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Abstract

Whiskers have been used as a nanomaterial dispersed in polymer matrices to modify the microscopic and macroscopic 
properties of the polymer. These nanomaterials can be isolated from cellulose, one of the most abundant natural 
renewable sources of biodegradable polymer. In this study, whiskers were isolated from sugarcane bagasse and corn cob 
straw fibers. Initially, the cellulose fiber was treated through an alkaline/oxidative process followed by acid hydrolysis. 
Dimethylformamide and dimethyl sulfoxide were used to replace the aqueous medium for the dispersion of the whiskers. 
For the solvent exchange, dimethylformamide or dimethyl sulfoxide was added to the aqueous dispersion and the water 
was then removed by fractional distillation. FTIR, TGA, XRD, TEM, Zeta and DLS techniques were used to evaluate 
the efficiency of the isolation process as well as the morphology and dimensions of the whiskers. The dimensions of 
the whiskers are comparable with values reported in the literature, maintaining the uniformity and homogeneity in both 
aqueous and non-aqueous solvents.
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1. Introduction

Agricultural production has expanded in recent years 
and the lignocellulosic byproducts generated have great 
potential for exploitation as new raw materials. Agricultural 
byproducts, such as sugarcane bagasse (SCB) and corn 
cob straw (CCS), are residues produced on a large scale 
which, after treatment, can be added to a polymeric matrix 
in order to alter the physicochemical characteristics of the 
nanocomposites. Lignocellulosic materials consist mainly 
of cellulose, hemicellulose and lignin, the contents of which 
vary depending on the raw material and the physiological 
characteristics of the plant. SCB is comprised of 42 to 46% 
cellulose, 21 to 28% lignin and 27 to 29% of hemicellulose[1-3]. 
On the other hand, CCS contains 42 to 44% cellulose, 
22 to 28% lignin and 27 to 28% hemicellulose[4-6]. Minor 
amounts of other polysaccharides (found in the cell walls) 
and minerals may also be present in these raw materials.

Cellulose is an abundant biopolymer which is biodegradable 
and renewable and it can be obtained in an environmentally 
sustainable manner. It has a microfibrillar structure composed 
of β-1,4-linked anhydro-D-glucose (C6H10O5) units, and the 
repeat segment is a dimer of glucose, known as cellobiose. 
The spatial conformation and arrangement associated with 
intra- and intermolecular hydrogen bonds lead to the rigid 
characteristics of cellulose[7,8]. Six interconvertible cellulose 
polymorphs, namely I, II, III1, III2, IV1 and IV2 have been 
identified, each with its particular set of network parameter 
characteristics of unit cells, type I being referred to as native 
cellulose[7]. In order to isolate the cellulose from lignocellulosic 

plant materials, the non-cellulosic components (hemicellulose, 
lignin, etc.) need to be removed from the fiber through a 
process known as bleaching. Different treatments have been 
applied in the bleaching of natural fibers, such as the use of 
an alkali, followed by an oxidizing/alkaline environment with 
the use of an oxidant based on chlorinated compounds[9,10]. 
Studies have been conducted using oxidants which generate 
very low levels of waste, such as hydrogen peroxide, thereby 
reducing the environmental impact[1,11]. Rosa et al.[12] has 
isolated cellulose from rice husk by cellulose extraction in 
two-step chlorine-free bleaching processes. Other processes 
are performed without the alkali treatment step, using 
systems such as nitric/acetic acid[11] and peracetic acid[13] 
and mixtures of hydrogen peroxide with manganese(II) 
sulfate and zinc oxide or manganese(II) sulfate and titanium 
dioxide[14]. In the bleaching process the control variables, 
such as temperature, time and concentration of reagents, 
play an extremely important role.

