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A B S T R A C T

In this work, cellulose nanofibers (CNF) were obtained from sugarcane bagasse (SC) without high-energy me-
chanical treatments, using TEMPO-mediated oxidation. Variable NaClO concentrations were used to impart
electrostatic repulsion between surface charged groups thus facilitating fibril separation. CNFs with diameters in
the 3–5 nm range were obtained by oxidation of SC pulp with NaClO at 25 and 50mmol/g. After a 30min
–sonication step, these CNFs were broken down into cellulose nanocrystals (CNC) by mechanical action. Both
CNF and CNC preparation by this method are possible in SC due to its particular cell wall morphology and were
not achieved in eucalyptus biomass, which is more recalcitrant. This work provided thus a new pathway to
modulate the final morphology of cellulose particles by combining a low recalcitrant raw material with different
surface charge densities.

1. Introduction

Over the last decade, there has been an increase in research on
cellulose nanoparticles due to their outstanding properties, which in-
cludes high specific strength and stiffness, low density, high surface
area, renewability, low toxicity and surface tunability by chemical
modifications (Mondal, 2017). These nanoparticles have been in-
vestigated aiming at several applications, such as composite (Dufresne
& Belgacem, 2010) and packing (Ghaderi, Mousavi, Yousefi, & Labbafi,
2014), foams (Ferreira & Rezende, 2018; Sain, Pan, Xiao, Farnood, &
Faruk, 2013; Wicklein et al., 2015), sensor and devices (Liu, Sui, &
Bhattacharyya, 2014; Rajala et al., 2016), emulsions (Gestranius,
Stenius, Kontturi, Sjöblom, & Tammelin, 2017), rheology modifiers (Liu
et al., 2017; Souza, Mariano, De Farias, & Bernardes, 2019), and bio-
medical devices (Lin & Dufresne, 2012; Liu et al., 2018; Poonguzhali,
Khaleel Basha, & Sugantha Kumari, 2018; Supramaniam, Adnan, Mohd
Kaus, & Bushra, 2018).

Based on morphological features, nanocelluloses can be categorized
into two groups: cellulose nanocrystals (CNCs) and cellulose nanofibers
(CNFs). CNCs are rod-like rigid particles with a diameter within the
nanoscale and length of several hundred nanometers (Eichhorn, 2011).
In turn, CNFs are long, flexible and entangled nanofibers, containing
both crystalline and amorphous regions, with a diameter in nanoscale
and length in microns (Kargarzadeh et al., 2018).

As a consequence of the compact and rigid structure of the lig-
nocellulosic matrix, known as biomass recalcitrance, the production of
both CNC and CNF requires harsh conditions (Rubin, Himmel, Ding,
Johnson, & Adney, 2007). CNCs are obtained using pretreatments to
isolate cellulose from the other biomass components, followed by hy-
drolysis with strong concentrated acids and dialysis for purification.
Acid hydrolysis attacks amorphous cellulose regions, resulting in highly
crystalline short particles with dimensions depending on the reaction
conditions and on the cellulose source (Klemm et al., 2011).

On the other hand, to obtain CNFs, besides isolating cellulose, sig-
nificant mechanical action is needed to separate neighboring cellulose
nanofibrils, which are packed together via H-bonding among hydroxyl
groups or physically entangled by single chain polysaccharides (Tejado,
Alam, Antal, Yang, & van de Ven, 2012). Thus, refining (Karande,
Bharimalla, Hadge, Mhaske, & Vigneshwaran, 2011), grinding
(Iwamoto, Nakagaito, & Yano, 2007), and homogenization with
homogenizers (Dufresne, 1999) or microfluidizers (Zimmermann,
Pöhler, & Geiger, 2004), are common high-energy mechanical treat-
ments used to isolate CNFs. Recently, there has been an intense research
effort to produce nanocellulose under milder and more sustainable
conditions (Chaker, Mutjé, Vilar, & Boufi, 2014; Jiang et al., 2018; Van
Hai et al., 2018). In our research group, a method that combines the
production of cellulose nanofibrils and nanocrystals by acid hydrolysis
of elephant grass using 60% (m/m) H2SO4 was used. In the same
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hydrolysis, CNC was obtained with a 12–16% w/w yield and CNF with
a 4–10% w/w yield, depending on the previous pretreatments applied
to the biomass (Nascimento & Rezende, 2018). In a second work, cel-
lulose microfibers from eucalyptus pulp were partially hydrolyzed
under milder conditions (H2SO4 48% w/w) to produce lightweight
materials (0.15 g/cm3), which were obtained by drying at low tem-
perature (60 °C) in a convection oven, without the use of additives or
special stirring equipment (Ferreira & Rezende, 2018).

