar, 2001).

Although XRD and FT-IR data confirmed the conversion of cellulose I 
to cellulose II after mercerization, they did not capture the associated 
swelling-induced changes in accessibility that are known to influence 
acid hydrolysis. Consequently, polymorphic transition and increased 
accessibility are treated here as concomitant, non-separable contribu
tors to the observed behavior.

3.2. Characterization of the extracted CNCs

CNCs were extracted from both the native and mercerized starting 
materials according to Scheme 1b. Acid hydrolysis was performed with 
H2SO4 as widely reported in the literature, but operating at room tem
perature, without external heating. It should be noted that the room- 
temperature conditions adopted in this study require a higher acid-to- 
cellulose ratio and longer reaction times than conventional sulfuric 
acid hydrolysis conducted at elevated temperatures. A sulfuric acid 
concentration of 64 wt% was selected, consistent with widely adopted 
literature protocols, in order to isolate the effect of suppressed thermal 
activation without introducing acid-strength as an additional variable.

After extraction, translucent water suspensions with concentrations 
ranging from 0.7 to 1.5 wt% were obtained. The extraction mass yields, 
the sulfur content, the estimation of sulfate ester groups calculated from 
the elemental analysis, and the average ζ -potential of CNCs from native 
and mercerized starting materials are summarized in Table 3. The yields 

Fig. 2. XRD profiles (a) and FT-IR spectra (b) of the six starting materials.

Table 2 
XRD 2θmax values of cellulose I and cellulose II, crystallinity index (CI), and 
crystallite size of the six starting materials.

Sample 2θ Cellulose I I200 

(±0.05◦)
2θ Cellulose II I110 

(±0.05◦)
CI 
(%)

Crystallite size 
(Å)

HP 22.63 ​ 89 58
MCP 22.28 ​ 86 47
MFC 22.76 ​ 84 44
merc. HP ​ 20.08 23* 64
merc. 

MCP
​ 20.40 64* 58

merc. 
MFC

​ 20.20 44* 62

* Values referred only to cellulose II.

Table 3 
Mass yield of CNC extraction, sulfur content, number of –OSO3H groups per 100 
glucose units (n), and average ζ -potential of CNCs from native and mercerized 
starting materials.

Starting 
material

CNC mass 
yield (%)

Sulfur 
content (%)

n ζ-potential 
(mV)

native HP 54 0.50 2.58 -33
MCP 46 0.24 1.24 -29
MFC 45 0.69 3.53 -34

mercerized merc. HP 62 0.89 4.62 -28
merc. MCP 55 1.77 9.37 -36
merc. MFC 44 1.19 6.19 -28
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range from 44 to 62 wt% and are consistent with the data already re
ported in the literature for sulfuric acid extractions from different 
sources (Leong et al., 2022; Tang et al., 2022). The CNCs extracted from 
mercerized materials exhibited a higher sulfur content and a greater 
number of –OSO3H groups compared to their native counterparts, which 
are characterized by content values consistent with previous reports in 
literature for CNCs extracted at 35◦C (Chen et al., 2015). This behavior is 
consistent with the pronounced swelling induced by mercerization, 
which increases surface accessibility and the density of reactive sites 
(Ferro et al., 2020; Kalia et al., 2009), thereby enhancing susceptibility 
to sulfate ester grafting during acid hydrolysis (Li et al., 2024).

The colloidal stability of the CNC suspensions was evaluated by 
ζ-potential measurements (Table 3). All the samples exhibit potential 
within the range between -28 and -36 mV at pH = 8. These negative 
values confirm the introduction of anionic sulfate ester groups on the 
surface of the crystals during the extraction procedure, in agreement 
with the literature (Abitbol et al., 2013; Reid et al., 2017). The absolute 
ζ-potential values (|ζ| > 20 mV) exceed the threshold generally 
considered necessary to ensure moderate colloidal stability 
(Bhattacharjee, 2016). Consistently, the CNC suspensions did not exhibit 
flocculation or precipitation phenomena during a 6-month storage 
(Figure S1 of the Supporting Information).

