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ABSTRACT

Due to the increasing interest on lignocellulosic nanomaterials, alternative raw materials to wood sources have
been explored. In this sense, annual plants can represent an important source of lignocellulose which may be
used for cellulose nanofibers (CNFs) production. The present work aims at highlighting the virtues of three
different non-woody resources (jute, sisal and hemp) as raw material for the production of TEMPO-mediated
oxidized CNFs. The fibrillation stage was carried out by means of high-pressure homogenization (HPH),
sequencing the process to obtain the initial, intermediate and final characteristics. Interestingly, it was found that
while wood-based TEMPO-mediated oxidized CNFs lead highly fibrillated structures and thick gels, the obtained
CNFs in this work exhibited a structure similar to cellulose nanocrystals (CNCs), particularly at high oxidation
degrees, as rod-like morphologies were observed. Nonetheless, differences were observed between the selected
raw materials, which was attributed to the differences on their relative recalcitrance. In addition, the rheological
evaluation indicated that hemp CNFs tended to a Newtonian behavior, as flow behavior index tended to 1,
leading to suspensions radically different to those obtained from wood sources. Further, the rheological behavior
of the obtained nanocellulose suspensions has been found to correlate with the 2D fractal dimension of the
nanostructured cellulose. Overall, the present work shows the feasibility of using non-woody plants as raw
material for nanostructured cellulose production, with interesting characteristics unconceivable with wood

resources.

1. Introduction

Lignocellulose, the most abundant bio-based material, is constituted
by cellulose, hemicellulose, and lignin, which acts as a binder of cellu-
lose and hemicellulose and provides dimensional stability to lignocel-
lulosic fibers (Ebringerova and Heinze, 2000; Morales et al., 2014; Boufi
et al., 2016; Song et al., 2016). Traditionally, lignocellulose has been
extracted from wood and plants for several applications, including
papermaking, fiberboards, natural fiber reinforced composites, biofuels,
and additives for many other value-added sectors (Torres et al., 2012; De
France et al., 2017; Blanco et al., 2018; Dominguez-Robles et al., 2018;
Oliver-Ortega et al., 2019; Trakulvichean et al., 2019). This extraction
process is usually performed by means of single-step or multi-step
treatments, having as main objective the softening and removal of
part of the lignin and other unwanted compounds, which promote the
release of individualized fibers. Some examples of processes for
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lignocellulose extraction can be found in the literature, and usually
consist of mechanical, thermal, chemical, or enzymatic treatments
(Sjostrom and Westermark, 1999; Sundholm, 1999; Ek et al., 2017; Lin
et al., 2018; Pirich et al., 2020).

Due to the increasing interest on lignocellulosic materials, and the
desire of maintaining this sector as sustainable as possible, alternative
raw materials have been widely explored, particularly those coming
from non-woody plants as jute, sisal, cotton, flax or hemp (Sridach,
2010; Hubbe, 2014; Gontard et al., 2018; Abd El-Sayed et al., 2020). As
in the case of wood, non-wood plants contain the same components, but
their content and physicochemical characteristics (i.e. fibril length, fibril
width, microfiber angle, lumen diameter, cell wall thickness, crystal-
linity) are different (Luduena et al., 2013). Compared to wood,
non-wood plants have generally lower lignin contents (Marques et al.,
2010; Tarreés et al., 2017c), shorter growing cycles with moderate irri-
gation requirements, annual crops and a high annual yield of cellulose.
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These characteristics made these raw materials very interesting to be
used as raw material to produce nanosized fibers.

Out of these fibers, jute fiber is one of the major under-utilized
agricultural raw materials with a cellulose content around 70 %. It
grows in hot and humid climates of the equatorial, tropical and the sub-
tropical zones and is a fast-growing annual plant (it reaches about 2.5-3
m in height within 4-6 months) whose fibers are extracted from the
ribbon of the stem (Ramamoorthy et al., 2015; Saleem et al., 2020).
They are easily available in fabric and fiber forms with good mechanical
and thermal properties. Jute has wood-like characteristics, as it is a bast
fiber with a high aspect ratio, high strength to weight ratio and good
insulation properties (Gon et al., 2013). Due to its heterogeneity and
crystallinity, however, direct utilization of the biomass is extremely low.

Other non-wood plant easily cultivated, mainly in Brazil and East
Africa, with a significant amount of cellulose is sisal, one of the most
widely used natural fibers (Sharma and Chaudhary, 2020). Sisal has
short renewal times and grows wild in the hedges of fields and railway
tracks. These fibers have many advantages, such as high tenacity and
tensile strength, as well as resistance to abrasion, acid, alkali, sea water,
corrosion, and so on (Rohit and Dixit, 2016).

Another notable bast fiber crop is hemp, one of the fastest growing
plants cultivated in a temperate climate (Ramamoorthy et al., 2015).
Hemp is known to provide an excellent mechanical strength and young’s
modulus, with a cellulose content around 55-72 % and low lignin
content under 5 % (Alila et al., 2013; Rohit and Dixit, 2016).

The variation in non-wood plants is clearly illustrated in terms of
length, microfibril angle, amount of non-cellulosic residues and quality.
Therefore, the isolation of nanosized fibers from different lignocellulosic
biomass sources is relevant in order to efficiently compare and exploit
these resources (Siqueira et al., 2010; Deepa et al., 2011; Alila et al.,
2013).

These nanosized cellulose-based materials are generally known as
nanocellulose (NC), and two main top-down structures have been re-
ported to the date: cellulose nanofibers (CNFs) and cellulose nano-
crystals (CNCs) (Habibi et al., 2010; Dufresne, 2018). CNFs are
nanosized fibers containing both amorphous and crystalline regions,
leading to strong but flexible structures, which provide high dimen-
sional stability in the form of stable entangled 3D-structured networks.
Depending on the treatment intensity, CNF suspensions may also
contain microsized fibers, being microfibrillated cellulose (MFC) a
common term to refer to suspensions containing both micro and nano-
sized fibers. On the other hand, CNCs are extracted from fibers after an
almost complete dissolution of the amorphous cellulose fractions, by
means of either enzymatic or acid hydrolysis. The resulting rod-like
structures also exhibit nanosized diameters and high surface area, but
their ability to form stable 3D-structured networks is limited and some
crosslinking agents may be used for nanocellulose-based aerogels and
hydrogels (Bondeson et al., 2006; Isogai et al., 2011; Nascimento et al.,
2016; De France et al., 2017; Campano et al., 2021). This lower stability
of the 3D structures may be attributed to the low entanglement capacity
of CNCs, although percolation has been already proved for such nano-
sized cellulose-based materials when embedded in polymer matrices
(Favier et al., 1997). Although plants are the major contributor of cel-
lulose, NC can be also obtained by means of bottom-up approaches, as is
the case of bacterial cellulose (BC). This kind of NC is completely
different to CNFs and CNCs, as it is grown from bacteria (Iguchi et al.,
2000).

