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A B S T R A C T

A combination of mechanical methods was developed to obtain a suspension of nanocellulose (NC) from
Eucalyptus sawdust. In this two-step process, the ball milling (1–4 h) was followed by a high-intensity ultrasound
(10–30min) irradiation. The prepared samples were characterized using Fourier-transform infrared spectro-
scopy, Raman, dynamic and static light scattering, Zeta potential, X-ray diffraction, X-ray photoelectron spec-
troscopy, Thermogravimetric analysis, Field-emission scanning electron microscopy, and Transmission electron
microscopy. The crystallinity was calculated using different methods and compared. The mechanical grinding
results in a random and irregular break of the fibers. In a combined method, the ultrasound waves generate more
defibrillation and separation of the nanofibers and, consequently, the reduction of fiber diameters. The high-
intensity ultrasound promoted an increase in the homogeneity, crystallinity, and electrostatic and thermal sta-
bility of the NC suspension. The samples milled for 2 h and 20min ultrasound irradiation presented the high-
efficiency in obtaining NC.

1. Introduction

Cellulose is an environmentally friendly biopolymer derived from
natural sources such as forest waste, woody biomass, crops, algae, and
microorganisms. Cellulose and its derivatives are sustainable and bio-
degradable, therefore receiving exceptional attention as a substitute for
petrochemical feedstock in polymer industries [1]. More recently, uses
of cellulose from the forest residues have been devoted to the isolation
of nanocellulose (NC), and Eucalyptus sawdust is one of them. Eu-
calyptus is a fast-growing wood that covers a larger planted area with
approximately 187 million ha in the world [2]. During the processing of
eucalyptus, an enormous amount of sawdust is originated, which is rich
in lignocellulosic constituents ˜25−35wt.% of lignin, ˜20−30wt.% of
hemicellulose and ˜35−40 wt.% of cellulose [3]. The residues are often
disposing as waste or burning for energy production. It results in high
emissions of pollutant gas [4] leads to undesirable environmental
consequences.

Nanocellulose is a new class of eco-material with unique properties
such as nanoscale dimension, high surface area, high strength, specific

modulus, unique morphology, and excellent optical properties [5]. Due
to the unique properties of NC, this material is applicable in many
fields, such as mechanical reinforcements in composite materials,
bioengineering, pharmaceutical, and biomedical technologies [6]. A
wide range of applications and products can be developed; therefore,
NC is a fascinating next-generation engineering material to researchers
and industries.

Several top-down approaches are available for NC isolation, such as
chemical, biological, mechanical, and combination of chemical and
mechanical [7–9]. However, an environmentally-friendly combination
method that does not employ strong acids or toxic reagents has not been
widely explored. Various chemical processes are required to transform
the lignocellulose rich sawdust into cellulose pulp [10].

Usually, chemical methods are conducted by acid hydrolysis using
strong acids, and it is well established [5,11–14]. However, chemicals
are always risky to handle, corrosive to the equipment’s, and detri-
mental effect on the environment [5,10]. The enzymatic hydrolysis
represents the biological method. This method requires long reaction
times, and the cost of enzymes is usually high and also limited uses
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[15,16]. On the other hand, mechanical methods are simple and do not
require chemical reagents; this type of method are outstanding due to
their high production capacity and low cost [17–19]. The main ex-
amples of mechanical methods are ball mill, cryogenic break, and ul-
trasound.

The ball mill is an environmentally friendly and low-cost technique
that is widely applied in the industry all over the world. It consists of a
cylindrical shell rotating around its axis, which is partially filled with
balls; the energy released from impact and attriction between the balls
and the samples converts the particles from micro- to nanoscale [20].
However, some disadvantages include the possibility of contamination,
usually ceramic or metal, from grinding medium and container, the
formation of irregular shapes, and extended milling and cleaning times
[5,21]. The current literature survey shows the frequent uses of pla-
netary ball milling (high-energy ball mill) or shaker mill for obtaining
NC, and/or acid solutions during the milling. The planetary ball mill
achieves higher rotations and requires much energy; it has very low
milling capacity due to the small containers and is not common on an
industrial scale [5,17,22]. The tumbler ball mill, which was used in this
work, is a very simple process that depends mainly on the time and
balls and diameter of the container [21,23,24].

While the ball mill involves friction and shear forces, the ultrasound
process applies the use of oscillating power to create hydrodynamic
forces of ultrasound [25]. The high intensive waves result in the for-
mation, expansion, and implosion of microscopic gas bubbles when the
sample absorbs the energy, and this intense energy decreases the size of
the particles [26,27]. However, generally high times or low sample
quantity per process need to be used. Aiming to find an environmental
process with high efficiency and low cost, researches are combining two
or more isolation methods at the same time or in sequence. The com-
bination of mechanical methods, such as ball mill and high-intensity
ultrasound have recently been highlighted [22].

The purpose of the study was to develop a combined mechanical
method (ball milled and ultrasound) to isolated NC from Eucalyptus
sawdust. This method can be extended to large scale production, which
is different from the existing literature, is simple, low cost, and com-
mercially attractive. It is important to mention that the production of
nanocellulose in a pilot-scale is currently carried out mainly by acid
hydrolysis [28,29]. The NCs isolated were characterized by morpho-
logical, chemical, physical, and thermal properties. Furthermore, the
crystallinity of the NC was compared with XRD, Raman, and FTIR.
Therefore, this study aimed to transform Eucalyptus residues as pro-
mising sources of high value-added biopolymer (in the NC form).