The size distribution and the average hydrodynamic diameters of the 
CNCs were analyzed in aqueous suspension by DLS. A monomodal size 
distribution centered below 200 nm was observed in all the extracted 
samples (Figure S2 and Table S1), confirming the nanometric dimen
sion of the particles (Bhattacharjee, 2016; Tarrés et al., 2022).

The TEM images of the samples after hydrolysis of the six starting 
materials are compared in Fig. 3 (size distributions determined from 
TEM images, additional images, and enlarged insets of Fig. 3 are pro
vided in Figures S3 and Figure S4 of the Supporting Information). 
CNCs derived from native HP (Fig. 3a) exhibit the typical morphology of 
cellulose I nanocrystals, consisting of rod-like particles with an average 
length of 218 ± 67 nm and an average width of 18 ± 6 nm. Higher 

magnification micrographs (Fig. 3a and S2d) reveal that these CNCs are 
composed of thinner laterally-bound crystallites. Their size and 
morphology appeared consistent with the hemp-derived CNCs obtained 
using H2SO4 at higher hydrolysis temperatures, as reported in the 
literature (Bahsaine et al., 2023; Luzi et al., 2014; Najafi & Kahyaoglu, 
2024). Furthermore, a few kinked particles, with a length higher than 1 
μm and a width of a few nm, were also observed (Figure S3d). Similar 
defects have been previously reported in the literature and are probably 
caused by residual disorganized regions between crystalline domains 
(Camargos & Rezende, 2021; Leong et al., 2022). The nanocellulose 
extracted from merc. HP (Fig. 3d) exhibits shorter nanocrystals (146 ±
44 nm) with a higher average width (27 ± 10 nm) compared to those 
obtained from native HP. The lower length and aspect ratio of CNCs 
from mercerized material are consistent with the observations reported 
for CNCs extracted from native and mercerized eucalyptus cellulose 
(Flauzino Neto et al., 2016).

A markedly different morphology was observed for the CNCs 
extracted from native MCP and MFC (Fig. 3b and c). Both samples 
appeared to contain two distinct particle populations, differing in size 
and shape. The smaller population, visible at higher magnification 
(Figures S2e and S2f), consists of particles with an average length of 
about 45 nm. In contrast, the larger population exhibits average lengths 
of around 330 nm and appears as long rod-like particles decorated with 
ribbon-like surface features (Fig. 3b and c). Similar ribbon-like struc
tures were also observed as isolated entities (Figure S3e). The 
morphology of these smaller particles resembles that of the particles 
reported by Neto et al., obtained through a relatively low-temperature 
(40◦C) acid treatment and referred to as “regenerated CNCs” (Flauzino 
Neto et al., 2016). The authors showed that in these cellulose II particles, 
the short cellulose chains were indeed packed perpendicularly to the 
long axis of the ribbons, contrary to the cellulose I nanocrystals in which 
the chains were parallel to the long axis. Consequently, the width of the 
ribbon should correspond approximately to the length of the cellulose 
chains. The surface-decorating features of the CNCs are hypothesized to 

Fig. 3. TEM micrographs of negatively stained CNCs extracted from native HP (a), native MCP (b), native MFC (c), merc. HP (d), merc. MCP (e) and merc. MFC (f). 
Insets: enlarged views of some characteristic particles.
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be made of cellulose oligosaccharides that precipitated during the pu
rification process, as previously reported (Bouchard et al., 2016; Niini
vaara et al., 2021). The average width of these smaller particles is 
approximately 15 nm and is consistent with the value of 12 nm 
measured by Neto et al. for regenerated cellulose II ribbons, character
ized by a relatively low DP of 17 (Flauzino Neto et al., 2016).