CNF production encompasses fibrillation processes for fiber indi-
vidualization, including microfluidization, high-pressure homogeniza-
tion or grinding (Abdul Khalil et al., 2014). However, these techniques
are usually energy consuming and fibers need to be previously treated,
which facilitates the individualization process, as they enhance fiber
swelling, and provide functional groups at the CNFs surface (Isogai
et al., 2011; Spence et al., 2011; Rodionova et al., 2013; Kekaldinen
etal., 2014). Among the different pretreatments, there are few that have
gained relevance among the scientific community, such as enzymatic
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hydrolysis (Henriksson et al., 2007; Paakko et al., 2007; Tarrés et al.,
2016b), TEMPO-mediated oxidation (Saito et al., 2007; Fujisawa et al.,
2011), or carboxymethylation (Duker et al., 2008; Ankerfors et al.,
2013). One of the most widely used chemical pretreatments in the
production of CNFs is TEMPO-mediated oxidation. This pretreatment is
based on the regioselective oxidation of C6 primary hydroxyl of the
cellulose chain (Sun et al., 2005; Sbiai et al., 2011). The introduction of
this negatively charged group into the fibrils generates electrostatic
repulsion forces that promote bundles’ separation. In this sense, an in-
crease in the degree of oxidation, which means a higher carboxyl con-
tent, allows reaching a higher degree of nanofibrillation at a certain
applied energy during fibrillation.

The influence of the carboxyl group content and the mechanical
treatments on the properties of the resulting nanofibers has been a topic
of great interest, although wood fibers have been typically used (Besbes
et al., 2011; Serra et al., 2017). However, there are few studies dealing
with the production of TEMPO-oxidized CNFs from annual plants (Cao
etal., 2013; Puangsin et al., 2013; Pennells et al., 2020). As stated above,
annual plants usually exhibit low lignin contents compared to wood
(Marques et al., 2014; Chokshi et al., 2020). The removal of lignin is
strongly recommended prior to TEMPO-mediated oxidation in order to
prevent undesired side-reactions, making low-lignin content sources
interesting for such kind of processes (Wen et al., 2019; Jiang et al.,
2020). Indeed, delignification processes can be conducted at lower in-
tensities, preventing structural and irreversible damages to the fibers
and, in addition, the structural differences between annual plants and
wood, particularly in terms of crystallinity, may confer the resulting
CNFs of interesting characteristics, such as lower viscosity or higher
crystallinity.

In the present study, commercial bleached jute, sisal, and hemp pulps
were subjected to TEMPO-mediated oxidation at different oxidation
degrees. The effects of oxidation were evaluated in terms of carboxylic
groups formed, as well as morphological changes. Besides, the oxidized
fibers were subjected to increasing high-pressure homogenization se-
quences (pressure and cycles), aiming at determining intermediate and
final CNF characteristics. The present work provides important infor-
mation to determine the influence of the chemical composition and
morphology of the fibers on the changes that they are subjected at
TEMPO-mediated oxidation and the subsequent nanofibrillation pro-
cess, as well as the resulting characteristics of the obtained nano-
structures, which may be categorized as CNFs or CNCs. For the first time,
the correlation between 2D fractal dimension, morphological charac-
teristics, treatment conditions, rheological behavior and CNF/CNCs
characteristics (i.e. surface area, cationic demand) are tackled jointly
and comprehensively analyzed. Further, the differences on the resulting
nanocellulose characteristics are linked to the chemical and structural
characteristics of the starting fibers, which have been reported to in-
fluence the relative recalcitrance of biomass. The present work brings to
the light great opportunities of annual plants as raw material for CNF
and CNC production by means of a common process (TEMPO-mediated
oxidation), adding versatility to a plausible industrial scale production
with no need of two separate production lines for CNFs and CNCs, as
morphology and structural characteristics could be tailored by means of
adjusting oxidation and fibrillation conditions.

2. Experimental section
2.1. Materials

Bleached jute, sisal, and hemp pulps were kindly provided by Celesa
(Spain) and used as raw material of CNFs. The chemical reagents
involved in TEMPO-mediated oxidation, as well as those used for the
characterization of fibers and nanofibers, were obtained from Merck
(Spain). All reagents were used without further purification.
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2.2. TEMPO-mediated oxidation

TEMPO-mediated oxidation was carried out at pH 10 according to
the widely reported and previously used method (Saito et al., 2007).
Two levels of oxidation were selected as function of the oxidizer amount
(OA): 5 and 15 mmol/g. Further details of the method can be found in
the literature (Fujisawa et al., 2011; Serra et al., 2017). The reaction was
stopped by means of intense washing of the fibers, followed by filtration
until neutral pH was achieved. The oxidized fibers were kept at 4 °C in
hermetic plastic bags for further processing and characterization.

2.3. High-pressure homogenization of oxidized fibers

The fibrillation process of the TEMPO-mediated oxidized fibers was
conducted at 1 wt% consistency by means of high-pressure homogeni-
zation (HPH) in a laboratory scale high-pressure homogenizer NS1001 1
PANDA 2K-GEA (GEA Niro Soavy, Italy). With the purpose of moni-
toring the fibrillation process, an incremental sequence was designed,
taking samples at five different stages of the HPH process (Table 1).

2.4. Characterization of the neat and TEMPO-oxidized jute, sisal and
hemp fibers

Untreated and TEMPO-mediated oxidized fibers were characterized
in terms of morphology and carboxyl content. Further, the chemical
composition and the crystallinity index of untreated fibers were
determined.

Klason and soluble lignin, cellulose and hemicellulose contents were
measured in the raw materials. Although the extractives content is not
reported in the manuscript, the extractive-free samples are required for
determining the rest of the constituents. Extractives were removed from
the samples by Soxhlet extraction according to TAPPI T204. Total lignin,
hemicellulose and cellulose of raw materials were obtained following
NREL/TP-510-42618. Tests were performed in triplicate.

Crystallinity index (CrI) was obtained by X-ray diffraction (XRD)
spectra. A Philips X’Pert MPD X-Ray diffractometer was used with an
auto-divergent slit fitted with a graphite monocromator, Cu-Ka radia-
tion and operated at 45 kV and 40 mA. XRD patterns were recorded in a
range from 3 to 80° at a scanning speed of 1.5 °/min. Segal’s method was
used to determine CrlI (Segal et al., 1959). Three scans per sample were
performed.

Carboxyl content of the fibers, both untreated and TEMPO-mediated
oxidized, was calculated by conductimetric titration, as reported else-
where (Serra et al., 2017). This parameter was used as indicative of the
oxidation degree. Carboxyl content was determined in triplicate.

The morphology of the jute, sisal and hemp fibers, both untreated
and TEMPO-mediated oxidized, was assessed in a MorFi Compact
Analyzer (TechPap, France) equipped with a CCD video camera and the
software MorFi v9.2. The morphology was determined over four diluted
fiber samples per material. Further, samples were observed by optical
microscopy (OM) using a Zeiss Axio Lab.A1 optical microscope under x5
magnification.

