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Soy  hulls  are  an  agro-industrial  residue  available  in  huge  quantities  throughout  the  world  whose  appli-
cation  deserves  more  attention  than  simply  as cattle  feed.  This  work  evaluates  the  use  of  soy  hulls  as  a
source  of  cellulose  to obtain  nanocrystals  by  acid hydrolysis.  The  hydrolysis  was  performed  at  40 ◦C  for
30 or 40  min,  using  30 mL  of H2SO4 64% for each  gram  of  cellulose.  The  resulting  nanocrystals  were  char-
eywords:
ellulose nanocrystals
oy hulls
gro-industrial residue
einforcement
anocomposites

acterized  by  crystallinity  index,  morphology,  surface  charge  and  thermal  stability.  The  results  showed
that  the more  drastic  hydrolysis  conditions  (40 min)  resulted  in a  shorter  length  of nanocrystals  and
caused  some  damage  on  the  crystalline  structure  of  the  cellulose.  At an extraction  time  of  30  min,  the
nanocrystals  presented  a high  crystallinity  (73.5%),  an  average  length  of  122.66  ± 39.40  nm,  a  diameter
of  2.77  ± 0.67  nm  and  an aspect  ratio  around  44, therefore  presenting  a great  potential  as  reinforcement
in  nanocomposite  preparations.
. Introduction

Given the problems involved in plastic recycling and the dwin-
ling exhaustion of fossil resources, there is a great interest in
ustainable and environmentally friendly materials. As a result,
n recent years, the development of biopolymers for applications
n which synthetic polymers or mineral fillers are traditionally
sed, has been the object of intensive academic and industrial
esearch (Angellier et al., 2005). In this context, the application of
ellulose nanocrystals (CWs) as reinforcement in polymer matrixes
as attracted considerable attention in this field since it offers a
nique combination of high physical properties and environmental
enefits (Habibi et al., 2010; Peng et al., 2011). CWs  based nanocom-
osites generally exhibit significant improvements in thermal,
echanical, and barrier properties compared to the neat polymer

r conventional composites (Azeredo et al., 2009).
Cellulose nanocrystals are needle-shaped cellulose particles

ith at least one dimension equal or less than 100 nm and
ave a highly crystalline nature (almost defect-free crystallites).

n the literature, there are different terms to denominate these

anoparticles, e.g. cellulose nanowhiskers, cellulose whiskers,
ellulose crystallites, cellulose crystals, cellulose nanocrystals,
anocrystalline cellulose, cellulose monocrystals and cellulose
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microcrystals (Lima and Borsali, 2004; Peng et al., 2011; Shi et al.,
2011).

The main features that stimulate the use of CWs  as polymer rein-
forcement agents are their large specific surface area (estimated to
be several hundreds of m2 g−1), their very high modulus of elas-
ticity (approximately 150 GPa), their great aspect ratio, and their
ability to act as a significant reinforcement at low filler loading lev-
els. Other attractive advantages of CWs  are their low density (about
1.566 g/cm3), non-abrasive nature, non-toxic character, biocom-
patibility and biodegradability. Additionally, the CWs  come from
renewable natural sources which are very abundant and there-
fore low-costing, it is not necessary to synthesize them, and they
allow the production of composites films with excellent visible light
transmittance which are easily modified chemically (their structure
has a reactive surface of –OH side groups that facilitate grafting
chemical species to achieve different surface properties) (Moon
et al., 2011; Peng et al., 2011).

Among the several methods for preparing cellulose nanostruc-
tures, the acid hydrolysis is the most well-known and widely used
(Peng et al., 2011). This process breaks the disordered and amor-
phous parts of the cellulose, releasing single and well-defined
crystals. Thus, this procedure to isolate CWs  is based on the quicker
hydrolysis kinetics presented by the amorphous regions, as com-
pared to the crystalline ones (Habibi et al., 2010; Peng et al., 2011;

Teixeira et al., 2011).

Regarding extraction by acid hydrolysis, the temperature and
the time of reaction, acid nature, acid concentration and the acid-
to-cellulose ratio are also important parameters that affect the
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orphology and properties of CWs  (Habibi et al., 2010; Peng et al.,
011; Teixeira et al., 2011).