2. Experimental

2.1. Materials

Eucalyptus citriodora waste (eucalyptus sawdust – ES) was kindly
donated after harvesting and cutting at the state of Mato Grosso, Brazil.
The composition of the eucalyptus sawdust was ˜33 wt.% of lignin,
˜27wt.% of hemicellulose, and ˜40 wt.% of cellulose. All the reagents
were purchased from Sigma-Aldrich (SP-Brazil) (NaClO2, 99 %, NaOH
-95 %, KOH-98 %, ethanol–98 %).

2.2. Methods

2.2.1. Treatments

To obtain cellulose without the presence of lignin and hemi-
cellulose, two chemical pre-treatments were carried out in sequence:

2.2.1.1. First treatment. The ES was first treated in a solution of NaClO2

(3.8 wt.%) for 2 h at 50 °C under mechanical stirring, and then the
obtained material was washed and dried in an oven at 50 °C for 12 h.

2.2.1.2. Second treatment. Subsequently, the material was treated in a

solution of NaOH (10 wt.%) and KOH (10 wt.%) for 2 h under magnetic
stirring, washed and dried at 50 °C for 12 h. After these treatments, the
final material has in its composition ˜1.5 wt.% of hemicellulose and
˜2wt.% of lignin, and this sample is named T2. This methodology was
previously reported [30]. The yield was ˜40wt.%. Considering that the
eucalyptus residues have ˜40wt.% of cellulosic fibers and ˜60 wt.% of
other non-cellulosic components, this yield is considered as excellent.

2.2.2. Isolation of nanocellulose

The treated sample, after the second treatment, was mixed with
ethanol (80 % v/v) in the proportion 1:1 g/ml and subjected to 4 dif-
ferent milling times: 1 h, 2 h, 3 h, and 4 h, in a ball mill (MA500 -
Marconi). This is rotational type mill, and the particles are shrunk by
frictional and friction forces that occur between the balls, the jar wall,
and the sample during the rotational movement of the jar. The speed of
the milling is 200 rpm. The jars used are made of porcelain, model 21A
(Chiarotti), with the following characteristics: diameter of 150mm,
height of 195mm, capacity of 1 L. The jar had 70 % of its volume filled
with balls and 30 % with samples. The jar was filled with 5 g of treated
sample, 5 ml of ethanol, 305 g of larger alumina balls (diameter of
21mm), and 44 g of smaller alumina balls (12mm). The balls are 92 %
pure, the other 8 % being silica or silicon dioxide. The ball mill con-
ditions were selected according to our previous studies [20,31]. A
photograph of the jar and balls used is presented in Fig. 1 S (Supple-
mentary material). The production yield of the ball-milled product is
˜80wt.% (this value was calculated comparing the sample added in the
jar of ball mill and the sample obtained after the milling time).

After 1 h interval (each hour) of milling, the samples were oven-
dried at 35 °C for 24 h to remove the ethanol. Then the samples in
powder form were subjected to high-intensity ultrasonic treatment in a
Sonics Vibra Cell, at the power of 400W and 24 kHz, in a continuous
process. During the ultrasonication, the samples were maintained under
an ice bath. The tip diameter is 14mm, with an amplitude of 20 %. For
each sample, aqueous solutions containing 1 wt.% of NC were sonicated
during the selected time: 10, 20, and 30min. After the ultrasound, the
samples were in suspension form (1 wt.%). The image presented in
Fig. 1 represents the followed methodology in this study, and Table 1
shows the adopted nomenclatures.

2.2.3. Characterization

2.2.3.1. Fourier transform infrared spectroscopy. Fourier transform
infrared spectroscopy (FT-IR) was conducted using a Frontier 94,942
(PerkinElmer, USA) in the range of 4000 to 400 cm-1 with 32 scans and
a resolution of 4 cm-1 with attenuated total reflectance (ATR) accessory
equipped with diamond. The FTIR relative crystallinity (index of
crystallinity - IC) was calculated using the ratio of the absorption
bands at 1369 and 1315 cm-1, as reported by Lee et al. (2015) [32].
Pellet pressed samples were analyzed at room temperature.