2.5. Characterization of CNFs
Cationic demand (CD) was determined by means of back titration in

Table 1
Designed HPH sequence.

HPH sequence 300 bar (cycles) 600 bar (cycles) 900 bar (cycles)

3-0-0 3 0 0
3-1-0 3 1 0
3-3-0 3 3 0
3-3-1 3 3 1
3-3-3 3 3 3
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a particle charge detector (Miitek PCD 04, BTG), as it has been exten-
sively reported in previous works (Tarrés et al., 2016a; Serra-Parareda
et al., 2021). PolyDADMAC with a molecular weight (Mw) of 107 kDa
was selected in order to avoid polymer penetration into the CNF struc-
ture (Zhang et al., 2016).

The nanofibrillation yield was determined by centrifuging a diluted
CNF suspension (0.2 wt%). The nanofibrillated fraction, contained in the
supernatant, was isolated from the non-nanofibrillated, which was
assumed to get retained in the sediment. The recovered sediment was
oven-dried until constant weight and referred to the initial dry mass,
obtaining the non-nanofibrillated fraction. The nanofibrillated fraction
was calculated by difference.

Transmittance of CNF suspensions was measured by means of spec-
trophotometry using distilled water as background. The consistency of
the CNF gels was set at 0.1 wt% and the wavelength, between 400 and
800 nm. The equipment was a UV-vis Shimadzu spectrophotometer UV-
160A.

The morphology of the obtained nanofibers was analyzed by trans-
mission electron microscopy (TEM) performed at the Centro Nacional de
Microscopia Electrénica (Madrid, Spain) with a JEM 1400 microscope
from JEOL (Tokyo, Japan) and sample was prepared according to a
previously reported procedure (Campano et al., 2020). Projected fractal
dimension (D3) was measured on the TEM images. The acquired images
were processed and analyzed through the Fiji distribution of ImageJ
1.53k15. Images were firstly edited to achieve a good definition and
high contrast of CNF borders. They were first converted into 8-bit im-
ages and then submitted to a bandpass filter and background subtraction
to minimize the effect of impurities and irregularities in the images.
They were, then, binarized through an auto threshold and corrected
with a Close filter (Campano et al., 2021). Elements in the images were
selected individually and copied into a separate file. The fractal analysis
was performed with the Fractal Box Count plugin. To reduce processing
times, this procedure was automatized through a script.

The gel point methodology based on the sedimentation of the fibers
was used to determine the aspect ratio of the nanofibers (Varanasi et al.,
2013). On this occasion, a new simplified method was used based on
replacing the derivative at the origin of the curve initial concentration
(@,) versus the ratio between the height of the sediment (H) and the
initial height of the suspension (H,), by an increment between an initial
concentration @,(i) and a theoretical concentration of zero, @,(0).
Therefore, the derivative initially proposed by the gel point method can
be approximated to the quotient between the difference in concentra-
tions and the variation in the height ratio. Where, both @, (0) and
(Hs/H, (0)) are considered to be zero.

Gel Point — | 420 | o @o) =@0(0)  _ @0(i) .

1) o) o)

Sample preparation for gel point determination was performed with
a CNF suspension between 0.1 and 0.3 %w/w with deionized water that
was shaken for 10 min. The selection of the initial concentration was
made to obtain a sediment height around 4-12 % of the total height. 200
ul of 0.1 wt% crystal violet was added during shaking to favor visuali-
zation of the sediment (Sanchez-Salvador et al., 2020). Then, 250 mL of
the suspension was allowed to stand in a graduated cylinder until the
sediment reached a stable value indicating complete deposition of the
fibers. The values obtained from the gel point study were related to the
aspect ratio (Varanasi et al., 2013). For this purpose, a fiber density of
1500 kg/m3 was assumed and the crowding number theory was used
(Martinez et al., 2001):

(2)

Gel Point\ *°
A i0=6.0%| ————
spect ratio *< 1000 >

The shear-thinning behavior of the CNF suspensions was determined



F. Serra-Parareda et al.

by means of a PCE-RVI 2 V1L rotational viscosimeter (PCE Instruments,
Germany) equipped with the L3 spindle and rotating from 0.3-200 rpm.
The shear rate was varied from 0.21-141.24 s—! and apparent viscosity
was recorded (n). Conditions related to spindle shape, dimensions,
vessel and rotational speed were considered, obtaining a ratio between
the diameter of the vessel and the spindle of 1.2 (Filipova et al., 2020).
Apparent viscosity values were plotted as function of the shear rate and
fitted to the Ostwald de Waele relationship (Eq. 3) (Lasseuguette et al.,
2008).

n=Ky"' 3)

where K is the viscosity coefficient (consistency factor) and n is the flow
behavior index, which are calculated from the exponential regression
(Loranger et al., 2012).

All tests were carried out with five samples of each material. The
reported results in the next section are the average of these five test runs.

3. Results and discussion
3.1. Effects of TEMPO-mediated oxidation

Due to the reaction mechanism of TEMPO-mediated oxidation, the
carboxyl groups concentration on oxidized fibers serves as useful indi-
cator of their oxidation degree. Table 2 shows the obtained carboxyl
content (CC) as function of the oxidizer amount (OA), namely NaClO per
gram of fiber, for the three tested pulps.

Neat jute, sisal, and hemp fibers exhibited a similar CC, ranging
between 42 and 54 peq/g. These values are similar to those of other
bleached wood fibers such as eucalyptus or spruce, with values below 60
peq/g (Besbes et al., 2011; Oliaei et al., 2020). According to the reaction
mechanism of TEMPO-mediated oxidation, one mol of the primary
hydroxymethyl group in carbon 6 of the cellulose chain is converted to
one mol of C6 carboxylate group, through an intermediate reaction
leading to the formation of C6 aldehyde with a consumption of 2 mol of
NaClO (Saito et al., 2007). As expected, at increasing OA, the CC was
enhanced, reaching values near to 800 and 1400 peq/g for NaClO ad-
ditions of 5 and 15 mmol/g, respectively, and regardless the fiber origin.
The obtained CC was of the same order of magnitude than in the case of
bleached wood fibers, where values around 800 and 1500 peq/g for 5
and 15 mmol/g of NaClO, respectively, have been reported (Tarrés et al.,
2017a). This equivalence between bleached wood fibers and the ones
from the present study comes from the similarities on chemical com-
positions. Although cellulose and hemicellulose contents may differ
from each other, none of them contained lignin or its presence was re-
sidual. Indeed, lignin has been reported to limit the conversion of hy-
droxyl groups from CH;OH to carboxyl during TEMPO-mediated
oxidation, which clearly affects the reaction yield and performance
(Jiang et al., 2020).