Chemical and enzymatic treatments before the mechanical disin-
tegration of the fibers are also strategies used by several researchers to
minimize the energy input requirement, favoring CNF production on an
industrial scale (Bahrami, Behzad, Zamani, Heidarian, & Nasri-
Nasrabadi, 2018; Isogai, Saito, & Fukuzumi, 2011; Jiang et al., 2018;
Kalia, Boufi, Celli, & Kango, 2014; Pääkko et al., 2007). These pre-
treatments can reduce the energy consumption from
20,000–30,000 kW h/ton to 1000 kW h/ton of biomass (Siró & Plackett,
2010). A promising chemical pretreatment consists of adding charges
(carboxylate groups, COO−) on the cellulose microfibril surface
through oxidation procedures. Within these methods, TEMPO-mediated
oxidation is particularly interesting, since it displays position-selective
catalytic oxidation under moderate aqueous conditions, similar to en-
zymatic or biological reactions (Kalia et al., 2014; Saito, Kimura,
Nishiyama, & Isogai, 2007).

Lately, a recent work (Zhou, Saito, Bergström, & Isogai, 2018)
showed that TEMPO oxidation using high NaClO concentration
(> 10mmol/g) followed by 10–20min of tip sonication could also be
used to prepare CNCs from pinus and cotton fibers. Besides being an
acid-free method, the CNCs produced had higher mass recovery than
those extracted using conventional acid methods, thus opening new
perspectives in nanocellulose research fields.

In the present study, TEMPO-mediated oxidation under an excess of
oxidant agent (25 and 50mmol/g) was applied to cellulose extracted
from sugarcane bagasse (SC). This is a low recalcitrant biomass, in-
expensive and available in large amounts in Brazil, which is the largest
producer of sugarcane in the world. More than 630 million tons of this
crop were cultivated in the 2017/2018 harvest (CONAB, 2017), of
which one-third in weight corresponds to bagasse, an agricultural
waste. CNCs were isolated from bleached sugarcane bagasse by Teixeira
et al. using a traditional method also applied to other biomasses, based
on acid hydrolysis with H2SO4 (6M) at 45 °C for 30min (Teixeira et al.,
2011). In another work (de Campos et al., 2013), CNFs were obtained
from bleached sugarcane bagasse with a combination of two enzymatic
preparations (hemicell/pectinase and endoglucanase), followed by so-
nication for 20min. Energy consumption was reduced in this work,
without the normally used homogenization, but the mechanical process
could not be completely eliminated.

Herein, TEMPO-oxidized cellulose nanofibers were extracted from
sugarcane bagasse, avoiding the use of high-energy consuming proce-
dures to promote mechanical defibrillation. Our hypothesis is that this
method benefited from the low recalcitrant characteristics of sugarcane
bagasse and the high charged densities imparted on cellulose surface by
high concentrations of oxidant agent (NaClO 25–50mmol/g substrate).
We verified that the same oxidation procedure applied to a more
structured and compact biomass, such as eucalyptus chips, did not re-
sult in defibrillation. We also hypothesize that TEMPO oxidation, be-
sides charging the surface by the formation of carboxyl groups, removes
lignin from cellulose fiber bundles in SC, which facilitates fiber dis-
assembling due to the particular morphology of its plant cell wall. By
sonication of previously oxidized bagasse samples, CNCs could also be
obtained depending on the oxidation degree of the substrate, thus al-
lowing a way to control the final morphology of the nanocellulose
particles obtained.