For usual hydrolysis conditions (i.e., at 65◦C), a significant fraction 
of cellulose is converted into mono and oligosaccharides. Oligomers 
with a degree of polymerization (DP) lower than 6 are soluble in water 
and can be removed from CNCs during dialysis (Taylor, 1957; Niinivaara 
et al., 2021), while oligosaccharides with higher DP chains are only 
soluble in concentrated acid solutions. At lower temperatures, hydro
lysis kinetics are slower, favoring the formation of larger oligosaccha
rides that can precipitate upon dilution of the acid during purification 
and are not removed by the subsequent dialysis (Bouchard et al., 2016; 
Niinivaara et al., 2021). Although this behavior could be interpreted as 
incomplete hydrolysis when judged against conventional protocols, it 
instead reflects a distinct hydrolysis–recrystallization pathway enabled 
by suppressed thermal activation. In this kinetic regime, the persistence 
and controlled deposition of oligosaccharides become integral to 
nanostructure formation rather than an experimental artefact, leading to 
hierarchical, surface-decorated CNCs instead of neat nanocrystals. Such 
oligosaccharide-coated CNCs have been shown to exhibit modified 
physicochemical properties, including altered surface chemistry and 
charge density, reduced water adsorption capacity, and lower viscosity, 
and have been proposed as a viable surface modification strategy rather 
than a limitation (Bouchard et al., 2016; Niinivaara et al., 2021). 
Therefore, the controlled deposition of oligosaccharides represents a 
promising surface modification method with the potential of becoming 
an industrially relevant process, and the hierarchical and 
surface-decorated CNCs observed in the present study should be regar
ded as structurally distinct nanomaterials generated through a specific 
kinetic regime.

The presence of two populations of particles was also observed for 
CNCs extracted from mercerized MCP (Fig. 3e). In this case, however, 
the smaller population appears to consist of aggregates formed by 
randomly oriented fragments, rather than small ribbon-like structures as 
described above for native MCP and MFC.

The CNCs obtained from mercerized MFC (Fig. 3f) exhibit only one 
population of particles, having an average length smaller than that of the 
corresponding non-mercerized sample (115 ± 47 nm). These particles 
have an unusual flake-like shape, distinctly different from the typical 
rod-like shape of CNCs and appear to be composed of irregularly 
aggregated smaller fragments. To the best of our knowledge, CNCs 
exhibiting such flake-like morphologies obtained directly by sulfuric 
acid hydrolysis, without post-treatment steps, have not been previously 
reported. Although similar compact cellulose II nanocrystals were ob
tained via oxalic acid hydrolysis of microfibrillated dissolving pulp, the 
present results indicate that this morphology is not solely dictated by 
acid chemistry. Suppressed thermal activation under sulfuric acid con
ditions can likewise promote distinct fragmentation–reassembly path
ways and polymorphic transitions (Jia et al., 2017).

The relatively narrow size distribution and reproducible morphology 
of the CNCs from mercerized MFC indicate that they are not the result of 
random aggregation during drying or sample preparation. Instead, their 
formation is attributed to a distinct fragmentation–reassembly pathway 
activated under the combined effects of low crystallinity, mercerization- 
induced swelling, and suppressed hydrolysis kinetics. Under these con
ditions, fragmentation and reassembly pathways distinct from those 
operating under conventional hydrolysis conditions are promoted, and 
partial depolymerization and limited recrystallization appear to favor 
the formation of compact, plate-like assemblies rather than elongated 
rod-like nanocrystals.

It is important to notice that native MFC and MCC yielded particles 
with analogous morphologies, whereas their mercerized counterpart did 
not. This behavior may be attributed to the combined effects of 

mercerization-induced swelling and cellulose II formation, which 
together increase acid accessibility and modify hydrolysis and recrys
tallization pathways. In particular, the lower crystallinity of mercerized 
MFC (Table 2) likely enhanced its susceptibility to the concentrated acid 
environment, promoting more extensive fragmentation.