2.2.3.2. Raman spectroscopy. All samples were analyzed with a Raman
spectroscopy (XRD Raman Spectroscopy Thermo Scientific, Madison,
USA). This system is equipped with a 780 nm wavelength with 5.0mW
power laser. Approximately 0.5 mm–1mm length of each dried sample
is analyzed at 50x magnification. The spectra were recorded, and each
spectrum presented is an average of 3 different points on the sample.
The data acquisition was carried out in a range of 100-3500 cm−1, and
32 scans were accumulated in each sample with 4 cm-1 spectral
resolution. All the graphs were baseline corrected (25 points) using
OriginPro 2009. From the subtracted spectrum of the NCs, peak
intensities for the 380 and 1096 cm-1 bands were measured. The
intensity ratio I380/I1096 was determined, and Raman crystallinity
(index of crystallinity – IC) was calculated using Eq. 1 [32–34].
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2.2.3.3. Dynamic and static light scattering. The isolated NC
measurements were performed using dynamic light scattering (DLS)
with a stable 90° scattering angle. Static light scattering (SLS) was
conducted in the region 30–150 °. Both samples were performed using
the ALV/CGS-3 instrument consisting of a polarized HeNe laser
(22mW). The equipment was operating at a wavelength (ʎ) 633 nm,
with NC diluted to a concentration of 0.01 wt%. The reading time
established to obtain the DLS data was 10 s, and the measurements were
performed in triplicate using the final average values. Hydrodynamic
radius (RH) was calculated by using Eq. 2 [35]:

=R
K T

πηD3
H

B

(2)

Where: KB is the Boltzmann's constant, T is the temperature, η is the
viscosity, and D is the translational diffusion coefficient.

In the SLS experiment, the angular dependence of the absolute ex-
cess time-averaging (for a duration of scanning of 10 s) scattering in-
tensity, known as the Rayleigh ratio Rvv (θ) leads to the mean square
radius of gyration (RG), which allows identification of the geometric
shape of the objects (RG/RH) [36].

2.2.3.3.1. Morphological analysis – field emission scanning electron

microscopy and transmission electron microscopy (FE-SEM and TEM). The
surface morphology of all the samples was analyzed at different stages
of treatments using FE-SEM (JEOL-JSM-7200 F) microscope equipped
with energy-dispersive X-ray spectroscopy (EDS), with an acceleration
voltage of 10 kV. The sample was prepared; drop of the NCs (2 wt.%)
was dropped in the stub and after dried in the stove at 60 °C during 2 h.
or Samples were mounted on carbon conductive tape and sputtered for
around 5min in Hummer 6.2 sputter system under 10mA.

The microstructure and morphology of the samples with the best
conditions were investigated by Transmission Electron Microscope
(TEM-Joel 2010). A drop of the colloidal solution at 2 wt.% was de-
posited on a copper grid for analysis.

2.2.3.4. Zeta potential. The zeta potential measurement was
determined using Zetasizer Nano-ZS (Malvern Instruments) to
evaluate electrophoretic mobility of particles converted to Zeta
potential using the Smoluchowski [30] Eq. 3. The reading time
established to obtain the zeta potential data was 10 s, and the
measurements were performed in triplicate using the final average

Fig. 1. Flow diagram representative of the preparation of nanocellulose: the pretreatment methods, followed by the mechanical grinding (ball mill) and finishing
with assisted ultrasound methodology.

Table 1

Nomenclatures of samples prepared by varying milling and high-intensity ultrasonic times.

SAMPLE NOMENCLATURE SAMPLE NOMENCLATURE

1M 1 h milling 3M 3 h milling
1M-10U 1 h milling - 10min ultrasound 3M-10U 3 h milling - 10min ultrasound
1M-20U 1 h milling - 20min ultrasound 3M-20U 3 h milling - 20min ultrasound
1M-30U 1 h milling - 30min ultrasound 3M-30U 3 h milling - 30min ultrasound
2M 2 h milling 4M 4 h milling
2M-10U 2 h milling - 10min ultrasound 4M-10U 4 h milling - 10min ultrasound
2M-20U 2 h milling - 20min ultrasound 4M-20U 4 h milling - 20min ultrasound
2M-30U 2 h milling - 30min ultrasound 4M-30U 4 h milling - 30min ultrasound
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values. The NCs were diluted to a concentration of 0.01 % wt.%.

=
η U

ε f ka
ζ

3

2 ( )
E

(3)

2.2.3.5. X-ray diffraction. X-ray powder diffraction data were collected
on a D8 Focus diffractometer (Bruker AXS - Karlsruhe, Germany),
operating at 40 kV and 40mA, with monochromatic CuKα1 radiation
(λ =1.54056 Å) selected by a curved Ge (111) crystal monochromator.
The data were collected from 10° to 60° in steps of 0.01° and a counting
time of 100 s at each 0.5°. The index of crystallinity (IC) was calculated
according to the following equation (Eq. (4)):

IC(%)= (I200-Iam)/I200 *100 (4)

Where I200 is referred to the maximum intensity of the 200 lattice dif-
fraction peak at 2θ=22.2° and Iam is the intensity of diffraction for the
amorphous part at 2θ=18.5° [37,38].

2.2.3.6. X-ray photoelectron spectroscopy. The XPS analysis was
conducted on a ThermoFisher Scientific, model K-alpha+, equipped
with a monochromatic A1 Kα radiation at 1486.6 eV. The analysis was
performed at room temperature and operated at 10 or 20 eV for high-
resolution scans. Data were treated with CASAXPS software.

2.2.3.7. Thermogravimetric analysis. Thermogravimetric analysis (TGA)
was carried out using STA 6000 instrument (PerkinElmer, USA). The
samples were heated from 20 to 600 °C with a constant heating rate of
20 °C/min under nitrogen flow. All the graphs were analyzed using the
software OriginPro 2009.