TEMPO-mediated oxidation has been also reported to have a direct
impact on fiber morphology (Osong et al., 2016). Indeed, this oxidative
treatment is intended to incorporate more voluminous groups (COO-)
that may impart repulsive forces to deconstruct the hierarchical struc-
ture of cellulose, while increasing fiber swelling and promoting the
release of micro/nanofibrils, as well as decrease fiber length to promote
their pass through the pressure chambers of high-pressure homogenizers

Table 2
Evolution of carboxyl content with the oxidizer amount for jute, sisal and hemp
fibers.

CC (peq/g)
OA (mmol/g) Jute Sisal Hemp
0 47 £ 2 42 +3 54 +3
5 785 + 12 790 + 19 803 + 21
15 1483 + 67 1371 + 43 1363 + 58
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(Saito and Isogai, 2004; Isogai et al., 2011; Levanic et al., 2020). Table 3
shows the morphological characteristics of the neat and
TEMPO-mediated oxidized jute, sisal and hemp fibers, prior to the HPH
process.

Regardless the fiber source, arithmetic length was strongly shortened
at oxidation rates of 5 mmol/g NaClO, resulting in a reduction of about
60 %, which was further decreased at 15 mmol/g of OA. Extension of
NaClO consumption to 15 mmol/g only resulted in approximately 10 %
more reduction in arithmetic length with regard to the initial fiber
length. As expected, this effect was also observed in the length weighted
in length. However, the impact of OA on the fines content was more
pronounced, as it increased by 50 and 75 % for 5 and 15 mmol/g of OA,
respectively. As detailed in the previous section, the calculation of the
arithmetical length and the length weighted in length do not consider
the fines morphology, as they are directly classified as fibers shorter than
75 pm. This notable increase on the fines content clearly indicate that
fibers oxidized at 15 mmol/g are much shorter than those oxidized at 5
mmol/g, and that the obtained values of 1, and 1&,‘, must be contextualized
with the rest of the morphological parameters. This fiber shortening
clearly indicate a remarkable depolymerization of the cellulose chains,
in turn caused by the removal of part of the hemicellulose, amorphous
cellulose, and residual lignin (Okita et al., 2009; Shinoda et al., 2012).
The reduction on fiber diameter is attributed to enhancement of their
surface charge due to the introduction of voluminous and negatively
charged COO™ groups, which generates strong repulsive forces that may
increase fiber swelling and, thus, the release of micro/nanofibrils (Isogai
etal., 2011; Levanic et al., 2020). This reduction occurs progressively in
the case of sisal, while in the case of Hemp fibers at 5 mmol/g of OA it is
more pronounced. On the contrary, in the case of Jute fibers, the most
pronounced reduction in diameter is experienced when OA is increased
from 5 to 15 mmol/g. Indeed, TEMPO-mediated oxidation has been
already reported to have different effect on fiber morphology depending
on the recalcitrance of the fiber source. Recalcitrance, an emerging
property of the molecular and structural complexity of the plant cell
walls, can be generally described as those features of biomass that in-
crease energy requirements for bundles fibrillation (McCann and Car-
pita, 2015). Pinto et al. (2019) already observed that recalcitrance had a
notable effect on the resulting morphology of TEMPO-oxidized fibers, as
notable significant differences were observed between eucalyptus and
sugarcane bagasse.

The morphological changes were further assessed by means of

Table 3
Morphological characteristics of neat and TEMPO-mediated oxidized jute, sisal
and hemp fibers.

Fiber OA la 1, d (um)  Coarseness F 1L/d
source (mmol/ (um) (pm) (mg/m) (%)
g)
Jute 566 870+ 246+  0.249 + 2% 4,
£3 7 0.7 0.005 +1 -
. 449 955+ 216+ 0353+ 22
Sisal 0 +£37 31 0.6 0.062 1o M2
551 1007 254+ 0370 + 28
Hemp £5  +£25 04 0.006 1o 396
213 205+ 238+  0.056 + 50
Jute £5 7 0.3 0.013 5 124
) 185 270+ 199+  0.098 + 46
Sisal 5 +1 1 0.2 0.006 i1 136
226 396+ 215+ 0147 + 46
Hemp £5 15 0.8 0.033 s 184
174 241+ 171+  0.050 + 78
Jute £5 9 0.2 0.010 16 14
) 178 266+ 189+  0.036 + 76
Sisal 15 t6 32 0.6 0.006 16
192 304+ 191+ 0075+ 72
Hemp £2 4 0.4 0.013 +g 159

la: arithmetical length; lwl: length weighted in length; d: diameter; f: fines
content.
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optical microscopy (Fig. 1), where a significant reduction on fiber length
and diameter can be observed, as well as the increase on surface fibril-
lation. This surface fibrillation is supported by the coarseness values
from Table 3. The oxidation of sisal fibers, which exhibited an initial
coarseness of 0.353 mg/m, was reduced to 0.098 and 0.036 mg/m for 5
and 15 mmol/g of OA, respectively. This pattern was repeated in the
case of jute and hemp fibers, where reductions of about the 80 % of the
linear mass were observed for a 15 mmol/g NaClO addition. These re-
sults could indicate that at least a fraction of the cellulose fibers have
been individualized into nanofibrils after extensive TEMPO-mediated
oxidation pretreatment. The partial self-release or self-fibrillation of
the nanofibrils during TEMPO-mediated oxidation is possible, when the
surface charge is sufficient, which occurs at high oxidation rates
(Sjostedt et al., 2015; Gorur et al., 2020). As stated above, recalcitrance
of the material may be determinant on the resulting morphology of the
oxidized fibers at a certain oxidation level. Indeed, at moderate oxida-
tion degrees (5 mmol/g of OA), hemp exhibited shorter and significantly
more individualized fibers (Fig. 1f), rather than in the case of jute or sisal
(Figs. 1d and 1e, respectively). The effect of the oxidative process be-
comes apparent in the optical microscopy images, particularly in Fig. 1g,
h, and i, corresponding to sisal, hemp and jute oxidized with 15 mmol/g
of NaClO, respectively. Concretely, in the case of sisal and hemp (Fig. 1h
and i, respectively) some fine and well-defined particles can be
observed, indicating the premature release of micro/nanosized slender
structures.

3.2. Characterization of cellulose nanofibers

As detailed above, the characterization of the obtained CNFs con-
sisted of morphological, rheological and surface charge measurements,
as function of the fiber source, the oxidation intensity and the HPH
sequence.

The obtained CNFs exhibited a high nanofibrillation yield and
transmittance at 600 nm (Table 4). The three fiber sources (jute, sisal,
and hemp) achieved nanofibrillation yields close to 100 % (labelled as >
95 %) with just 3 cycles at 300 bar when they were oxidized with the

Jute

0 mmol/g OA

S mmol/g OA

15 mmol/g OA
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Table 4
Nanofibrillation yield and transmittance at 600 nm of the obtained CNF at
different HPH intensities.