Although the hybrid CNCs obtained from native MCP and MFC and 
flake-like CNCs obtained from mercerized MFC differ in morphology, 
both are proposed to originate from a related kinetic regime charac
terized by slow hydrolysis and the persistence of intermediate cellulose 
fragments. In the former case, higher-crystallinity substrates would 
favor partial preservation of rod-like cores decorated by recrystallized 
oligosaccharides, whereas in the latter case, lower crystallinity and 
higher accessibility favor more extensive fragmentation and reassembly 
into compact flake-like structures.

Although negative staining may potentially introduce imaging arti
facts, the observed morphologies were consistently reproduced across 
multiple independently prepared samples and grids, indicating that 
these structural features are intrinsic to the material rather than artifacts 
arising from staining or drying.

The average particle dimensions determined by TEM micrographs 
for all six investigated samples are reported in Table S2. Differences 
between TEM-derived size distributions and dimensions and DLS results 
(Table S1) arise from intrinsic limitations of DLS, which cannot distin
guish individual particles from aggregates and is dominated by larger 
scattering species, while also assuming spherical particle geometry 
(Bellmann et al., 2019). The comparatively narrow size distribution 
observed for flake-like CNCs further supports a kinetically controlled 
formation mechanism, as random aggregation would be expected to 
yield broader, poorly reproducible size distributions.

The crystalline structure of the extracted CNCs was analyzed by XRD, 
and the corresponding diffraction profiles are reported in Fig. 4a. The 
XRD analysis revealed several differences in the crystalline forms of 
CNCs extracted from the native starting materials. The HP CNCs pre
served the same crystalline form of hemp pulp, exhibiting the charac
teristic pattern of cellulose Iβ. The diffraction profiles of CNCs extracted 
from MCP and MFC showed, instead, diffraction patterns predominantly 
associated with cellulose II, with weak residual reflections in the 2θ 
range between 15 and 17◦, indicating the presence of remaining cellu
lose Iβ domains. These features suggest that partial conversion from 
cellulose I to cellulose II occurred during acid hydrolysis. The formation 
of cellulose II nanocrystals from non-mercerized starting materials has 
been previously reported and attributed to dissolution-recrystallization 
phenomena during processing (Flauzino Neto et al., 2016; Haafiz 
et al., 2014; Sèbe et al., 2012; Xing et al., 2018). In the present case, this 
behavior is likely promoted by the low hydrolysis temperature, which, 
as previously described, promotes the formation and solubilization of 
large oligosaccharides (DP > 6) that can recrystallize into the more 
thermodynamically stable cellulose II form during dilution and purifi
cation (Flauzino Neto et al., 2016; Hattori et al., 2012). As expected, all 
the CNCs extracted from mercerized cellulose substrates exhibited 
diffraction profiles characteristic of cellulose II (Fig. 4a). However, the 
CNCs derived from mercerized HP show comparatively lower relative 
intensities of cellulose II reflections. This is likely attributable to 
preferred orientation (texture) effects arising from particle morphology 
and film deposition during sample preparation. Therefore, the reduced 
peak intensity can be interpreted as an orientation effect rather than a 
decrease in crystallinity.

The CI values of the extracted CNCs are reported in Table 5. Acid 
hydrolysis resulted in an increase in apparent CI for HP, merc. HP, and 
merc. MFC, whereas no significant change was observed for mercerized 
MCP. Preferential degradation of amorphous regions during hydrolysis 
is expected to increase apparent crystallinity. Conversely, severe hy
drolysis conditions may induce partial disruption of crystalline domains, 
limiting CI enhancement (Chanthathamrongsiri et al., 2021). Thus, the 
variations observed among samples likely reflect differences in substrate 
sensitivity to hydrolysis conditions (Leong et al., 2022), as well as 
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potential texture effects influencing diffracted intensity.
The FT-IR spectra of the extracted CNCs are shown in Fig. 4b. As 

previously discussed, the -OH stretching band of CNCs derived from 

mercerized materials displays the two characteristic peaks at 3490 and 
3446 cm− 1, related to cellulose II. Moreover, all spectra, except the one 
of CNCs from native HP, show a decrease of the intensity of the peak at 
1427 cm− 1 and the disappearance of the signal at 711 cm− 1. In contrast, 
CNCs from native HP still show the signal at 711 cm− 1, with no evidence 
of cellulose II (vibrational bands at 3490 cm− 1 and at 3446 cm− 1), 
confirming the absence of crystallographic conversion from form I to 
form II, in agreement with the XRD results.