After bleaching, the cellulose isolated by mechanical, 
chemical or enzymatic treatment can result in microcrystalline 
cellulose, microfibrillated cellulose or whiskers. The microfibrils 
which make up the cellulose fiber consist of amorphous and 
crystalline domains and their acid hydrolysis allows the 
isolation of the crystalline domains, denoted as whiskers or 
cellulose nanocrystals, due to the dimensional characteristics 
of the material. The aspect ratio of the whiskers is dependent 
on the variables involved in the process used to isolate the 
whiskers, such as the raw material, temperature, reaction 
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 time, reagent concentration and reagent/raw materials ratio. 
Habibi et al.[7] and Moon et al.[15] reported that whiskers 
have an acicular shape and length/diameter ratio of 10 to 30, 
with lengths of 35 to 500 nm and a diameter of 3 to 15 nm, 
depending on the raw material and treatment used to isolate 
the whiskers.

The large surface area and crystallinity of the whiskers 
make these promising materials for incorporation into 
polymeric matrixes, where they increase the mechanical 
strength and modify the gas barrier properties[7,15-17]. On the 
other hand, the whiskers can be dispersed homogeneously 
in polymers which are soluble in aqueous solution due to 
their hydrophilic surface[18]. However, this restricts their use 
in the matrices of hydrophobic polymers due to difficulties 
related to their dispersion in these systems. Studies have 
been directed toward obtaining an adequate dispersion of 
whiskers in hydrophobic matrices, using approaches such 
as the addition of anionic surfactants or tert-butanol to the 
dispersing medium[19], the use of a cationic surfactant[20], the 
use of partially hydrolyzed poly(vinyl alcohol)[21], surface 
functionalization of the whiskers[22-24], the use of lyophilization 
and redispersion in a non-aqueous solvent. Of these proposed 
methods, the redispersion of the whiskers in non-aqueous 
solvents has proved to be a promising technique which 
allows homogeneous dispersion in hydrophobic polymers, it 
being necessary to assess the process conditions in relation 
to the polymer matrix. Yu et al.[25] isolated whiskers in an 
aqueous medium and then replaced the water with acetone 
and subsequently replaced the acetone with chloroform 
in several successive centrifugation steps and finally the 
whiskers were incorporated into the poly(3-hydroxybutyrate-
co-3-hydroxyvalerate) matrix. Pracella  et  al.[26] used an 
analogous procedure for the solvent exchange of the whiskers 
suspension and subsequent incorporation of the whiskers 
into poly(lactic acid).

The whiskers yield from the isolation process, as well 
as the whiskers suspension in non-aqueous solvents and 
subsequent incorporation into the hydrophobic polymer 
matrix, are dependent on the characteristics of the raw 
material, the bleaching process and the procedure used for 
the isolation of the whiskers, in addition to the characteristics 
of the solvent used in the suspension and the polymer matrix 
employed to produce the nanocomposite.

In this context, the aim of this study was to evaluate the 
processes used for the isolation of whiskers from sugarcane 
bagasse and corn cob straw, to promote the exchange of 
the whiskers dispersing medium and keep the whiskers 
homogeneously dispersed in non-aqueous solvents to 
facilitate the obtainment of a nanocomposite polymeric 
matrix containing whiskers.

2. Materials and Methods

2.1 Materials

The sugarcane bagasse (SCB) was provided by regional 
ethanol producers (São Paulo, SP Brazil) and the corn cob 
straw (CCS) by regional organic producers (Pato Branco, PR 
Brazil). Poly(lactic acid) (Code 3251D) was purchased from 
NatureWorks, Cargill (Minnetonka, MN, USA). Sulfuric acid, 
sodium hydroxide and hydrogen peroxide were purchased 

from Lafan Química Fina, and dimethylformamide (DMF) 
and dimethyl sulfoxide (DMSO) were supplied by Nuclear 
(Brazil). Cellulose was purchased from Merck and lignin 
obtained by isolation from the raw materials (SCB and CCS) 
according to regulation TAPPI T222 om-88[24]. All of the 
chemical reagents were used without further purification.