3. Results and discussion

3.1. Chemical characterization of the eucalyptus biomass and its

nanocelluloses

A basic characterization of the chemical structure of the samples
with different grinding and ultrasound times was conducted for a pre-
vious evaluation of the fiber composition and apparent crystallinity
using FTIR and Raman spectroscopy. Fig. 2a presents the full spectra of
the milled samples.

All the samples showed similar spectra, which is indicative of the
similarity between the chemical composition of the samples [22]. It was
observed bands of 3500-3200 and 2900 cm-1, characteristic of the−OH
binding and C–H symmetrical stretching groups of cellulose [31,39].
The bands around 898, 1030, 1160, 1315, 1369, and 1425 cm-1 were
assigned to the C–H vibrations, C–O stretching, C–O-C asymmetric vi-
bration, −CH2 rocking vibration and −CH2 deformation vibration of
the cellulose, respectively [40].

Fig. 2a also shows a zoom of the region between 1800 and 1400 cm-

1; it is evident that all the milled samples do not show the peaks related
to the lignin and hemicellulose [40,41]. Other peaks assigned to the
cellulose structure are found at 1155, 1060, 1010, 990, and 893 cm-1.
Most of these peaks are influenced by neighboring bonds and their vi-
brational modes, which results in high band overlap and shift of some
peaks, especially below 1100 cm-1. After the milling, it was noted a
significant decrease in the intensity of the band 1640 and
3400−3000 cm-1 due to the increase in the apparent crystallinity of the
samples; increasing chain ordering, there is less available spacing for
water entering the sample. Functional groups between 1300 to 800 cm-1

were observed; the increasing intensity of these groups indicates in-
creased crystallinity of cellulose in the milled samples.

The apparent index of crystallinity (IC) was calculated for the
samples 1M, 2M, 3M, and 4M. The sample ES showed an overlap of
peaks due to the presence of non-cellulosic compounds, and it was not
possible to calculate the "apparent" IC, as presented in Table 2 [16,32].

This value is not the real value and was used only for comparing the
samples with each other [32].

The ball mill is a challenge composed of three main aspects: (i)
energy and time, (ii) size and stability of nanoparticles, and (iii) wear:
contamination and amorphization (Fig. 3).

In general, process optimization needs to balance the three chal-
lenges for shorter times and energy, smaller particle sizes, high stabi-
lity, and crystallinity. According to the crystallinity values, it is not
possible to unite all the desired characteristics in one material only with
the ball mill: the sample 2M showed high crystallinity (however, as
presented in the next sections, the sizes were larger than the desire for
this type of nanoparticles).

Less crystallinity of the cellulose obtained from samples 1M, 3M
and 4M are justified by the inefficient break resulting in the impact and
shear forces or to the excessive time that resulted in the breaking of
both the amorphous and crystalline regions. Combine mechanical
method is an alternative to use low times in the ball mill and guarantee
the aimed properties in the dimensional and stability characteristics of
the nanocellulose.

The comparison between the FTIR spectra of the milled samples and
its ultrasonicated samples is available in Fig. 2S on the supporting
material. All samples showed slight increases in the IC since ultrasonic
treatment acts in the separation of the nanoparticles. Longer times may
have resulted in an entanglement of the fibers, which resulted in dis-
turbance of the crystalline region. The FT-IR spectra analysis also al-
lows a pre-selection of the samples based on the crystallinity: 2 h of
milling and 20min of ultrasonication.

Similar to observed in the FTIR analysis, Raman frequency, in-
tensity, and band shape of the vibrations may vary between the nano-
celluloses due to the differences in the chemical structure, interaction
between the biopolymer chains, and its organization. In most cases, the
peak sharpness and intensities are associated with the crystallinity of
NC in which, increase in peak intensities increases in the crystallinity of
NC as shown in Fig. 4a–b. Crystallinity percentage after ultrasonic ir-
radiations drastically increase in all the study samples, as presented in
Table 2; this may be due to the disruption of amorphous domains to
yield nanocellulose because of ultrasonic irradiation.

Raman spectra of cellulose from eight different treatments were
collected and compared to the literature data. Cellulose is a poly-
saccharide thus has characteristics Raman bands from 300 to 3000 cm-

1. The main cellulosic peaks are indicated with arrows, and corre-
sponding peaks are ˜380 and ˜460 cm-1: CeCeC, C–O, CeC–O ring
deformation. The band at 900 cm-1 is associated with the C–H ring of
cellulose and is the disorder of the cellulosic structure (amorphous re-
gion) [33]. Similarly, 1340 cm-1: −CH2, HeCeC, HeOeCe, and
C–OeH; 1456 cm-1: HeC and HeOeC bending. Raman bands from
1300 to 1500 cm-1 corresponding to −CH2 and −CH2OH deformations
are also reported [33]. The Raman bands at 2889 cm-1: CH and CH2

corresponding to stretching and bands at 3286−3402 cm-1: OeH
stretch [42].

Raman technique can result in estimate values of crystallinity, as
presented in Fig. 4a–b. This value can be influenced by hemicelluloses
(as impurities), and therefore other measurement methods need to be
conducted and compared. of crystallinity by the ratio of cellulose's
Raman bands at 380 and 1096 cm-1. Also, the region of the sample or
the preparation of the sample can influence the obtained values, and
this is the reason why the results of crystallinity measurements by
different researches have been, at times, contradictory [34].