2. Experimental section

2.1. Materials

Sugarcane bagasse (SC) and eucalyptus chips (E) were obtained
from CTBE (Brazilian Bioethanol Science and Technology Laboratory,
Campinas-SP, Brazil) and Fibria (São Paulo-SP, Brazil), respectively.
Bagasse fibers had an average length of 6 ± 5mm and an average
diameter of 0.3 ± 0.2 mm. Eucalyptus chips were typically shorter
(average length of 2.5 ± 0.9 mm) and wider (average diameter of
0.8 ± 0.5mm) than bagasse fibers. More information about the mor-
phology of sugarcane bagasse and eucalyptus chips (including optical
and scanning electron microscopies, measurements of cell wall thick-
ness, lumen diameter and histograms of size distributions) can be found
in the Supplementary material (Figs. S1–S5 and Table S1). Sodium
hydroxide, hydrogen peroxide, 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) and sodium borohydride were purchased from Sigma-Aldrich
and sodium hypochlorite (12% w/v) from Star Flash.

2.2. Isolation of cellulose nanofibers (CNFs) and cellulose nanocrystals
(CNCs)

CNFs and CNCs with carboxyl functional groups on the surface were
isolated from sugarcane bagasse after organosolv, bleaching and
TEMPO oxidation pretreatments, as schematically represented in Fig. 1.
Eucalyptus chips underwent the same experimental procedure to eval-
uate the effect of the raw material on the isolation of nanocelluloses.

2.2.1. Organosolv pulping
In this pretreatment, 300 g of sugarcane bagasse were treated with a

1:1 (v/v) ethanol/water solution at a 1:10 solid to liquid ratio in a
PARR reactor at 190 °C for 2 h, as previously described (de Oliveira,
Bras, Pimenta, da S. Curvelo, & Belgacem, 2016). The resulting pulp
was mixed with a 1% (w/w) NaOH solution and rinsed with water until
achieving neutral pH.

2.2.2. Pulp bleaching
This procedure was adapted from a previous method (Teixeira et al.,

2011). The dry pulp (40 g) was suspended in 800mL of a 5% (w/w)
NaOH solution at 70 °C. Then, 800mL of hydrogen peroxide (24% w/w
in water) was slowly added to the suspension and the system was me-
chanically stirred at 500 rpm for 40min. Bleached pulp was then se-
parated by filtration, rinsed with water until neutral pH, and the
bleaching step was repeated.

2.2.3. TEMPO-mediated oxidation
Bleached fibers were oxidized using TEMPO-mediated oxidation in

water at pH 10 (Isogai et al., 2011). Sugarcane bagasse or eucalyptus
cellulose fibers (5 g) were hydrated in ultrapure water (500mL) for
24 h, followed by the addition of TEMPO (0.08 g, 0.5mmol) and so-
dium bromide (0.5 g, 5 mmol). Then, oxidation started by the addition
of specific volumes (15.6 or 78.0 or 156.0 mL per gram of cellulose) of a
12% (w/v) NaClO solution. The initial pH of this NaClO solution was
around 11–12 and it was adjusted to 10 by adding a 0.1M HCl solution
before the addition to the fiber suspension. The bleached fibers were
stirred at room temperature by a propeller stirrer (QUIMIS) at 200 rpm,
while pH 10 was maintained by adding 0.5M NaOH until no more
NaOH consumption was detected by a MARCONI pH meter (ca.
130min). Finally, TEMPO-oxidized cellulose was abundantly rinsed
with ultrapure water by centrifugation until constant conductivity was
reached in water, monitored by an AJX-515 conductometer (AJMICR-
ONAL). Oxidized samples obtained from sugarcane bagasse (SC) or
eucalyptus (E) were identified as SC-5, SC-25 and SC-50 or E-5, E-25 or
E50, depending on the concentration of NaClO used in the reaction (5,
25 or 50mmol/g substrate). A fraction of each sample was vacuum-
dried at 60 °C for 24 h and weighed to measure the mass recovery ratios.
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2.2.4. Mechanical fibrillation
Nanofibrillation of TEMPO-oxidized cellulose was performed using

a 130-W ultrasonication system (Vibra-Cell VCX130), at a 40% oscil-
lation amplitude (Mishra, Manent, Chabot, & Daneault, 2012). The
samples (0.5 g) were suspended in distilled water (50mL) and sonicated
for 30min in an ice bath. After sonication, TEMPO-oxidized samples
were identified with the index “s” (Fig. 1).