2.2 Bleaching of fibers from raw materials

The SCB and CCS raw materials were washed with 
distilled water, dried and milled and then passed through 
a 30-mesh sieve. In the next step, the fibers were dried in 
an oven with air circulation at 105 °C for 4 h prior to the 
bleaching process. For the bleaching process, three different 
procedures were applied: (i) treatment with NaOH aqueous 
solution; (ii) treatment with H2O2; and (iii) treatment with 
Ca(ClO)2 aqueous solution.

(i)	 Treatment with NaOH aqueous solution - The fibers 
were maintained in a 5% aqueous solution of NaOH 
(1:20 w/v fiber/solution) at 85 ºC for 90 min, under 
mechanical stirring. In the next step, the dispersion 
was filtered and the fibers washed until neutral pH and 
dried at 105 °C for 4 h. The fibers obtained through this 
treatment are denoted as SCB/NaOH or CCS/NaOH, 
according to the raw material.

(ii)	Treatment with H2O2 - The fibers subjected to treatment 
(i) were then maintained in an aqueous solution of 5% 
NaOH and 11% H2O2 (1:20 w/v) at 55 °C for 90 min 
and the dispersion was filtered. The fibers were then 
washed with distilled water until neutral pH and dried 
at 105 °C in an oven with air circulation for 4 h. These 
treated fibers were denoted by SCB/H2O2 or CCS/H2O2, 
according to the raw material.

(iii)Treatment with Ca(ClO)2 aqueous solution - Fibers 
subjected to treatment (i) were maintained in an aqueous 
solution of 2.5% Ca(ClO)2 and 5% NaOH (w/v), at 
45  ºC for 240 min and the dispersion was filtered. 
The fibers were then washed until neutral pH and dried 
at 105 ºC for 4 h. These treated fibers were denoted 
by SCB/Ca(ClO)2 or CCS/Ca(ClO)2, according to the 
starting raw material.

2.3 Characterization of raw materials and bleached 
fibers

To evaluate the effect of bleaching on the composition 
and crystallinity of the lignocellulosic materials, SCB and 
CCS samples before and after the bleaching processes were 
characterized by Fourier transformed infrared spectroscopy 
(FTIR), thermogravimetry analysis (TG) and X-ray diffraction 
(XRD). The cellulose, lignin and hemicellulose contents of 
the untreated SCB and CCS were determined in accordance 
with the respective recommendations of the Technical 
Association of the Pulp and Paper Industry (TAPPI standards).

2.3.1 Content of cellulose, lignin and hemicellulose in SCB and 
CCS raw materials

The lignin, cellulose and hemicellulose of the raw 
materials SCB and CCS were determined according to 
the TAPPI Standard T222 om-88[27], the ashes according 
to the norm TAPPI T211 OM 93[28] and the extractive was 
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determined according to the standard TAPPI T 204 om-88[29]. 
The holocellulose content (cellulose and hemicellulose) 
and the pulp were determined according to standard 
TAPPI T13 m-54[30], allowing the determination of the 
hemicellulose content. All measurements are expressed 
on a dry basis.

2.3.2 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra for the cellulose, lignin, SCB and CCS 
samples before and after the bleaching process were obtained 
on a Shimadzu IR Prestige system, performing 20 scans, with 
a resolution of 4 cm–1, in the range of 4000 to 600 cm–1 at 
room temperature. The samples were prepared in the form 
of compressed KBr disks.

2.3.3 Thermogravimetric analysis (TGA)

Thermal degradation measurements were taken on a 
Shimadzu TGA-50 thermogravimetric analyzer, from room 
temperature to 600 °C at a heating rate of 10 °C min–1. 
The flow rate of the nitrogen purge gas was 50 mL min–1.