It is known that the morphology and properties of the CWs
nfluence their performance as a reinforcing agent (Eichhorn et al.,
010). It is also known that the morphology and properties of the
Ws depend main on the source of the original cellulose and the
xtraction process (Moon et al., 2011; Peng et al., 2011). Therefore,
he performance of the CWs  as reinforcing particles is dependent
n the source of the original cellulose. Thus, the development of
Ws  from different resources of cellulose is relevant.

Soy is one of the main agricultural products in the world. Brazil
tands as the second largest producer of soybeans, accounting
or 28% of the world production (http://www.cnpso.embrapa.br/
ndex.php?cod pai=2&op page=294).  The oil and protein con-
tituents of soybeans are the main income generators in soy plants
nd consequently little attention is paid to the applications of soy
ulls (Alemdar and Sain, 2008). Soy hulls are obtained in the soy-
ean oil extraction process since it is necessary to remove the film
oating the grain for the oil extraction. For each ton of soy seed
rocessed, about 2% of the total mass matches the by-product in
uestion (Zambom et al., 2001). At present, some soy hulls are used
s a fiber source for cattle, however, huge amounts of soy hulls are
eft to waste (Alemdar and Sain, 2008; Ipharraguerre and Clark,
003).

Soy hulls are an agro-industrial waste available in huge quanti-
ies in many countries, including Brazil, which deserves to be used
n other different applications. Although there is not yet any pub-
ished work on the extraction of CWs  from soy hulls fiber, in the
iterature can be found papers on extraction of cellulose nanofibers
rom soy hulls and soybean pod (another residue generated from
he soy crop activity) (Alemdar and Sain, 2008; Wang and Sain,
007).

The use of biomass residues for projects other than feedstock,
uch as in the production of high performance materials, is a
rospective commercial application that would unlock the poten-
ial for a generation of value-added products from agro-industrial
ommodities (Alemdar and Sain, 2008; Purkait et al., 2011). Vari-
us cellulosic resources have been used by researchers to generate
Ws, but the use of agro-waste as a precursor is very rare (Purkait
t al., 2011).

In the present paper, CWs  were extracted and character-
zed from soy hulls by acid hydrolysis in order to evaluate
heir suitability as a reinforcement agent for the manufacture of
anocomposites. Different techniques were employed to charac-
erize the fibers and cellulose nanocrystals of soy hulls in order to
nvestigate the chemical composition, crystallinity index, thermal
tability, surface charge and morphology (shape and size).

. Materials and methods

The soy hulls were supplied by Algar Agro S. A. (Uberlândia,
inas Gerais, Brazil). The other reagents employed in this study
ere: sulfuric acid (95.0–98.0 wt%, Vetec, P.A.), sodium hydrox-

de (Vetec), potassium hydroxide (Vetec), sodium chlorite (NaClO2,
echnical grade, 80%, Sigma–Aldrich), glacial acetic acid (Synth),
nd cellulose membrane (D9402, Sigma–Aldrich).

.1. Purification

Initially the soy hulls (SH) were treated with a sodium hydroxide
queous solution of 2% (w/w) for 4 h at 100 ◦C under mechanical

tirring and then washed several times with distilled water until
he alkali was completely removed, and finally dried at 50 ◦C for
2 h in an air-circulating oven. After this treatment, the fibers were
leached with a solution made up of equal parts (v:v) of acetate
s and Products 42 (2013) 480– 488 481

buffer (27 g NaOH and 75 mL  glacial acetic acid, diluted to 1 L of
distilled water) and aqueous sodium chlorite (1.7 wt% NaClO2 in
water). This bleaching treatment was  performed at 80 ◦C for 4 h. The
bleached fibers were washed repeatedly in distilled water until the
pH of the fibers became neutral and subsequently dried at 50 ◦C for
12 h in an air-circulating oven. The fiber content throughout these
chemical treatments was  about 4–6% (w/w)  (de Rodriguez et al.,
2006; Siqueira et al., 2010). The material which resulted after the
purification was  the treated soy hulls (TSH).