2.3. Sample characterization

TEMPO-oxidized celluloses before and after sonication were dis-
persed in water to obtain final concentrations of 0.1% and 0.0005% w/
w to optical and atomic force microscopy (AFM) analyses, respectively.
Then, the dispersions were dropped in silica substrates for optical mi-
croscopy or cleaved mica supports for AFM characterization, and the
substrates were allowed to dry by natural evaporation.

Optical microscopy images were obtained in the Zeiss Escope.A1
reflection optical microscope equipped with EC EPIPLAN 10x/0,25 HD
lens. AFM images were obtained in the Park NX 10 equipment, in non-
contact mode, using silicon tips (FMR NanoWorld), with cantilever
spring constant of 2.8 N/m and nominal resonance of 75 kHz.

Transmittance measurements of samples after sonication (3% w/w)
were carried out in a Biochrom Spectrophotometer (Libra) model S70 at
600 nm, using a semi-micro disposable polystyrene cuvette.

X-ray photoelectron spectroscopy (XPS) analyses were recorded
with a Thermo K-Alpha (Thermo Scientific, Inc.) equipment, with a
monochromatic Al Kα X-ray (1486.7 eV) source. All survey spectra
were obtained with pass energy of 200 eV and short scan spectra of
50 eV.

Conductometric titration was used to determine the carboxyl con-
tent on the surface of oxidized cellulose, as previously described (Lin &
Dufresne, 2012). Samples (50mg) were suspended in 15mL of a 0.01M
hydrochloric acid solution and 75mL of water. After 10min stirring,
the suspension was titrated with 0.01M NaOH.

The quantification of cellulose and hemicellulose was performed in
solid samples of bleached sugarcane bagasse and eucalyptus chips, as
previously described (Rezende et al., 2011). Samples were hydrolyzed
in H2SO4 72% w/w and the hydrolysate was separated from the re-
sidual solid by filtration. Ash contents were determined as the inorganic
residue remaining after complete calcination of the solid fraction in a
muffle at 800 °C. The hydrolysate material was filtered in a syringe
filter (Analitica, pore diameter 0.22 nm) and used in the determination
of hydrolysed sugars. This process was carried out in duplicate by high
performance liquid chromatography (HPLC) in an Agilent series 1200
equipment, with a refractive index detector and an Aminex column
(HPX-87H, 300× 7.8mm, Bio-Rad, Hercules-CA, USA), at 45 °C, using
a 5mM H2SO4 solution as mobile phase at a 0.6mL/min flow rate.
Acetyl bromide soluble lignin was also determined in sugarcane bagasse
and eucalyptus samples, as described elsewhere (Moreira-Vilar et al.,
2014) (ref).

3. Results and discussion

3.1. Overview of tempo-oxidized celluloses

TEMPO/NaBr/NaClO oxidation applied to cellulose pulps at pH 10
and room temperature is capable to convert significant amounts of C6
primary hydroxyl groups to sodium carboxylates. The introduction of
anionically charged COO− groups promotes strong electrostatic repul-
sion between cellulose fibrils in water, favoring their defibrillation with
mechanical disintegration treatments (Isogai et al., 2011). To in-
vestigate the effect of oxidation degree on the isolation of nanocellu-
loses from sugarcane bagasse, we varied the NaClO concentration (5, 25
or 50mmol/g substrate). When the added amounts of NaClO were 25 or
50mmol/g (SC-25 or SC-50), cellulose pulps showed less turbidity than
when using 5mmol/g (SC-5, Fig. 2a). Besides this, we observed that SC-
25 and SC-50 (3% w/w) are viscous samples and when the vials were
inverted (Fig. 2b), SC-50 did not flow for at least 30 min, forming an
invertible gel, which is an evidence of fiber fibrillation. Dispersions of
cellulose nanofibers become a gel at very low concentrations because of
the high degree of entanglements and crosslinking points of partially
disintegrated fiber aggregates. The networks are inherent, and gels are
stronger than when the network is formed via hydrogen bonds, such as
in CNC gels (Pääkko et al., 2007).