2.3.4 X-ray diffraction (XRD)

X-ray patterns of the specimens were obtained on a 
Philips X’Pert diffractometer (Netherlands), with Cu (Kα) 
radiation (λ = 1.5418 Å), operating at room temperature, 
30 mA and 40 kV. The scanned region of 2 to 40° (2θ) and 
a pitch of 0.05° s–1 were applied to evaluate the crystallinity 
index of the SCB and CCS samples, before and after the 
bleaching processes. The samples were milled to yield 
material between 120 and 450 mesh sizes. The crystallinity 
index (CI) was determined using Equation 1, by comparing 
the corresponding areas of the crystalline and amorphous 
fractions, obtained by deconvolution of the diffractogram, 
where AA is the area of the amorphous phase and At the 
total area of

1 100a
I

t

AC x
A

 
= − 
 

	 (1)

2.4 Extraction of whiskers

To extract the whiskers bleached fibers obtained from 
CCS and SCB were selected, through treatments (ii) with 
H2O2 and (iii) with Ca(ClO)2, as described in section 2.2. 
Acid hydrolysis was carried out at 55 °C for 75 min with 
60  wt % H2SO4 (1:20 w/v) under mechanical stirring. 
The fiber suspension was diluted with water (five times the 
volume of the reaction mixture) at room temperature to stop 
the reaction and after centrifugation the supernatant was 
removed. Distilled water was then added to the sediment, 
which was suspended under mechanical stirring, and the 
suspension was centrifuged until the appearance of the 
cloud point. This  suspension of cellulose whiskers was 
collected and treated using dialysis bags in a cellulose acetate 
membrane with a cut off of 10,000 g mol–1 at neutral pH 
and stored at 5 °C.

2.5 Replacement of dispersive medium of whiskers

The dispersive medium containing the cellulose whiskers 
was changed from water to DMF or DMSO, in order to 
solubilize the hydrophobic polymer matrix. The DMF or 

DMSO was added to the aqueous suspension of cellulose 
whiskers and the water eliminated through vacuum distillation 
at 60 °C, since the boiling point of a non-aqueous solvent 
is greater than the boiling point of water.

In the exchange of the aqueous dispersion medium 
containing the whiskers the volumes of solvent before and 
after fractional distillation were gravimetrically monitored.

2.6 Characterization of whiskers
2.6.1 Whiskers in aqueous and non-aqueous media

In order to estimate the yield of the isolation process 
of the whiskers and efficiency in the solvent exchange the 
quantity of whiskers dispersed in the aqueous and non-aqueous 
medium was determined using the gravimetric procedure. 
A sample of 2 mL of the whiskers suspension in aqueous 
medium was placed in Petri dishes and kept in an oven with 
air circulation at 80 °C to evaporate the solvent. The sample 
was then maintained at 105 °C until constant weight, and 
the quantity of whiskers was calculated and expressed as 
weight per volume of suspension. The yield of the hydrolysis 
reaction was estimated from the weight of the cellulose 
content of the bleached fibers. An analogous procedure was 
used to determine the efficiency of the solvent exchange 
from water to DMF or DMSO, maintaining the suspension 
at 130 °C until complete evaporation of the solvent.

2.6.2 Zeta potential analysis (ξ) and dynamic light scattering 
(DLS)

The surface charges were measured by zeta potential 
analysis (ξ) from an aliquot of the neutral aqueous suspension 
of the whiskers with the concentration equalized at 0.005% 
(w/w). In order to evaluate the stability of the suspensions 
they were kept under refrigeration at 7 °C and analyzed at 
6-month intervals, after sonication (UltraCleaner 1600A) 
for 30 min and centrifugation under a force of 1370 x g.

Dynamic light scattering was carried out using a 
Zetasizer Nano ZS system (Malvern, UK), by detecting 
back-scattered laser-light (θ = 173°) and comparing the 
coherence of scattering patterns as a function of time, with 
0.002 g mL–1 of whiskers in aqueous, dimethylformamide 
or dimethyl sulfoxide suspensions, at 25 °C. Measurements 
of the particles in suspension were carried out in triplicate, 
and each measurement was composed of 15 runs every 
10 s. Analysis based on the diffusion rate of the particles 
in the fluid was conducted to calculate the autocorrelation 
function and deduce the particle size information.