It was possible to sequence the crystallinity for the milled samples as
2M ˜ 3M>1M>4M; the results indicate that the best condition of
milling time considering only the crystallinity of the samples is two
hours. Evaluating the ultrasonicated samples, all of them showed sig-
nificant increases in the crystallinity values. The defibrillation effect
can justify the increase in the IC values after the high-intensity ultra-
sound: when the ultrasonic waves arrive at the sample, they penetrate
the crystalline structure of the cellulose and result in the separation of
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the nanofibrils. This separation, associated with the high shear force
present in the solution, breaks the amorphous regions and isolates the
crystalline ones, resulting in more separated and crystalline NCs. The
more crystalline the sample ground, the easier the separation of na-
nofibrils, and therefore the best results among the ultrasonic samples
are those for 2 h of milling.

3.2. Preliminary evaluation of sizes and shapes and morphological analysis

The milling was conducted in four different times: 1, 2, 3, and 4 h,
and the effects of the different times were evaluated dimensionally. The
DLS and SLS analysis allow a preliminary evaluation of the NC’ sizes
and shapes. The DLS measures the translational diffusion coefficient of
particles in water, which undergo Brownian motion. The value given by

this technique is the hydrodynamic radius (RH) of a sphere having the
same diffusion coefficient as the rod-like cellulose nanoparticles
[8,43,44]. Fig. 3S shows the curves of the size distribution and in-
formation about the maximum, minimum, and average sizes of the
milled samples.

Comparing the milled samples, in Fig. 3S, it was possible to observe
that the RH Average was the lowest for 2 h of ball mill, followed for 3 h,
4 h, and 1 h. The milling time of the 1 h was not enough to break the
fibers into nanostructures; the higher times (3 and 4 h) show a trend of
increase de dimensions. The best milling time was 2 h. According to
Sofla et al., longer grinding times may result in the growth of a fibrous
layer of cellulose around the grinding balls. This fact decreases the
impact power of the balls on the particles and results in larger sizes
[45,46]. This behavior justifies the larger particle sizes of the samples
3M and 4M.

In all DLS measures, it was verified that the sample with 20min of
ultrasound showed the lowest RH averages. Most of the particles also
presented maximum sizes in the micrometric range is indicative of the
more elongated morphology of the particles (nanofibrils – Fig. 6)
[7,47]. This size trend can be observed in Fig. 5, which correlates the
average particle size and ultrasound time.

Correlations with the SLS technique and morphological analyses
were needed to confirm the shape of the NCs. In this way, SLS analysis
was conducted, and Table 3 presents the obtained values of the hy-
drodynamic radius (RH), rotation radius (RG), distribution of sizes, and
identification of the geometric shape of objects (RG/RH).

With the SLS data, it is possible to evaluate the parameter ρ, related

Fig. 2. Infrared spectra of (a) Eucalyptus (ES) and 1M, 2M, 3M and 4M samples and zoom in the region 1800 to 1400 cm-1 and 1390 to 600 cm-1; and (b) full spectra
for the ultrasound-20 min samples.

Table 2

Crystallinity values obtained from FTIR and Raman spectra.

Samples Apparent IC (%) (FTIR) 1369/1315 Crystallinity (%) (Raman)

1M 98.4 49.8
1M-20U 99.3 57.9
2M 99.4 59.9
2M-20U 99.7 77.0
3M 88.1 60.3
3M-20U 89.9 73.5
4M 98.1 17.7
4M-20U 99.9 66.3
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to the RG (obtained from SLS values) and RH (obtained from DLS va-
lues). The RG is a parameter defined as an average root mean squared
distance from the center of the mass of a macromolecule. This para-
meter allows a correlation between the RG/RH and the morphology of
the systems studied. It is a little-used technique for understanding cel-
lulosic systems because of its complexity; however, it provides basic
information in a short time.

According to Stetefeld et al., RG/RH ˜1 can be attributed to elon-
gated shapes [48]. It is possible to observe that there is much different
information that needs to be compilated and corroborated with other
morphological techniques. In the case of NCs, many shapes can occur,
such as spheres, fibrils, and rod-like structures [31,49–51]. So, there is a
limitation in the precise estimation of the shapes, resulting in approx-
imate values.

According to the values, the time of 20 and 30-min ultrasound are
considered adequate to obtain an elongated shape. The sample 1M-30U

(ρ=1.48) and 2M-20U (ρ=1.22) are considered as an excellent
morphology due to its ρ, which fits into the fibrillar morphology be-
cause they present the ratio of ρ > 1 [48].

To corroborate and complement the DLS and SLS results, the mor-
phological analysis was conducted. Fig. 6a shows the FESEM images of
the milled and ultrasonicated samples. The FESEM images validate the
changes in the disintegration of the fibers, and the best samples were
evaluated by TEM images, as shown in Fig. 6b that is the 2 h milled
sample and 2M assisted by 20min of high-intensity ultrasound [70].
The best samples were determined according to the previous results
presented in Fig. 4S.