Fig. 1. Procedure to isolate nanocelluloses (CNFs and CNCs) from sugarcane
bagasse and eucalyptus chips, including organosolv pulping as pretreatment,
bleaching and TEMPO oxidation. Sonication was carried out in bagasse samples
only. Samples at the nanoscale are delimited by the red square. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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On the other hand, when eucalyptus was used as starting material,
the three oxidized cellulose pulps presented similar features under vi-
sual inspection, regardless of the NaClO concentration (Fig. S6 in the
Supplementary material). Eucalyptus samples were turbid and less
viscous as SC-5, and they did not form invertible gels, indicating that
the cellulose fibers were not disassembled into nanoparticles in this
case. This visual observation of gel flow behavior is a first evidence of
eucalyptus higher recalcitrance as compared to sugarcane bagasse.

To understand the microstructure of the cellulosic materials after
oxidation, we first analyzed the dried samples by optical microscopy.
Fig. 3 shows that the oxidized celluloses produced from sugarcane ba-
gasse or eucalyptus chips at mild conditions (SC-5 and E-5) have the
same morphological aspects: microfibers involved by a dried thin film.
These microfibers are non-fibrillated remnants of the fibers imaged by
optical and scanning electron microscopy in samples in natura (Sup-
plementary material, Figs. S1, S3 and S4).

By increasing the amount of NaClO, optical microscopy images al-
lowed the identification of a progressive reduction in the number of
microfibers for SC-25 and SC-50 samples (Fig. 3a). On the other hand,
the changes in NaClO concentration did not alter the morphology of
celluloses from eucalyptus chips. In Fig. 3b, samples E-25 and E-50
maintain their aspect with microfibers involved by a dried film, just as
in sample E-5.

The mass recovery ratio is an indication of solubilization of cell wall
components and of the process severity. In TEMPO-oxidized pulps, the
mass recovery varied according to the raw material and the NaClO
concentration (Table 1). In SC-5, 94% of the solid remained after the

reaction, while SC-25 and SC-50 were not recovered as solids in high
yields (57 and 59%, respectively). Differently, eucalyptus pulps pre-
sented similar yields independently of the NaClO concentration (78%,
79% and 83% for E-5, E-25 and E-50, respectively). Water-soluble
molecules were probably formed under higher oxidant contents in SC
cellulose samples (SC-25 and SC-50), and were leached during the
washing process (Tejado et al., 2012). Eucalyptus samples did not show
the same solubilization levels as SC, presenting similar mass recovery
ratios for all the samples (around 80%) under different NaClO con-
centrations.

Transmittance and flow characteristics, together with mass recovery
and optical microscopy results of SC microfibers oxidized at increasing

Fig. 2. Photographs of TEMPO-oxidized cellulose dispersions from sugarcane bagasse (3% w/w), using different NaClO concentrations (5, 25 or 50mmol/g for SC-5,
SC-25 and SC-50, respectively): (a) before and (b) after vial inversion tests.

Fig. 3. Optical microscopy images of TEMPO-oxidized cellulose pulps from (a) sugarcane bagasse (SC) and (b) eucalyptus chips (E).

Table 1
Mass recovery ratio, transmittance, width and length of sugarcane bagasse
nanoparticles obtained after oxidation.

Sample Mass recovery
ratio (%)

Transmittance (%)a Nanoparticle
Width (nm)

Nanoparticle
Length (nm)

SC-5 94 – b b

SC-5-s – 2.50 4 ± 2 605 ± 170
SC-25 57 – 4 ± 1 379 ± 132
SC-25-s 58.5 4 ± 1 194 ± 87
SC-50 59 – 4 ± 1 243 ± 119
SC-50-s 61.4 4 ± 1 159 ± 71

a Transmittance measured for 3% w/w cellulose dispersions at 600 nm.
b Width and length of nanostructures were not measured for sample SC-5

because microfibers were not defibrillated.
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NaClO concentrations suggest that they had been disassembled into
nanostructures. Indeed, these results were confirmed by atomic force
microscopies (AFM) of the nanostructures contained in the solid film
involving the nanoparticles (Fig. 5).