2.6.3 Transmission electron microscopy (TEM)

Transmission electron microscopy analysis of the 
whiskers was carried out using a JEOL-1011 TEM electron 
microscope operating at 80 kV. One drop (0.002 g mL–1) of 
the suspension of whiskers was diluted in 2 mL of isopropyl 
alcohol and deposited on a grid coated with copper film 
(FORMVAR) and after being almost dried it was stained 
by adding one drop (~ 4 μL) of 3% uranyl acetate (w/v). 
The excess liquid was removed and this was followed by 
drying at room temperature.
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3. Results and Discussions

3.1 Characterization of raw materials

Table 1 shows the composition of cellulose, lignin, 
hemicellulose, ash and extractive for the sugarcane bagasse 
(SCB) and corn cob straw (CCS). As expected, for both 
raw materials cellulose predominates in relation to the 
other components. The percentages of each component are 
consistent with values reported in the literature[1-6]. SCB 
fibers have a higher content of lignin and lower content of 
hemicellulose than CCS fibers, which affects the physiological 
characteristics of these fibers.

3.2 Evaluation of the effect of bleaching process

Figure  1 shows the FTIR spectra, in the range of 
1400‑1850 cm–1, for cellulose and lignin obtained by isolation 
from the raw materials straw corn cob straw (CCS) and 
sugar cane bagasse (SCB) before and after the bleaching 
treatments. In the range of 1400 to 1850 cm–1 the cellulose 
shows absorption bands at 1645 and 1430 cm–1 related to 
the symmetrical angular deformations of the OH and CH2 
(constituents of the chemical structure of the cellulose 
repeating unit), respectively[31]. Due to the phenolic groups 
present in the lignin, the infrared spectrum shows absorption 
bands at 1600 and 1510 cm–1, related to axial deformations 
of the aromatic rings[32]. Besides the characteristic absorption 
bands of cellulose and lignin, the untreated SCB and CCS 
present absorption bands at 1730 cm–1, characteristic of 
the axial stretching of the carbonyl and associated with 
hemicellulose[10,14]. The infrared spectra of the untreated 
SCB and CCS indicate the presence of cellulose, lignin and 

hemicellulose, in agreement with the results of the quantitative 
analysis shown in Table 1. After the alkaline treatment (i) of 
the raw materials (SCB and CCS) there was a reduction in 
the intensity of the absorption bands as expected, which is 
associated with the functional groups present in the polymer 
chain of the lignin and hemicellulose. Although the NaOH 
treatment promoted the removal of lignin, the presence of 
shoulders at 1510 and 1600 cm–1 indicates that complete 
removal of lignin did not occur. In order to reduce the lignin 
content in the samples, we used the treatments (ii) or (iii), 
after which the infrared spectra suggest greater efficiency 
of the bleaching processes, with a reduction in the intensity 
of the absorption bands related to lignin.

Figure 2 shows the TG curves obtained for the pure 
cellulose, the lignin obtained by isolation from the raw 
materials, the raw material and the fibers after the bleaching 
processes for (a) SCB and (b) CCS. The TG curves of the 
raw materials exhibited similar behavior with weight loss 
at 100 °C associated with the removal of water molecules 
and in temperature range of 250 °C to 400 °C related to 
the thermal degradation of the constituents of the sample, 
while at temperatures above 400 ºC only the solid waste 
residue remained. The residue of the lignin isolated from 
SCB and CCS is higher than the residue of cellulose and 
other studied samples. At 450 °C there was 23% of residue 
for the raw material samples and 63% and 71% of residue for 
lignin from SCB and CCS, respectively. The percentages of 
residue for the fibers after treatment with hydrogen peroxide 
were 19% and 13% for SCB and CCS, respectively. These 
values of residue percentage is related to higher quantity 
of lignin in SCB than in CCS samples after bleaching 

Figure 1. Infrared spectra for pure cellulose, lignin and the samples after the bleaching process (indicated in the figure) using (a) SCB 
and (b) CCS as raw materials.