The use of FESEM is limitated by the equipment conditions, being
necessary to dry the samples, which results in agglomeration and
overestimation of sizes. NC usually aggregate into bundles during the
drying process, and that is why FESEM images are not so easy to see and
individual nanoparticles could not be observed. Also, the surface of the

Fig. 3. Challenges of ball mill in the nanocellulose (NC) isolation, comparison between the real and the aimed scenario, and the main techniques that can be
employed to analyze each NC characteristic.

Fig. 4. Raman spectra of (c) milled and (d) ultrasonicated samples.
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sample was coated with gold to obtain the images [71], and the coating
broads the nanosized structure. However, this technique provided some
interesting observations about the samples.

The use of the ball mill resulted in a non-uniform and random
breaking of the cellulose fibers. Some fibers have better defibrillation,
while others remain micrometric in size. In some FE-SEM images, it is
possible to observe some regions have a quasi-circular shape, for ex-
ample, in 4M, 1M-20U, 2M-20U, and 4M-20U. It is associated with the
ball milling effect due to the breakage of the fibers along the direction
perpendicular to the fiber axis [60].

Based on all other results observed during this work, it was con-
cluded that the 2M sample is the one with the most potential to obtain
nanocellulose, and the use of 20min of ultrasound was the time that
presented the best results. In this way, the morphology verification
using TEM was performed for these samples (Fig. 6b). It is interesting to
observe that in sample 2M, which was in solution and, therefore, in a
dispersed state when compared to FESEM, presented diameters of ap-
proximately 400−600 nm and length of ˜5 μm, which result in an as-
pect ratio (L/D) of ˜8. After the ultrasound, these samples presented a
drastic reduction of diameters, with an average value of ˜25 nm and
length of ˜3 μm, which result in an aspect ratio (L/D) of ˜120 [71]. By
these results, it is possible to conclude that the morphology of the ob-
tained NCs are nanofibers.

In Fig. 6c is presented a scheme that represents the proposed ex-
planation about the ultrasound effect on the NCs. The mechanical
grinding by ball mill resulted in a random and irregular break due to
the different forces that occur in the fibers: shear, friction, and com-
pression. By using ultrasound as a combined method, ultrasound waves
generate more defibrillation of fibers, which are already partially ac-
cessible, and these results are more visible with TEM images. It results
in greater uniformity of sizes, smaller diameters, and more stability of
the suspension.

3.3. Zeta potential

Zeta potential (δ) was measured to evaluate the electrostatic stabi-
lity of the NCs, and the results are presented in Table 3. Values less
than±15.0 mV represent the tendency to agglomeration and greater
than±30.0 mV means that the samples show electrostatic charges
[30,52,53]. The sample 1M was the only that showed electrostatic
instability, i.e., a tendency of aggregation and flocculation due to the
low presence of free hydroxyl groups. It probably occurred due to the
larger particle sizes, which mean lower surface area and lower avail-
ability of free hydroxyls; also, the gravitational forces act and tend to
flocculate large particles. The other milled samples showed high δ

values. Considering the δ values of the samples (Table 3), after the
ultrasound, the samples 4M reduced the stability of the suspension, for
3M's there is no significant change in this properties, and the 2M
samples increased the stability for longer times of ultrasound, whereas
the 1M’s the same behavior was observed. The sample 2M-20U stood
out with ˜60mV, which means that there is possibly a greater avail-
ability of free hydroxyls that result in repulsive electrostatic charges
[54,55]. The 2 h ball-milled, and 20-min ultrasound time was selected
as the ideal time in this study, considering dimensional and surface
characterization and the shortest time of use of ultrasound.

The suspensions were monitored as a function of time at 0, 10, and
30min, as shown in Fig. 7. The milled samples show large particle sizes
and aggregation tendency, being visible to the naked eye. After 10min,
the samples were deposited at the bottom of the container. The larger
sizes and the superficial charges resulted in a high tendency to floc-
culation [56].

Samples that have passed through the ultrasound process showed
better dispersibility. It is probably because the samples have smaller
particle sizes since it is expected that the high-intensity ultrasonication
promotes a good disintegration of the cellulose fibers. In this case, the
high superficial area probably has high free hydroxyl contents, which
contributes to the dispersibility of the suspension [57,58].

3.4. X-ray diffraction

The crystalline behavior of the milled samples before and after the
high-ultrasonication was investigated using X-ray diffraction. Fig. 8a–b
show the XRD patterns, and all the samples follow a similar trend ex-
hibiting the principal crystal planes (200) and (004) at approximately
22.2 and 34.6°, respectively [22]. The small and broad peak at 34.5°
represents the contribution of (040) plane. The index of crystallinity
(IC) indicated that all the samples have a higher IC than the ES (raw);
this could be justified with the removal of the non-cellulosic compo-
nents (hemicellulose and lignin) after ultrasonic treatment [41]. Com-
paring with the IC calculated by FTIR analysis, it is possible to observe a
similar trend, with the ultrasonicated samples but has a slight differ-
ence in the crystallinity values. This may occur because there may still
be other lignocellulosic components present, and when used the FTIR
technique, this may interfere significantly in the calculated values [32].