Nanofibrillation yield Transmittance at 600

(%) nm (%)
OA (mmol/  HPH Jute Sisal Hemp  Jute Sisal  Hemp
9] sequence
3-0-0 69.40 59.87 28.01 68.4 55.6 25.9
3-1-0 90.53 68.33 34.43 87.7 65.1 29.9
5 3-3-0 > 95 86.11 45.39 95.9 83.1 37.7
3-3-1 > 95 > 95 53.50 96.1 91.4 44.0
3-3-3 > 95 > 95 58.15 97.5 95.6 54.4
3-0-0 87.81 90.12 87.12 90.8 69.3 66.3
3-1-0 > 95 > 95 93.46 95.5 79.1 75.9
15 3-3-0 > 95 > 95 > 95 97.7 89.7 88.2
3-3-1 > 95 > 95 > 95 99.7 93.9 92.9
3-3-3 > 95 > 95 > 95 99.7 95.8 95.1

> 95 %: no sedimentation.

maximum amount of oxidizer (15 mmol/g), while lower values were
achieved for lower OA (5 mmol/g).

Those values of nanofibrillation yield labelled as > 95 % indicate
that accounted for values higher than 95 %, as no sedimentation was
observed after centrifugation.

Light transmittance is strongly related to nanofiber size and their
ability to scatter light (Fujisawa et al., 2011; Isogai et al., 2011). From
the visible spectrum (380-750 nm), the light transmittance of 0.1 wt%
CNF suspensions at 600 nm was selected and used for comparison pur-
poses. As expected, at lower nanofibrillation yields, lower trans-
mittances were obtained, as non-nanofibrillated or thicker fibers cause a
higher scattering of the incident light, thus reducing the transmittance
value (Parit et al., 2018). Both nanofibrillation yield and light trans-
mittance consist of indirect measurements that might be correlated with
CNFs morphology. Indeed, it is expected that highly fibrillated CNFs
may present a narrow length and width distribution, particularly if they
exhibit high light transmittance.

The influence of HPH sequence and the oxidation degree was

Sisal

Hemp

Fig. 1. Optical micrographs of neat and TEMPO-mediated oxidized sisal, hemp and jute fibers.
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assessed by means of TEM images (Fig. 2), where CNFs of jute, sisal and
hemp, both at 5 and 15 mmol/g of OA and subjected to HPH sequences
of 3-0-0, 3-3-0 and 3-3-3 can be observed. The rest of the TEM images
(sequences 3-1-0 and 3-3-1) are provided as supplementary material
(Fig. S1).

For all cases, the effect of the oxidation degree became apparent, as
at low homogenization intensity (i.e. HPH sequence 3-0-0), fiber bun-
dles were clearly observed for those fibers oxidized at 5 mmol/g of
NacClO, while individualized and nanosized fibers were already found at
the highest oxidation degree. Indeed, such bundles were still present at
the severest conditions of HPH (3-3-3) for an OA of 5 mmol/g, bringing
to the light the relevance and impact of the TEMPO-mediated oxidation

3-0-
5 mmol/g
Jute 1.15.3-0-0
15 mmol/g
5 mmol/g
Sisal
15 mmol/g
5 mmol/g
Hemp
15 mmol/g
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on the final characteristics of CNFs (Saito and Isogai, 2004; Patino-Maso
et al., 2019). Focusing on the morphological characteristics of the ob-
tained CNFs, it can be clearly seen that jute led to longer CNFs, gener-
ating entangled networks although being suspended in water. This was
not observed in the case of hemp and sisal, particularly at the highest
oxidation degree, where shorter and apparently more rigid CNFs were
found. Indeed, the obtained structures could indicate that they are CNCs
rather than CNFs (Isogai and Zhou, 2019; Campano et al., 2020). As
previously discussed, TEMPO-mediated oxidation has a direct impact on
fiber morphology, particularly in terms of length and diameter. How-
ever, the extent of this effect appeared to be different depending on the
fiber source. This could be attributed to the initial characteristics of the

3-3-3

H.53-33

H.15.3-3-3

Fig. 2. TEM images of the obtained CNFs as function of the oxidation degree and the HPH sequence.
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fibers, particularly the crystallinity degree, chemical composition and,
thus, their recalcitrance (McCann and Carpita, 2015; Pinto et al., 2019).
The crystallinity of neat jute, sisal, and hemp fibers accounted for 77.8,
75.9 and 75.8 %, respectively. These crystallinities are of the same
magnitude and, apparently, it might not explain the differences on the
resulting morphology of the obtained CNFs. However, jute fibers
exhibited a slightly higher amount of lignin than sisal and hemp, ac-
counting for 6.9, 5.0 and 3.4 wt%, respectively. In addition, the hemi-
cellulose content of hemp fibers (5.8 wt%) was significantly lower than
in the case of sisal and jute, which accounted for 12.6 and 11.2 wt%,
respectively. Indeed, considering that hemicellulose and lignin consti-
tute the major amorphous regions of lignocellulose, jute fibers exhibited
the highest content of amorphous constituents (18.1 wt%), followed by
sisal (17.6 wt%), and hemp (9.2 wt%). Jute and sisal exhibited a similar
chemical composition, as the cellulose content accounted for 80.2 and
80.7 wt%, respectively, while cellulose in hemp fibers accounted for
90.0 wt%. Apparently, the chemical characteristics of jute and sisal are
similar, which should lead to similar CNF characteristics. Indeed, the
reported results in Table 4 support this hypothesis, as nanofibrillation
yield and light transmittance of jute and sisal CNFs, regardless the
oxidation degree and the HPH sequence, exhibited similar values, while
the obtained results for hemp CNFs were significantly different, partic-
ularly at low oxidation degrees and HPH intensity. Nonetheless, as it will
be later discussed, high oxidation degrees on sisal fibers also led to
rod-like structures, as in the case of hemp, while this was not observed in
the case of jute. Considering the definition above of recalcitrance, the
features influencing relative recalcitrance of biomass might be, among
others, the chemical complexity and crystallinity (Zhao et al., 2012). On
the one hand, the higher presence of lignin in jute might have a direct
impact on the TEMPO-mediated oxidation performance, where part of
the oxidizer is consumed by lignin rather than cellulose. On the other,
the access of the oxidizer to more crystalline structures may be difficult
due to steric effects. The quantification of recalcitrance is somewhat still
under investigation that surely requires further research, with
well-designed factorial plans to successfully parameterize its effect and
influence over the performance of different treatments to biomass
(Kruer-Zerhusen et al., 2018).