Table 1. Composition mass percentage of sugarcane bagasse (SCB) and corn cob straw (CCS).
Raw material Cellulose Lignin Hemicellulose Ash Extractive

SCB 44.6 ± 1.2 24.0 ± 1.3 26.0 ± 2.1 2.8 ± 0.3 2.5 ± 0.3
CCS 47.3 ± 2.1 14.4 ± 0.9 34.8 ± 2.3 1.5 ± 0.1 2.0 ± 0.2
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processes, as can be seen by relative intensity at 1510 cm–1 
and 1600 cm–1 in the FTIR spectra, since the lignin was not 
totally removed. The amount of residue observed after the 
calcium hypochlorite process can be included the presence 
of calcium compound.

The DTG curves enable the visualization of the different 
stages of thermal degradation of the components in the 
samples, as shown in Figure 2c, d for samples derived from 
SCB and CCS, respectively.

Pure cellulose presents a single-stage thermal degradation 
event with the maximum degradation rate at 365 °C, as 
described in the literature[10,33]. Besides the degradation 
stage associated with cellulose, the raw materials presented 
other degradation stages related to lignocellulosic material, 
such as lignin and hemicellulose[33]. After treatment (i) with 
NaOH, the behavior of the DTG curve with a single stage 
of thermal degradation tends to be similar to that of pure 
cellulose, indicating the removal of the lignocellulosic 
components. This tendency was noted for the sequence of 
treatments with hydrogen peroxide and calcium hypochlorite, 
indicating greater efficiency for these bleaching processes. 
This behavior was observed for CCS and SCB, in agreement 
with the residue levels observed in the thermal analysis and 
infrared spectroscopy.

Figure 3a, b show the diffractograms for the SCB and 
CCS raw materials after treatments (ii) and (iii), respectively, 
with peaks at 14.7°, 16.6°, 22.5° and 34.7°, which relate to the 
families of crystalline planes: (101), (101), (002) and (004), 

respectively, characteristic of the cellulose I[34]. The peaks 
associated with the crystal structure suggest that the 
alkali treatment is not aggressive in relation to changes 
in the cellulose crystal lattice. According to Borysiak and 
Doczekalska[35], the crystalline structure of cellulose can 
change from cellulose I to cellulose II in an aqueous 15% 
NaOH (w/v) solution.

The crystallinity index was 30% for both of the raw 
materials studied. After the bleaching process the fibers 
obtained from SCB showed values for the crystallinity 
index of 70% and 68%, after treatment with hydrogen 
peroxide and calcium hypochlorite, respectively. For the 
fibers obtained from CCS the crystallinity index was 67% 
after both treatments. For comparison, the crystallinity index 
determined by Rosa  et  al.[12] for rice husk cellulose and 
microcrystalline cellulose were 67% and 79%, respectively. 
An increase in the CI values indicates a greater quantity of 
crystalline cellulose in the samples compared to amorphous 
material, which is related to the effectiveness in the removal 
of hemicelluloses and lignin, in agreement with the results 
obtained in the infrared spectroscopy and thermogravimetric 
analysis.

3.3 Characterization of whiskers

Table 2 shows the yields for the whiskers isolated from 
the bleached raw materials by acid hydrolysis. A value of 60% 
(w/w) was obtained for the bleached cellulose, suggesting 
that the process used for the isolation of the nanocrystals 