In Fig. 8a it is possible to observe that the samples presented IC
values in the following order; 1M>4M>2M>3M. The 1M sample
was subjected to less milling time resulting in fewer shocks and shear
force. This demonstrates that despite reducing nanometer-scale parti-
cles, ball milling results in loss of crystallinity over time. One hypoth-
esis for the 4M sample to have been more crystalline than 2M and 3M
is that there was enough breakdown of the cellulose crystalline region
that was exposed and making this into the amorphous region.

The use of high-intensity ultrasound methodology presented results
similar to those of grinding, as present in Fig. 8b. However, obtained
NC with ultrasonically treated samples exhibited homogeneous dis-
persion and disintegration into individual particles due to the disrup-
tion of hydrogen bonds. Nevertheless, some authors mentioned the
limitations of this method, mainly due to the underestimation of the
contribution of the amorphous region, overestimating the IC [41]. One
justification for the similarity between the IC values is that no acid was
used for the dissolution of the amorphous region, only breakage. As the
NC solutions do not undergo any washing, as reported in the experi-
mental part, there is no separation between amorphous and crystalline
regions. For a better understanding of the difference between methods,
the morphological analysis was used. Similar results were reported by
Chen et al. [59,60].

Based on the previous results of crystallinity and nanosizes, these
parameters were evaluated to determine the most favorable condition
to obtain NC. The compilated results are presented in Fig. 4S, in the
Supplementary Material, and show that the 2 h of milling (sample 2M)
was considered the ideal grinding time. Also, concerning the ultrasound
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Fig. 5. Average hydrodynamic sizes of the NC vs. ultrasound time, measured by
DLS analysis.
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times evaluated, the use of 20min presented more uniform sizes and
smaller size distribution. Thus, the most effective combination of
methods was for 2 h of milling assisted with 20min of ultrasound.

3.5. Evaluation of the composition and eventual contamination of the NCs

The high-resolution XPS spectra were collected for the milled
samples and the ultrasonicated samples for 20min (Fig. 8c–d), re-
spectively. It was observed that increasing the milling time there is the
presence of Al and Si. These elements are impurities associated with the

Fig. 6. (a) FESEM images of the milled and ultrasonicate samples and (b) TEM micrographs of the best conditions: 2 M and 2M-20U; (c) Scheme shows the main
consideration about the effect of the high-intensity ultrasonic.
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jar and balls composition (SiO2 and alumina), and higher times of
milling resulted in higher contents of impurities. The O/C ratio was
calculated, and the obtained values are 0.39, 0.49, 0.54, 0.68, and 0.75
for the samples ES, 1M, 2M, 3M, and 4M, respectively. The theoretical
value of pure cellulose is 0.83 [61].

Alumina is the main composition of the jar and spheres; Silicon
dioxide is the "contaminant" mostly found in the balls. Interestingly, as
milling time increased, the aluminum concentration was constant and
low; however, there was an increase in silicon content due to the wear
of the balls, which mainly occurs in the region of impurities, resulting
in contamination of the cellulose. The use of other materials as grinding
agents such as high alumina or zirconic spheres could significantly re-
duce contamination but would result in an increase of approximately 20
% in cost.

For the ultrasonicated samples, the values are 0.61, 0.64, 0.61, and
0.79 for the samples 1M-20U, 2M-20U, 3M-20U, and 4M-20U, re-
spectively. The ultrasound samples showed higher O/C values than the

milled samples. This difference in NC values is due to the chemical pre-
treatment and the combinatorial isolation method used to obtain NCs
from the ES fibers, in which the ball mill allowed the partial removal of
oxygen from the NCs while the high-intensity ultrasound caused a
closer increase of pure NC (0.83), as reported in the literature [62].

3.6. Thermogravimetric analysis (TGA)

The thermal analysis gives information about the thermal behavior
of the ES and NC derived from it as well as possible high-temperatures
applications of NC [22]. The results obtained by the thermogravimetric
analysis were plotted as thermogravimetric and its derivative curves, as
in Fig. 9a–b.

The TGA curves maintained a similar pattern for all the samples,
which is in agreement with the conventional curves of NC [53,63–68].

All these samples showed two main events of percentage weight
loss. The first is related to the breakage of inter- and intramolecular
hydrogen bonds corresponding to water evaporation [30,58]. The
second event of weight loss is related to the thermal degradation of
cellulose. The ES sample had slightly higher thermal degradation
temperatures than the NCs. Nanoparticles have larger surface areas
than ES, which may have catalyzed thermal degradation. All the milled
samples showed very similar Tmax, even at high mechanical milling
times, which indicates that all the structures are identical, and similar
energies are required to thermal degradation of the cellulose.

There was an increase in decomposition temperature by 10 °C in all
the ultrasonically treated samples than ball-milled samples. This small
change could be due to the more ordered and individualized structures
which corroborate with the previously presented crystallinity results.
Another possibility is that the surface area of the NC is very high, which
means that the heat can be disseminated very quick, and it can decrease
the thermal decomposition temperature of the samples.

This behavior is another indication of the efficiency of the combined
methods since the high temperatures are justified by the higher energy
necessary for the thermal degradation of the nanocelluloses [69]. These
results are promising and demonstrate that the combination of the two
insulation methods may favor applications that require higher

Table 3

Structural parameters using light scattering techniques (RH values were ob-
tained from DLS and RG values from SLS), and zeta potential values.