2.2. Extraction of cellulose nanocrystals

After the chemical treatment was  completed, the TSH were
milled with a blender and passed through a 35-mesh screen and
then used for the extraction of nanocrystals by acid hydrolysis. The
hydrolysis was  performed at 40 ◦C for 30 min or 40 min under vig-
orous and constant stirring. For each gram of TSH we  used 30 mL  of
H2SO4 64% (w/w). Immediately following the hydrolysis, the sus-
pension was diluted 10-fold with cold water to stop the hydrolysis
reaction, and centrifuged twice for 10 min  at 7000 rpm to remove
the excess acid. The precipitate was  then dialyzed with tap water to
remove non-reactive sulfate groups, salts and soluble sugars, until
the neutral pH (5–7 days) be reached. Subsequently, the result-
ing suspension of dialysis process was  treated using a disperser
type UltraTurrax for 5 min  at 20,000 rpm and sonicated for 5 min.
The colloidal suspension was  stored in a refrigerator at 4 ◦C with
the addition of some drops of chloroform to avoid any bacterial
growth. The cellulose nanocrystals or whiskers of soy hulls were
labeled WSH30 or WSH40 depending on the time of extraction.

2.3. Gravimetric analysis

The hydrolysis yield and the WSH  concentration in the final sus-
pension were calculated drying an aliquot of the suspension with
a known volume at 105 ◦C for 12 h in an air-circulating oven.

2.4. Chemical composition

The chemical composition of SH and TSH was  measured as fol-
lows. The lignin content was  determined according to a standard
method of Technical Association of Pulp and Paper Industry TAPPI
T222 om-88. The holocellulose (�-cellulose + hemicellulose) con-
tent was estimated by the acid chlorite method (Browning, 1967).
The �-cellulose content was determined treating the holocellulose
with potassium hydroxide solutions (Browning, 1967). The hemi-
cellulose content was found by subtracting the �-cellulose part
from the holocellulose content. An average of three replicates was
calculated for each sample.

2.5. Fourier transform infrared spectroscopy (FTIR)

A Shimadzu IRPrestige-21 infrared spectrophotometer was used
to obtain spectra for the SH, TSH and WSH30. The KBr disk (ultra-
thin pellets) method was  used in taking the IR spectra. Samples
were ground and mixed with KBr (sample/KBr ratio, 1/100) to pre-
pare pastilles. The experiments were carried out using in the range
of 400–4000 cm−1 with a resolution of 4 cm−1 and a total of 32 scans
for each sample.

2.6. Elemental analysis
Elemental analysis was performed mainly to determine the total
sulfur content before and after the extraction of nanocrystals. It was
carried out with an EA1110-CHNS/O elemental analyzer from CE
Instruments.
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.7. X-ray diffraction (XRD)

The X-ray diffractograms of SH, CSH, WSH30 and WSH40 were
btained at room temperature within a 2� range from 5 to 40◦ and

 scan rate of 1◦ min−1. The equipment used was a diffractometer
himadzu LabX XRD-6000, operating at a power of 40 kV with a
urrent of 30 mA  and Cu K� radiation (1.5406 Å). Before performing
he XRD, all samples were dried at 50 ◦C for 12 h in an air-circulating
ven. The crystallinity index (CrI) of the material was determined
y the Segal method (Segal, 1959) as shown in Eq. (1):

rI =
[

(I002 − Iam)
I002

]
× 100 (1)

n this equation, CrI expresses the relative degree of crystallinity,
002 is the intensity of the 0 0 2 lattice diffraction at 2� = 22.8◦, and
am is the intensity of diffraction at 2� = 18◦. I002 represents both
rystalline and amorphous regions while Iam represents only the
morphous part.

The average thickness of cellulose crystallites was estimated
rom the X-ray diffraction patterns by using Scherrer’s Eq. (2) (Klug
nd Alexander, 1974):

hkl = K�

ˇ1/2 Cos �
(2)

here Dhkl is the crystallite dimension in the direction normal to
he h k l family of lattice planes, K is the correction factor and usually
aken to be 0.9, � is the radiation wavelength, � is the diffrac-
ion angle and ˇ1/2 is the peak width at half maximum intensity.
he crystal size was determined perpendicular to the 0 0 2 planes.
efore plotting, data were smoothed over 35 adjacent points and
hen normalized, so that the main peaks had the same y-axis values
nd could be compared directly.

.8. Scanning electron microscopy (SEM)

The morphology of TSH was evaluated by SEM on a JEOL JSM-
500F microscope. A sample was coated with a 1–10-nm-thick
arbon layer and then observed with an accelerating voltage of
–10 kV.