Figure 2. TG curves and DTG curves for (a, c) SCB and (b, d) CCS related to pure cellulose, lignin and the samples after the bleaching 
processes (indicated in the figure).
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had a good efficiency, regardless of the bleaching process 
and raw material used. The literature reports different yields 
for the whiskers according to the hydrolysis conditions 
applied for the bleaching of the fibers. Correa[36] studied the 
hydrolysis of curauá fibers with 60% H2SO4 (v/v) at 45 °C 
for 75 min and obtained a whiskers yield of 70% while 
Taipina[37] using the same kind of fiber obtained a yield of 
65%. On the other hand, Oksman and Bondeson et al.[38]  
carried out hydrolysis with H2SO4 (63.5% w/w), using a 10:1 
(v/w) solution/raw material ratio and a reaction time of 2 h 
and obtained whiskers with a yield of 30%. Dong et al.[39] 
reported yields of between 35% and 48% when varying the 
hydrolysis conditions (64% H2SO4 w/w) applying temperatures 
of 26 °C to 65 °C and reaction times of between 0.25 h 
and 18 h. Mathew et al.[40] studied wood waste from the 
production of ethanol, after bleaching and acid hydrolysis 
and recorded 46% yield for the whiskers. In this regard, we 
also conducted preliminary experiments under more severe 
conditions, with 65% H2SO4 (w/w), a temperature of 55 
°C and 75 min of reaction and with 60% H2SO4 (w/w) at 
55 °C for 300 min, and in both cases the yield of whiskers 
obtained was 30%. However, the suspensions had a dark 
color, indicating the carbonization of the whiskers.

The stability of aqueous suspensions of whiskers was 
analyzed via the zeta potential (ξ). The values obtained at 
6-month intervals are shown in Table 3. The potential of 
around –64 mV in neutral aqueous medium (pH between 
6.0 and 7.0) is indicative of negative charges on the surface 
of the whiskers, due to the grafting of sulfate groups in the 
cellulose hydrolysis process[41,42]. These groups enable the 
formation of a colloidal suspension and its stability is due 
to the electrostatic repulsion of these surface charges[40]. 
According to Greenwood[43], potentials above 30 mV are 
sufficient for obtaining a suspension with good stability.

The morphology and size of the whiskers were evaluated 
by transmission electron microscopy (TEM) and dynamic light 
scattering (DLS). Figure 4a, b show the TEM micrographs 
for the whiskers dispersed in water. For both raw materials 
(SCB and CCS) the whiskers were rod shaped (acicular), 
which is characteristic of structural rigidity. For SCB 
the average length (L) was 230 ± 35 nm and the average 
diameter (D) determined by TEM was 16 ± 3 nm, with an 

aspect ratio (L/D) of 15. For the CCS the values determined 
by TEM were L = 288 ± 62 nm and D = 16 ± 4 nm, with 
an L/D ratio of 18. The acicular shape and dimensions are 
similar to those described in the literature for whiskers, with 
lengths of around 35 to 500 nm and diameters of between 
3 and 15 nm[7,15]. More specifically, for sugarcane bagasse, 
Teixeira et al.[1] obtained average values for the length and 
diameter of 255 ± 55 nm and 8 ± 3 nm, respectively, while 
Mandal  et  al.[10] reported a shorter length (170 nm) and 
larger diameter (35 nm).

Lima et al.[44] and Braun et al.[45] considered the Broersma 
relationships using the rotation and translational diffusion 
coefficients to obtain the dimensions of the whiskers. 
According to these authors, the spheroidal form factor 
contains more than one adjustable parameter, allowing the 
simultaneous determination of the diameter and length, 
which are related to the size of the whiskers. Thus, using 
the DLS technique the values obtained for the dimensions 
of the whiskers were 232 ± 5 nm and 242 ± 15 nm for SCB 
and CCS, respectively, which are in agreement with the 
values determined by TEM.

On the other hand, for the whiskers obtained from SCB 
under more severe hydrolysis conditions, with 65% H2SO4 
(w/w) at 55 °C for 75 min, the size obtained by DLS was 
167 ± 2 nm, which indicates that the hydrolysis conditions 

Table 3. Zeta potential (mV) of whiskers.
Storage time 

(months) SCB CCS

0 –64.3 ± 6.9 –65.2 ± 7.8
6 –64.1 ± 1.5 –64.1 ± 0.7
12 –63.2 ± 1.2 –65.6 ± 4.5

Figure 3. XRD spectra for (a) SCB and (b) CCS raw materials and after treatments with H2O2/NaOH or Ca(ClO)2/NaOH (as indicated 
in the figure).