One of the key parameters for monitoring the evolution of CNFs
properties is cationic demand (Serra-Parareda et al., 2021). Indeed,
cationic demand has been reported to perfectly correlate with other
characteristics (i.e. nanofibrillation yield, surface area), rather than
other properties such as water retention value, mainly due to the
chemical changes that CNFs may experience during HPH (Qua et al.,
2011; Gu et al., 2018). Cationic demand has been reported to provide an
indication of the surface area of CNFs, which may be estimated by the
monolayer adsorption of polyDADMAC, used for the back titration
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process of this determination (Espinosa et al., 2016). As detailed in the
previous section, cationic demand was determined using a
high-molecular weight (Mw) polyDADMAG, as it may have an effect on
the determination on this parameter. Briefly, low-Mw polyDADMAC,
ranging between 7.5 and 15 kDa, may penetrate into the CNFs structure,
obtaining the total CNF charge. On the other hand, high-Mw poly-
DADMAC, namely above 100 kDa, results in a lower charge, as only
surface charge is neutralized (Zhang et al., 2016). Fig. 3 shows the ob-
tained cationic demands as function of the fiber source, oxidation de-
gree, and HPH sequence.

Apparently, the effect of HPH was lower in those fibers oxidized at 5
mmol/g than those at 15 mmol/g, as no significant enhancement was
found as the HPH process was intensified. In addition, no significant
differences were found between the three fiber sources. In all cases,
hemp CNFs exhibited the lowest cationic demand, while jute obtained
the highest values. The lower values of cationic demand of hemp may be
attributed to the abovementioned chemical differences between the
selected fiber sources, as hemicellulose has been reported to promote
fibrillation (Chaker et al., 2013; Tarrés et al., 2017b).

Assuming that polyDADMAC adsorption occurs by means of two
different mechanisms, namely (i) ionic interaction between carboxyl
groups and the polymer, and (ii) hydrogen bonding and Van der Waals
forces, and that its adsorption can be assumed in the form of a mono-
layer, the surface area of CNFs can be calculated considering the surface
area of polyDADMAC. Considering that the polyDADMAC chain exhibits
a cylindrical geometry, the surface area of this cationic polymer can be
estimated into 4.87-10'7 nmz/peq (Tarrés et al., 2017a). Further, the
obtained values of cationic demand and carboxyl content are useful to
calculate the CNFs’ theoretical surface area (Eq. 4).

SSAcyr = (CD — CC)-SSApypapiac “

where SSAcnr (nmz/g) and SSApolypADMAC (nmz/peq) are the specific
surface area of CNFs and polyDADMAC, respectively. Finally, assuming
that CNFs are perfect cylinders, and that cellulose density is 1.5 g/cm?,
average diameter can be estimated (Table 5).

The lower SSA of those CNFs prepared from hemp, clearly indicate
that the extent of fibrillation was lower. Indeed, this is in agreement
with the above discussion on the possibility of generating rod-like
structures, similar to CNCs, when hemp fibers are subjected to
TEMPO-mediated oxidation and HPH. As expected, the highest SSA was
found in jute CNFs, particularly for those fibers with a high oxidation
degree and HPH intensity (310 m?/g), leading to the lowest diameter.
The obtained values of SSA were in accordance with previously reported
values for other raw materials, such as eucalyptus or pine (Tarrés et al.,
2019). However, at low oxidation degree, hemp exhibited a slightly
lower SSA, confirming the generation of more rigid structures with
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Fig. 3. Cationic demand of the obtained CNFs as function of the oxidation degree and HPH sequence.
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Table 5
Estimated specific surface area (SSA) and average diameter (d) of the obtained
CNFs as function of the fiber source, oxidation degree and HPH sequence.

SSA (m%/g) d (nm)
OA (mmol/ HPH Jute  Sisal Hemp Jute Sisal Hemp
g) sequence
3-0-0 174 134 109 15 19 23
3-1-0 177 154 123 15 16 20
5 3-3-0 197 182 132 14 14 19
3-3-1 229 204 138 12 12 18
3-3-3 238 216 148 11 12 17
3-0-0 119 118 115 21 21 22
3-1-0 178 162 157 15 15 16
15 3-3-0 240 240 213 10 10 12
3-3-1 271 264 255 9 10 10
3-3-3 310 309 306 8 8 8

lower surface than in the case of the other tested raw materials. Further,
the obtained values were significantly higher than others reported for
lignin-containing CNFs, both from wood and non-wood resources (Rojo
et al., 2015; Espinosa et al., 2016).

Apparently, apart from impacting the diameter, TEMPO-mediated
oxidation and HPH had a significant impact on fiber length, leading to
a remarkable decrease on the slenderness or aspect ratio (Fig. 4).

The morphological characteristics observed in Fig. 2 were confirmed
by the analysis of the aspect ratio (Fig. 4). While no significant differ-
ences were found for those CNFs oxidized with 5 mmol/g, although sisal
accounted for the lowest aspect ratio in all cases, the effect of HPH was
significant for CNFs produced from the oxidative process at 15 mmol/g
of NaClO. Indeed, jute CNFs exhibited high aspect ratios compared to
those produced from sisal and hemp, which accounted for values
comprised between 4 and 6. Further, CNFs prepared from sisal at 15
mmol/g and HPH sequences of 3-3-0, 3-3-1 and 3-3-3 were found to be
colloidally stable in water and, thus, aspect ratio was not obtained by
means of the gel point determination. This supports the hypothesis of the
presence of CNCs in the sisal and hemp fibers at high oxidation and HPH
degree, rather than CNFs (Winter et al., 2010; Moberg et al., 2017; Isogai
and Zhou, 2019). This might be caused by the inherent differences on
the starting material, both in morphological and chemical terms, as it
has been previously reported. Indeed, depending on the starting mate-
rial, different CNF/CNCs characteristics might be obtained for certain
reaction and fibrillation conditions (Salminen et al., 2017; Zhou et al.,
2018). This is particularly interesting, since mass production at indus-
trial level could be easily performed merely adjusting the oxidation
conditions, which provides versatility to the process, with no need of
having two different production lines for CNFs and CNCs.

The rheological behavior of CNF and CNC suspensions is a complex
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system influenced by the aspect ratio, the specific surface area, and the
interactions between the nanofibers themselves (Koponen, 2020). As
described in the previous section, the shear-thinning behavior was
assessed by means of viscosimetric analysis of CNF and CNC suspensions
at 1 wt% through the Ostwald de Waele equation, leading to the con-
sistency factor (K) and flow behavior index (n). Results are shown in
Table 6, and the evolution of the apparent viscosity as function of the
shear rate with the correlation factor R2, in Fig. S2 and Table S1.

As expected, jute CNFs exhibited an absolutely different rheological
behavior than those made from sisal or hemp. According to the obtained
aspect ratios from the gel point determination, CNFs prepared from jute
exhibited the highest slenderness. In addition, from the TEM observa-
tion, it was confirmed that, at certain oxidation degree, the surface
fibrillation was more pronounced than in the case of hemp or sisal CNFs.
It is well known that Power-law fluids can be subdivided into three
different categories, depending on the flow behavior index. Fluids
exhibiting n values below the unity, are categorized as shear thinning
fluids, while higher n lead to Newtonian (n = 1) and dilatant (n > 1)
fluids (Filipova et al., 2020). Thus, the obtained CNF suspensions clearly
exhibited a shear thinning behavior, although some differences were
found depending on the fiber source, the oxidation degree and the HPH
sequence. Indeed, shear thinning was apparent in all cases except for
those CNFs prepared from hemp and oxidized with an OA of 15 mmol/g,
where the decrease of the apparent viscosity (1) was moderate at
increasing shear rates. This can be attributed to the low aspect ratio of
the obtained CNFs, as well as the generation of rod-like nanostructures,
similar to CNCs, as discussed above. Images of the obtained CNFs sus-
pensions at 1 wt% consistency at different oxidation degree and HPH

Table 6
Consistency factor (K) and flow behavior index (n) as function of the fiber
source, oxidation degree and HPH sequence.