TEMPO-oxidized pulps from sugarcane (1% w/w) were also treated
by sonication for 30min to reduce the dimensions of the isolated fibers.
In fact, the small amount of microfibers presented in sample SC-25
(Fig. 3a) were no longer observable after sonication (SC-25-s in Fig. 4b).
Also, the number of visible microfibers in sample SC-5 (Fig. 3a) was
drastically reduced after mechanical disintegration (SC-5-s in Fig. 4b).
Besides this, the turbidity of the dispersions (Fig. 4a) decreased after
sonication, as compared to the non-sonicated ones (Fig. 2a). The light
transmittance at 600 nm for 3% (w/w) dispersions rised from 2.5 to ca.
60% when the NaClO concentration increased from 5 to 25 and
50mmol/g (Table 1). All the samples also formed invertible gels after
sonication (Fig. 4a), which indicates the possible self-assembly of the
nanoparticles into a nematic phase, as will be detailed in a following

section.
AFM topography images of oxidized celluloses from sugarcane ba-

gasse (Fig. 5) were obtained in the transparent films involving the
microfibers in Figs. 3a and 4b to evaluate the presence of structures in
the nanometer scale, not visible by optical microscopy. Prior to soni-
cation (Fig. 5a), the sample prepared at mild oxidant content (SC-5)
presented aggregated fibril bundles, as already observed for different
types of biomass, like wood, sugar beet or potato tuber (Klemm et al.,
2011).

By increasing the oxidation degree (SC-25 and SC-50), most of the
cellulosic fibers disaggregate without the need for high-energy me-
chanical treatments, such as sonication or high-pressure homogeniza-
tion (Fig. 5). These samples have characteristic features of nanofibers,
presenting kinks and a relatively constant cross-section with average
widths in the range of 3–5 nm (Table 1), which may correspond to
elementary fibril dimensions, based on Ding and Himmel’s model for
maize biomass (Ding & Himmel, 2006).

Fig. 4. (a) Photographs and (b) optical microscopy images of TEMPO-oxidized cellulose pulps from sugarcane bagasse (SC) after sonication.

Fig. 5. Topography AFM images of TEMPO-oxidized celluloses from sugarcane pulp oxidized under different amounts of NaClO (a) before and (b) after sonication.
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Besides that, the length of these nanoelements reduced when charge
density increased (Table 1). This suggests that the oxidation mediated
by TEMPO, in addition to disassembling the bundles, also promoted a
perpendicular cleavage in the fibers (Fig. 5). After sonication, cellulose
fibers of sample SC-5 are partially disintegrated without complete in-
dividualization (SC-5-s in Fig. 5). These results reveal that harsh oxi-
dation (SC-25 and SC-50) is more efficient to fragment cellulose sheets
from sugarcane bagasse along their length than the mild oxidation/
sonication combined approach.

The sonication of cellulose pulps with a high oxidation degree (SC-
25-s and SC-50-s) led to the formation of needle-like particles (CNC)
shown in Fig. 5 and as recently observed by Isogai in microcrystalline
cellulose and bleached Kraft pulp (Zhou et al., 2018). The length of the
particles reduced considerably, while the width (ca. 4 nm) was not al-
tered, suggesting that, in most of the cases, the mechanical treatment
was not able to break the fibrils in units with a diameter smaller than
the one of the elementary fibril. (Li & Renneckar, 2010; Wang et al.,
2012)

The final morphology of the oxidized samples can also be correlated
to the mass recovery ratios reported in Table 1. Sample SC-5, which has
only 6% of its weight solubilized (Table 1), maintains its morphology of
fiber bundle in Fig. 5. On the other hand, the defibrillation in SC-25 and
the further breaking down of the nanofibrils in SC-50 (Fig. 5) is fol-
lowed by solubilization of ca. 40% of the substrate components. Crys-
tallinity index (CI) values were also calculated for these samples using
the height method based on x-ray diffraction patterns (Segal, Creely,
Martin, & Conrad, 1959). A detailed description of these analyses can
be found in the Supplementary material (Figs. S7–S8 and Table S2). IC
increases from 64% in SC-5 (packed fibrils in Fig. 5) to 73% in SC-25
(formed by individual fibrils) and to 77% in SC-50 (nanocrystals).
Crystallinity results indicate the removal of amorphous fractions from
these samples, mainly residual lignin and amorphous cellulose, and are
in accordance with the mass recovery data.

3.2. Chemical characterization

Table 2 shows the compositional analysis of sugarcane bagasse and
eucalyptus bleached pulps (the step immediately prior to oxidation) in
terms of lignin, cellulose, hemicellulose and ash contents.