A schematic representation of the obtained nanoparticles is shown in 
Scheme 2, where the different morphologies are reported along with 
their respective cellulose sources and crystalline structures.

4. Conclusions

This study demonstrates that CNCs can be successfully produced by 
acid hydrolysis performed at room temperature, using cellulose from 

Fig. 4. XRD diffraction profiles (a) and FT-IR spectra (b) of CNCs extracted from native HP, native MCP, native MFC, and merc. HP, merc. MCP and merc. MFC.

Table 5 
XRD 2θmax values of cellulose I and II, degree of crystallinity (CI), and crystallite 
size of CNCs.

Starting 
material

2θ Cellulose I 
I200 (±0.05◦)

2θ Cellulose II 
I110 (±0.05◦)

CI 
(%)

Crystallite 
size (Å)

HP 22.71 ​ 91 57
MCP 22.15 20.21 61* 42
MFC 22.26 20.23 64* 44
merc. HP ​ 20.01 32* 72
merc. MCP ​ 20.05 64* 79
merc. MFC ​ 20.05 66* 88

* Values referred only to cellulose II.

Scheme 2. Graphical representation of the morphologies and crystalline structures obtained in this work from the different native and mercerized sources.
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different sources (i.e., HP, MCP, and MFC), in both native and mercer
ized forms. Interestingly, the process yielded CNCs characterized by 
relevant differences in size, shape, and crystalline structure, depending 
on the cellulose source and pretreatment. Hydrolysis of native hemp 
pulp produced nanocrystals characterized by the typical rod-like shape 
and the structure of cellulose I, while mercerized hemp pulp yielded 
similar morphologies in the cellulose II form. In contrast, nanocelluloses 
extracted from native MFC and MCP appeared to consist of a mixture of 
cellulose I and cellulose II nanoparticles, even if the materials were not 
subjected to the alkaline environment of mercerization. Based on com
parison with the existing literature, the presence of cellulose II form in 
these samples may be attributed to the recrystallization of water- 
insoluble oligosaccharides during the purification process. CNCs 
extracted from mercerized MCP exhibited the coexistence of two cellu
lose II populations, while mercerized MFC produced predominantly 
flake-like nanoparticles.

Beyond conventional rod-like CNCs, room-temperature hydrolysis 
enabled access to unconventional nanostructures, including hierarchi
cal, surface-decorated CNCs and compact flake-like particles. The hier
archical structures consist of particles decorated with smaller surface 
features, likely composed of cellulose II crystallites originating from 
precipitated cello-oligosaccharides, while the flake-like CNCs are 
interpreted as the result of a distinct fragmentation–reassembly pathway 
promoted by low crystallinity, mercerization-induced swelling, and 
suppressed hydrolysis kinetics. Importantly, the emergence of these 
morphologies reflects a controlled kinetic regime rather than incomplete 
or unsuccessful hydrolysis.

Overall, the results confirm the initial hypothesis that the interplay 
between cellulose source, mercerization pretreatment, and hydrolysis 
conditions dictates the crystalline structure and morphology of CNCs. By 
suppressing thermal activation, low-temperature acid hydrolysis func
tions as a structure-directing experimental framework that provides 
access to non-classical CNC architectures and offers mechanistic insight 
into cellulose depolymerization, recrystallization, and nanostructure 
assembly. By enabling the production of CNCs with tailored architec
ture, surface composition, and associated physicochemical properties, 
this approach opens new opportunities for the rational design of 
cellulose-based nanomaterials in advanced applications such as nano
composites, coatings, and biomedical systems.
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