Consistency factor (K) Flow behavior index

)
OA (mmol/ HPH Jute Sisal Hemp  Jute Sisal  Hemp
9] sequence
3-0-0 13.2 1.8 2.2 0.33 0.40 0.42
3-1-0 17.1 7.4 5.6 0.35 0.34 0.39
5 3-3-0 41.8 17.3 10.9 0.28 0.32 0.33
3-3-1 47.6 22.3 14.1 0.27 0.29 0.33
3-3-3 48.6 23.1 19.6 0.19 0.29 0.31
3-0-0 241 4.6 0.12 0.25 0.38 0.60
3-1-0 28.9 14.4 0.10 0.27 0.36 0.68
15 3-3-0 26.1 3.3 0.07 0.26 0.36 0.76
3-3-1 20.4 1.2 0.06 0.27 0.45 0.75
3-3-3 8.6 0.8 0.05 0.30 0.56 0.77
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Fig. 4. Aspect ratio of the obtained CNFs as function of the oxidation degree and HPH sequence.
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intensity are shown in Fig. S3.

Focusing on the consistency factor (K), it becomes apparent that
those CNFs prepared with an OA of 5 mmol/g, regardless the fiber
source, exhibited an increasing K with the HPH sequence. Concretely,
jute CNFs exhibited a significantly higher K than sisal or hemp CNFs,
which is in line with the above discussion on the morphological char-
acteristics of CNFs. This higher K brings to the light the higher capacity
of jute CNFs to create an entangled network, leading to thicker gels than
sisal or hemp CNFs. In addition, this is supported by the flow behavior
index, where the lowest values were found precisely for jute CNFs
regardless the HPH sequence, although a decreasing tendency of n was
found for all the fiber sources. These lower n values, together with the
higher K, for jute CNFs clearly indicate the higher viscosity and non-
Newtonian characteristics of jute CNFs, provided by the surface fibril-
lation and morphological characteristics. It must be mentioned that K is
strongly related to the solids content of the suspension, which was set at
1 wt%. Previous results indicate that at increasing solids content, con-
sistency factor increases, while the flow behavior remained constant
(Nazari et al., 2016).

Nonetheless, the rheological assessment gains interest for those CNFs
prepared from fibers oxidized at 15 mmol/g of OA. At certain point of
the HPH process, jute and sisal CNFs experienced a breakage of the gel
structure, while in the case of hemp, this effect was observed from the
very beginning of the HPH process. Concretely, the K of jute CNFs
dropped from 20.4-8.6 when they were subjected to two additional
passes at 900 bar (from 3-3-1 to 3-3-3). This effect was also noticed with
an increase on the n, from 0.27 to 0.30. In the case of sisal CNFs, this gel
breakage was observed at lower HPH intensity, as the K decreased from
14.36 to 3.28 when two additional cycles at 600 bar were applied to the
CNF suspension (from 3-1-0 to 3-3-0), which was also observed in the
increase on the n. In addition, K decreased as HPH was intensified (from
3.3 to 0.8 for HPH sequences of 3-3-0 to 3-3-3, respectively), while n
followed an increasing tendency, achieving a value of 0.56 at 3-3-3. The
premature gel breakage of sisal CNFs compared to jute is supported by
the lower K values of sisal CNFs oxidized with 5 mmol/g of OA. In the
case of hemp fibers, it was found that gel was broken from the very
beginning of the HPH process, as low values were found for K, while n
accounted for significantly higher values than the rest of fiber sources,
approaching a value of 1, where Newtonian fluids are found. This
behavior is interesting for applications such as drilling fluids, as hemp
nanostructures could serve as thickener due to their high concentration
of carboxylate groups, as well as the low shear-thinning effect (Li et al.,
2016). In addition, they may play a key role on the development of
nanocellulose-based coatings for paper, as viscosity is a limiting aspect,
particularly in low-basis weight papers. Indeed, the high surface area of
hemp CNFs, together with their apparently rod-like structure, would
lead to successful surface coverage while maintaining the viscosity at
moderate levels, which may contribute to the increase of the solid
content of other coating constituents (Hubbe et al., 2017; Liu et al.,
2017). The highly charged surface of the obtained CNFs and CNCs may
limit their entanglement capacity, as repulsion forces may contribute to
the disaggregation of floccules generated at lower oxidation degree. This
might be occurring because the studied suspensions are based on
CNF/CNC-water systems, while depletion interactions might be found
when they are incorporated into other polymers and might be consid-
ered in terms of their rheological behavior (Souza et al., 2019).

TEMPO-oxidized CNFs have been reported to provide a strong and
entangled network in the form of aqueous suspensions. This has been
even confirmed by several authors and, in principle, no significant ef-
fects of the raw material characteristics have been observed on the
rheological properties. Here, considering the low recalcitrance of the
selected raw materials, as they come from non-woody resources, the
hypothesis related to the effects of the raw material characteristics on
the rheological properties, glimpsed by Nechyporchuk et al. (2014), is
confirmed. Although the obtained suspensions clearly exhibited a
shear-thinning behavior, the obtained consistency factors are far from
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those reported in the literature for CNF suspensions, even those not
produced by means of TEMPO-mediated oxidation. This could be
attributed to the significant differences on the obtained morphologies,
as some of the cellulosic nanostructures may be categorized as CNCs and
some others as CNFs. These differences were confirmed by means of
determining the 2D fractal dimension (D) of the obtained nano-
structures, which is a useful parameter for estimating the irregularity or
the roughness of ideal fractals and natural objects not corresponding to
classical geometries. While acquisition of diameter and length values
can be performed in a simple and direct way in rod-like particles as those
of CNC samples, it becomes a challenge when one is dealing with CNFs.
On the one hand, the use of a classical diameter distribution may provide
higher importance to small branches and fibrils than to macroscopic
fibers and could hind important information on how nanofibrils are
distributed in a matrix. On the other hand, CNF length cannot be more
than estimated but without a manner to prove that the estimation is
correct. Thus, we have attended to the fractal dimension parameter,
which is a measurement of the complexity of an object and has been
recognized as a very useful tool for estimating the irregularity or the
roughness of ideal fractals and natural objects which are not included in
classical geometry. With this parameter, one could obtain relevant in-
formation on how the fibrils are distributed in a sample, i.e. a network of
nanofibrils with a homogeneous diameter, a thick fiber with thousands
of branches or some individualized particles with the shape of rods
(CNCs), and could allow to gain insight into the rheological behavior.
Although there are methods that aim to estimate the 3D fractal dimen-
sion of objects, they are limited to microparticles, while the estimation
of 3D fractal dimension of nanoparticles is still challenging. Thus, many
authors have resorted to the quantification of a projected fractal
dimension in 2D through image analysis (Campano et al., 2021).