Samples RH (nm) RG (nm) ρ (RG/RH) Zeta potential (mV)

1M 2840.0 338.3 0.12 −24.7
1M-10U 453.6 132.6 0.29 −51.7
1M-20U 361.4 156.6 0.43 −40.8
1M-30U 113.4 167.3 1.48 −40.9
2M 246.8 221.4 0.90 −43.5
2M-10U 450.9 173.5 0.39 −42.1
2M-20U 145.9 177.3 1.22 −59.3
2M-30U 826.0 150.8 0.18 −53.5
3M 2600.0 306.8 0.19 −45.0
3M-10U 544.6 197.5 0.36 −45.7
3M-20U 488.8 156.1 0.32 −39.3
3M-30U 277.6 167.7 0.60 −45.7
4M 240.1 207.3 0.86 −45.7
4M-10U 301.4 131.1 0.44 −48.1
4M-20U 374.5 143.4 0.38 −40.7
4M-30U 216.8 154.3 0.71 −40.5

Fig. 7. Samples suspensions at the times of 0, 10, and 30min.
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processing temperatures.

3.7. Final remarks

Nanocellulose, with exceptional intrinsic properties such as ex-
cellent thermal and dimensional stability, crystallinity, and stiffness,
has been prominent in the world bioeconomy as a potential substitute
for carbon and graphene nanotubes. This is because this material has
high added value and is a class of compatible and renewable biona-
nomaterials. This reflects a worldwide race for NC production with high
productivity, process efficiency, and low environmental impacts.
Considering industrial production or pilot-scale, some companies may
be cited. VTT Finland is developing a project to obtain NC with enzy-
matic processes; Paperlogic has a production capacity of 2 tons per day;
Fibria Insights is already investing in innovative projects to develop
viable processes for obtaining NCs; In addition, numerous start-ups are
springing up around the world to develop these high-quality, high-
quality advanced materials [29,72–74].

It should be noted, however, that many companies, in addition to
targeting high-capacity production processes, have also shown a keen
interest in developing more environmentally friendly techniques [75].
Although numerous researches are being conducted, there is still a
limitation on mechanical methods due to commonly used equipment.
Thus, the combinatorial approach presented in this work stands out for
using common equipment in other industrial areas (such as paints and
ceramic suspensions), without using toxic reagents. There is a clear and
growing trend in the development of methods and processes aimed at
lowering prices and increasing nanocellulose productivity, which has
proven to be a "material of the future".

4. Conclusions

Nanocellulose (NC) was successfully isolated from eucalyptus saw-
dust using a combination of ball mill and high-intensity ultrasonication
methods; all the proposed milling times (1, 2, 3, and 4 h) resulted in
cellulosic particles in the nanometric scale. The use of a combinatorial
method to overcome the challenges encountered in mechanical
grinding without the use of chemical reagents was successful; the ul-
trasound

allows defibrillation of the nanofibres by reducing NC diameters, as
well as providing high power output, concentrated energy transfer, low
cost and ecological character. The 2 h-milling times presented smaller
size, following by 3M<4M<1M. After the milling, the ultrasound
irradiation was conducted in 10, 20, and 30min. The 20min samples
showed the smaller sizes and high electrostatic stability when compared
to the other evaluated times; and according to static light scattering,
this sample has random morphology with elongated form, which is
desired for NC.

The crystallinity values (CI), determined by FTIR, Raman, and XRD,
show a similar trend. The 2 h-milled sample presented a high crystal-
linity, and the CI values followed the order 2 h˜3 h> 4 h>1 h; longer
times (4 h) may have a disturbance in the crystalline region; low times
(1 h) was not enough to break and remove the amorphous region. Also,
the use of ultrasound increased the thermal stability, which can be
justified by the increase in the crystallinity of the samples.

It was verified that the mechanical grinding results in a random and
irregular break of the cellulose fibers due to the shear and friction
forces. So, in the combined method, the ultrasound waves generate
more defibrillation of nanofibers, decreasing the NC’ diameters. Short
ultrasonic times are not enough for the separation of the nanofibers,
whereas excessive times induce a disorder and entanglement of the NC.
Also, they produce fibers with fewer contaminants, according to XPS

Fig. 8. X-ray diffraction patterns of (a) milled samples and (b) ultrasonicated samples; XPS survey spectra (0–1400 eV) for (c) eucalyptus sawdust and milled NCs and
(d) ultrasonicated samples, showing the representative C 1s (286 eV) and O 1s (532 eV) photoemission peaks.
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results.
This study allowed an in-depth understanding of the combining

method of grinding and ultrasound, which is a completely toxic-free
and widely applicable method. The presented results suggest that the
proposed method has a high potential and alternative way to unravel
highly dispersive NC from natural resources. Also, the obtained nano-
particles are expected to show high potential as nanocellulosic re-
inforcement into a polymeric matrix, providing value-added materials
with superior performance and biodegradable character. The applica-
tions are innumerous, such as agricultural plastics, packaging, oil
emulsification, and others.
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