Bleached SC is slightly poorer in cellulose and a little richer in
hemicellulose than bleached eucalyptus. Lignin percentages are very
similar in these two bleached biomasses, so that the higher suscept-
ibility of sugarcane bagasse to the breaking down of their microfibers
into nanofibrils by oxidation (micrographs in Figs. 3 and 5) can not be
assigned to its lignin content. Other causes should be thus investigated,
such as the degree of oxidation and the oxygen to carbon ratio in these
samples.

Acethyl bromide lignin was also determined in SC-in natura and in
SC-pulp, and a significant decrease in the lignin content from
27.0 ± 2.0% to 7.7 ± 0.7% was observed in the pulping process
(Supplementary material, Table S2). After bleaching, the lignin amount
is further reduced as can be observed in Table 2. Lignin could not be
quantified in oxidized samples, since the common methods used for this
purpose (Klason and acetyl bromide lignin) do not provide reliable
results in samples with high amounts of crystalline cellulose and with
very low amounts of lignin.

TEMPO-mediated oxidation selectively oxidizes the accessible al-
cohol group in C6 to aldehyde and ionizable carboxylic groups

(COO−Na+) (Saito et al., 2007). Therefore, the degree of oxidation
(DS) of SC-5, SC-25 and SC-50 was investigated by conductometric ti-
tration, yielding gravimetrically normalized values of 0.40; 1.07 and
1.40mmol/g, respectively (Fig. 6). DS of celluloses from eucalyptus
presented similar results (0.67; 1.38 and 1.40mmol/L for samples E-5,
E-25 and E-50, respectively). So, again, this result alone can not explain
the different susceptibility of SC and eucalyptus to defibrillation.

Oxygen to carbon ratio (O/C in Fig. 6, calculated from XPS Survey
Spectra) showed a more pronounced increase in sugarcane bagasse
when the NaClO concentration increased from 5 to 25 and 50mmol/g,
as compared to eucalyptus samples. These results suggest that a severe
oxidation step (NaClO 25 or 50mmol/g), besides promoting the addi-
tion of oxygenated groups on the bagasse surface, has also removed
carbon-rich compounds.

According to previous reports, TEMPO-mediated oxidation is able to
remove lignin from pretreated lignocellulosic pulps, apart from oxi-
dizing them (Ma, Fu, Zhai, Law, & Daneault, 2012; Rahimi, Azarpira,
Kim, Ralph, & Stahl, 2013). Additionally, sugarcane bagasse is known
to present significant defibrillation of its microfiber bundles when un-
dergoing delignification processes (Rezende et al., 2011; Yue et al.,
2015). The combined action of lignin removal and the increase in
surface charge density would be the cause for the efficiency of the
proposed method when applied to sugarcane biomass.

Comparing previous works of this research group on delignification
of sugarcane bagasse (Rezende et al., 2011) and eucalyptus bark (Lima
et al., 2013) using NaOH solutions, the much more recalcitrant profile
of eucalyptus is evidenced. While NaOH solutions at 2 and 4% w/v
(120 °C and 1.05 bar for 40min) caused significant defibrillation of
microfiber bundles in the bagasse cell wall, the same pretreatment
conditions for 1 h had only a superficial action on eucalyptus chips and
were not able to completely separate the cell wall fibers completely.

Easier defibrillation in sugarcane bagasse can be assigned to a
particular distribution of lignin domains in its cell wall, present in the
interstices of the fiber bundles and attaching the cellulose fibers long-
itudinally to each other (Fromm, Rockel, Lautner, Windeisen, &
Wanner, 2003; Rezende et al., 2011). The removal of this lignin by any
delignification process, TEMPO-oxidation for instance, would dismantle
the structure of the bundles and result in more independent fibers.
Eucalyptus substrates, conversely, are much more recalcitrant to defi-
brillation under delignification, due to the morphological aspects of

Table 2
Acetyl bromide soluble lignin, cellulose, hemicellulose, ash contents and mass closure for bleached pulps of sugarcane bagasse and eucalyptus.