D, was determined for all the tested samples and correlated with the
consistency factor (K) and the flow behavior index (n), as it can be
observed in Fig. 5. Disaggregated data, by raw material, is provided in
Figs. S4, S5 and S6 from the supplementary material. The direction of
the arrows indicates the order of the HPH sequences.

Interestingly, data could be grouped in two different groups, corre-
sponding to those structures with Dy comprised between 1.20 and 1.40,
approximately, and those accounting for D2 values above 1.50. The first
group, considered as CNCs, exhibited higher values of flow behavior
index and lower consistency factors. This indicates that the resulting
suspensions were less shear-thinning, approaching a Newtonian
behavior, and exhibited moderate viscosity in a wide range of shear
rates. In nanostructured cellulose, the value of Dy is influenced by the
complexity of the structures (i.e. extent of surface fibrillation, entan-
glement with adjacent structures, flexibility) and the diameter of a single
nanostructure. Only two types of structures were included in the first
group (hemp and sisal, both oxidized at 15 mmol/g OA) and both
exhibited decreasing consistency factor and increasing flow behavior
index as HPH was intensified. However, while D, significantly decreased
for the case of hemp CNCs, no apparent changes were observed in the
case of sisal CNCs. This could be attributed to the morphological dif-
ferences observed in Figs. 2 and S1, as length apparently decreased in
the case of hemp, while no apparent morphological changes are
observed in the case of sisal as HPH advances. However, cationic de-
mand of those CNCs prepared from sisal oxidized with 15 mmol/g
experienced a significant enhancement as HPH was intensified, which
may contribute to an increase of the repulsive forces between CNCs and,
thus, preventing the formation of aggregates (Souza et al., 2019). In this
first group, highly fibrillated sisal oxidized at 5 mmol/g (HPH sequence
of 3-3-3) was also found. This might be attributed to the generation of
CNCs after the whole HPH sequence, while CNFs might be also present
in the suspension. This can be observed in Fig. 2.

Regarding the second group (D2 > 1.50), identified as CNFs and
corresponding to the rest of samples, D, appeared to be more hetero-
geneous, while slight changes were observed in the flow behavior index
and the consistency factor, except for some specific cases such as those
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Fig. 5. Correlation between 2D fractal dimension (D2) and (a) consistency factor, and (b) flow behavior index.

CNFs prepared from hemp and sisal, both oxidized at 5 mmol/g. In all
cases, except for jute oxidized at 15 mmol/g, the HPH process led to a
reduction in the D5, which indicates a reduction on the diameter, in-
crease of the repulsion forces and, thus, disentanglement of the cellu-
losic nanostructures (Figs. S4, S5 and S6). Those fibers oxidized at 5
mmol/g experienced an increase on their shear-thinning behavior,
exhibiting a decrease on their flow behavior index and an increase on
their consistency factor. This indicates that while diameter was
decreased and disentanglement promoted, surface area was increased,
leading to a higher water absorption capacity and, thus, an absolute
increase on suspension viscosity (Hubbe et al., 2017; Gu et al., 2018).
The case of jute is of particular interest, as D2 appeared to increase with
HPH, as well as the flow behavior index and, thus, leading to a reduction
on the consistency factor. This might be attributed to the higher lignin
content of jute, which may have a negative effect on the effectiveness of
the oxidative process, as well as to the differences on the crystallinity
and, apparently, crystal size (Zhou et al., 2018; Jiang et al., 2020). The
obtained results bring to the light the suitability of some non-woody
plants to be used as raw material for CNC production by means of
TEMPO-mediated oxidation, which contributes to their valorization and
is advantageous for mass production at industrial level compared to
acid-based treatments such as hydrolysis (Zhou et al., 2018).

Overall, the obtained results from the assessment of the rheological
behavior confirm the morphological characteristics detailed above,
bringing to the light the influence of the raw material on the resulting
properties of CNF/CNCs. Further, it appears that hemp CNFs could have
potential opportunities in several sectors, particularly in those where the
CNF suspension needs to be pumped, reducing the risk of cavitation.

10

4. Conclusions

The present work shows the initial, intermediate, and final charac-
teristics of non-woody cellulose nanofibers made of jute, sisal, and hemp
by means of TEMPO-mediated oxidation and high-pressure homogeni-
zation. Jute has been found to provide similar characteristics to CNFs
prepared from some wood resources (i.e. eucalyptus wood), as the
resulting CNFs exhibited fibrillar structures. This has been attributed to
the initial chemical and morphological characteristics of jute, as it was
the one presenting a higher presence of amorphous constituents
(hemicellulose and lignin), although the crystallinity index was the
highest. Contrarily, sisal and hemp fibers have apparently led to rod-like
structures, indicating that at a high intensity of HPH, particularly for
those oxidized with 15 mmol/g of NaClO, CNCs were obtained rather
than CNFs. The presence of CNC-like structures has been corroborated
by means of TEM observation, gel point assessment, and the rheological
studies, where gel breakage was found at certain level of fibrillation with
a clear decrease of the consistency factor. In addition, the flow behavior
index of hemp nanostructures indicated that the suspension experienced
a low shear-thinning behavior with a clear tendency to approach New-
tonian fluids. Fractal dimension in 2D (D5) has been used to correlate the
obtained rheological characteristics, which indicates that highly com-
plex structures (Dz > 1.50) exhibited an increasing shear-thinning
behavior and morphologies similar to CNFs, while at moderately com-
plex structures (1.20 < Dy < 1.40) the rheological behavior tended to
Newtonian fluids, as the obtained particles exhibited a rod-like structure
typical from CNCs. This rheological behavior was significantly different
to those cellulose nanostructures obtained by means of TEMPO-
mediated oxidation from wood, which has been attributed to the
lower recalcitrance of non-woody plants. In addition, the higher
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recalcitrance of jute has been proposed compared to sisal and hemp,
which may explain the differences on the resulting characteristics of
CNFs/CNCs. Nonetheless, this is an outstanding concept that requires
further research in terms of structure, chemical composition, and
physical features. These characteristics open a wide range of opportu-
nities to such CNFs/CNCs, as they might be easily transported (avoiding
pump cavitation) and might impart low effects on the rheology of other
suspensions while maintaining the intrinsic characteristics of nano-
cellulose. Overall, the present work shows the feasibility of using annual
plants (jute, sisal, and hemp) as potential raw material for TEMPO-
mediated oxidized nanocellulose, which may constitute a strong alter-
native to wood-based CNFs, as both CNFs and CNCs could be easily
obtained by means of adjusting the oxidation intensity.
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