Table 2. Yields obtained for the whiskers after the hydrolysis 
processes.

Raw material Bleaching process Yield (%)

SCB
SCB/H2O 60

SCB/Ca(ClO)2 55

CCS
CCS/H2O2 65

CCS/Ca(ClO)2 60
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can alter[39] the dimensions and surface characteristics of 
the whiskers, as well as their yield. Thus, it is possible to 
control the aspect ratio (L/D) and surface area, which are 
important characteristics of nanocrystals, making them of 
interest for different applications.

The incorporation of whiskers, homogeneously distributed 
in matrices of water-insoluble polymers presents a great 
challenge. Approaches commonly applied to overcome 
this difficulty include the use of surfactants, the surface 
functionalization of the whiskers and/or the lyophilization 
and solvent dispersion of hydrophobic polymer matrices. 
However, a large quantity of surfactants is required to 
maintain the stability of the suspension due to the high 
specific surface area of the nanocrystals. Furthermore, as 
observed by Bondeson and Oksman[21] the surfactants may 
cause degradation of the polymer matrix. On the other hand, 
Peterson et al.[19] reports that when lyophilizing a suspension 
of whiskers in aqueous medium and after their dispersion 
in chloroform, undesirable flakes are formed in the solvent. 
Viet et al.[46] studied a suspension of lyophilized whiskers 
in aqueous medium and their subsequent dispersion in 
dimethylformamide and dimethyl sulfoxide, while maintaining 
the aggregates in the suspension. Kamal et al.[47] used the 
spray dried, freeze drying and spray freeze drying of whiskers 

while maintaining agglomerates in suspension in molten 
polymer (PLA) at a minimum size of 1μm.

In this study, we replaced the aqueous dispersion 
medium with dimethylformamide or dimethyl sulfoxide, 
as described in the experimental section, and evaluated the 
morphology and dispersion characteristics of the whiskers 
in these non-aqueous media.

Figure 5a, b show the TEM micrographs of the whiskers 
obtained from SCB and CCS as raw materials, respectively, 
dispersed in dimethylformamide. A homogenous dispersion 
of the whiskers was maintained, and the lengths (L) were 
240 ± 61 nm and 245 ± 80 nm and the diameters (D) were 
16 ± 5 nm and 18 ± 6 nm for SCB and the CCS, respectively. 
These dimensions are in agreement with the values obtained 
through DLS of 240 (±26) for SCB and 250 (±8) for CCS 
in dimethylformamide and 224 (±5) for SCB and 244 (±8) 
for CCS in dimethyl sulfoxide.

The solvent exchange procedure was effective and 
appropriate to maintain the dispersion of the whiskers. 
As discussed above, the method is simple and inexpensive, 
indicating that the solvent mixture is not azeotropic and since 
there was a considerable difference between the boiling 
temperatures of the solvents efficient water removal could 
be carried out by fractional distillation.

Figure 5. TEM micrographs for whiskers obtained from (a) SCB and (b) CCS as raw materials dispersed in DMF.

Figure 4. TEM micrographs for whiskers dispersed in aqueous medium obtained from (a) SCB and (b) CCS as raw materials.
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4. Conclusions

The procedures used for the isolation of whiskers and 
the oxidant/alkali bleaching processes followed by acid 
hydrolysis were found to be effective, providing good yields 
and dimensional characteristics as well as dispersity in a 
solvent medium. The isolated whiskers had nanometric 
dimensions and aspect ratio (L/D) values comparable with 
those reported in the literature. When the aqueous medium was 
replaced with a non-aqueous medium using a simple low cost 
technique, without the need for mechanical work, the whiskers 
remained dispersed and the morphological characteristics 
of the whiskers were maintained. The dispersion of the 
whiskers in a non-aqueous solvent facilitates future studies 
on the development of techniques to obtain nanocomposite 
whiskers homogeneously dispersed in matrices of polymers 
by dissolving them in a common solvent followed by solvent 
evaporation.
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