Beached samples Acetyl bromide lignin (%) Cellulose (%) Hemicellulose (%) Ash (%) Mass closure (%)

Sugarcane bagasse 3.5 ± 0.5 86.0 ± 1.0 7.62 ± 0.07 0.86 ± 0.03 98.6 ± 1.1
Eucalyptus chips 2.8 ± 0.4 90.3 ± 0.2 4.89 ± 0.03 0.51 ± 0.03 98.5 ± 0.5

Fig. 6. Carboxylate content (black) and O/C ratio (blue) for sugarcane and
eucalyptus oxidized celluloses prepared with different NaClO concentrations
(mmol/g substrate) (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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their cell walls.
Based on previous knowledge about lignin distribution in SC fiber

bundles and also on TEMPO ability to remove lignin from plant cell
walls, the following model is proposed to explain the different mor-
phological features in nanocelluloses obtained under different condi-
tions of oxidation and sonication (Fig. 7). Under mild oxidation (NaClO,
5mmol/g), residual lignin is not efficiently extracted, and the fiber
surface remained poorly charged, so that defibrillation of microfiber
bundles only occurred after high-intensity sonication treatment. On the
other hand, by using severe oxidation (NaClO, 25 or 50mmol/g), re-
sidual lignin is efficiently removed, and the surface became highly
charged. The outcome is that the elementary fibrils are released during
the washing step without the need for any high-energy procedures. The
sonication of these cellulose pulps led to the formation of needle-like
particles (CNC), dismissing the use of concentrated acids, as generally
required in the traditional acid hydrolysis.

Evidence of lignin removal was obtained from XPS (increase in O/C
ratio) and XRD (IC increase from SC-5 to SC-50). Though lignin removal

could be accurately quantified from samples in natura to the bleached
ones, the methods to quantify residual lignin are not effective for lignin
amounts so small (lower than 3.5%).

3.3. Self-assembly of cellulose nanoparticles

TEMPO-CNC nanoparticles have a lower width (ca. 4 nm) than those
prepared by conventional sulfuric acid hydrolysis (4–20 nm) (Moon,
Martini, Nairn, Simonsen, & Youngblood, 2011) and self-assemble into
an anisotropic nematic phase as the suspension is concentrated by
ambient evaporation (Fig. 8). At low solid content (1% w/w), SC-25-s
and SC-50-s samples were low viscous and isotropic when observed
between crossed polarizers. As the TEMPO-CNC content increased to
1.5% w/w, the samples became highly viscous and formed an aniso-
tropic phase (birefringent).

Compared to CNCs prepared by sulfuric acid hydrolysis, TEMPO-
CNCs investigated here are fully anisotropic at a much lower solid
concentration (1.5% against 6–7% w/w for sulfonated CNCs) due to the
higher charge density: 0.20 versus 1.1–1.4mmol of charges per gram for
sulfate-CNC and TEMPO-CNCs, respectively (Lokanathan, Uddin, Rojas,
& Laine, 2014). This is consistent with Onsager’s theory, which pro-
poses that the isotropic-anisotropic phase transition for charged parti-
cles depends mainly on the electrical double layer and less on the
physical particle size (Azizi Samir, Alloin, & Dufresne, 2005).

For both CNC-TEMPO systems (SC-25s and SC-50-s), the coexistence
of isotropic and anisotropic phases that takes place spontaneously in
sulfonated CNC suspensions was not detected, probably because this is
a narrow region in the phase diagram. The self-assembly property of
CNC-TEMPO are promising to produce new functional materials,
transferring chiral nematic patterns to other solid compounds.

4. Conclusion

The method used in this work to prepare nanocellulose from su-
garcane bagasse biomass resulted in cellulose nanofibers using TEMPO-
mediated oxidation under increasing amounts of NaClO (from 5 to 25
and 50mmol/g substrate) and without a mechanical defibrillation step.
The addition of an excess of negative charges on the fiber surface and
the removal of lignin by oxidation both contributed to fibrillation and
consequently to the isolation of elementary fibrils, with widths in the
range of 3–5 nm. Eucalyptus pulp under the same procedures did not
present the same behavior due to their recalcitrant profile. Sonication
of samples with a higher oxidation degree led to a perpendicular
cleavage of the elementary fibers, obtaining cellulose nanocrystals with
high mass recovery, without an acid hydrolysis process.

Fig. 7. Proposed model of oxidation action in sugarcane bagasse microfibers
under mild (5mmol NaClO/g substrate) or severe (25 or 50mmol NaClO/g
substrate) conditions.

Fig. 8. Photographs of TEMPO-CNCs dispersions of SC-25-s and SC-50-s at different concentrations acquired between crossed polarizers after 7 day equilibration.
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