.9. Transmission electron microscopy (TEM)

The morphology of WSH30 and WSH40 were examined by TEM
n a Zeiss EM 109 transmission electron microscope equipped with

 system for digital image capture Olympus MegaView V. A drop
f diluted nanocrystals aqueous suspension was deposited on a Cu
icrogrid (200 mesh) and allowed to dry. The grid was  negatively

tained with a 3% (w/w) solution of uranyl acetate and dried at room
emperature. The sample was observed at 80 kV. The dimensions of
hiskers were determined using digital image analyses (ImageJ).

 hundred nanocrystals were randomly selected and a minimum
f 100 and 200 measurements were used to determine the average
ength and the diameter, respectively.

.10. Atomic force microscopy (AFM)

The AFM measurements were performed with Shimadzu SPM-
600 equipment for evaluating the thickness of the WSH30. A drop
f diluted nanocrystals aqueous suspension was deposited onto

 freshly cleaved mica surface and air-dried. AFM images were
btained at room temperature in the dynamic mode with a scan rate
f 1 Hz and using Si tips with a curvature radius of less than 10 nm

nd a spring constant of 42 N m−1. The thicknesses of nanocrys-
als were determined using the VectorScan software (software for
himadzu’s SPM-9600). To eliminate the effect of tip radius on
idth measurements, we measured the heights of the nanocrystals,
Fig. 1. Images of soy hulls before (left) and after the purification (right).

which are not subject to peak broadening artifacts, and assumed
the nanocrystals to be cylindrical in shape (Beck-Candanedo et al.,
2005). A hundred nanocrystals were randomly selected and two
measurements for each nanocrystal were used to determine the
average thickness.

2.11. Thermal characterization

Thermal stabilities of SH, TSH and WSH30 were evaluated using
Shimadzu DTG-60H equipment. The analysis conditions were:
a nitrogen atmosphere with flow 30 mL  min−1, heating rate of
10 ◦C min−1, temperature range 25–600 ◦C, sample mass between
5 and 7 mg  and aluminum pans.

3. Results and discussion

3.1. Purification and chemical composition

A diluted alkali treatment was performed to solubilize the
lignin, pectins, hemicelluloses and proteins (Dufresne et al., 1997),
while the bleaching was applied to remove the lignin residues (de
Rodriguez et al., 2006). The yield of purification was  46% (by dry
mass). Fig. 1 shows the physical aspect of the SH before and after
purification (TSH). Visually, a white colored TSH was obtained,
indicating that a great part of the initial non-cellulosic compo-
nents were removed by purification process, consequently TSH
have higher cellulose content than SH.

The contents of the cellulose were 48.2 ± 2.1% and 84.6 ± 4.0%,
of the hemicelluloses were 24.0 ± 3.0% and 11.2 ± 4.0%, and lignin
were 5.78 ± 1.06% and 3.67 ± 0.33%, for SH and TSH, respectively.
The values found for the main constituents of SH are in agreement
with literature data (Ipharraguerre and Clark, 2003; Zambom et al.,
2001).

The sum of the percentage of cellulose, hemicelluloses and lignin
to the SH corresponds to 78.0% of the total dry matter, showing that
there are other components in SH (e.g. protein, extractives and ash).
As showed above, after the purification, the cellulose content sig-
nificantly increased, while the hemicelluloses content was reduced
to approximately half of the original, and the lignin content was
reduced to approximately two-third of the original.

The sum of the percentage of cellulose, hemicelluloses and lignin
to the TSH corresponds to 99.5% of the total dry matter, there-
fore the purification not only removed hemicelluloses and lignin
but also other components such as proteins, extractives and ash.
The purification process was effective so the composition of TSH

is suitable for the extraction of whiskers. It was verified that the
percentage of mass consumption of the main components of the
SH due to the purification process was  19.3, 78.3 and 56.0% for �-
cellulose, hemicelluloses and lignin, respectively. The mass loss of
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3.3. X-ray diffraction

The X-ray diffraction patterns of SH, TSH, WSH30 and WSH40
are shown in Fig. 4. These patterns are typical of semicrystalline
ig. 2. FTIR spectra of untreated soy hulls (SH), treated soy hulls (TSH) and cellulose
anocrystals of soy hulls obtained by acid hydrolysis of 30 min  (WSH30).

ellulose during the purification process can be related to two fac-
ors: (i) the breakdown of cellulose chains during bleaching and (ii)
he loss of material inherent in various filtering processes and mass
ransfer.

Fig. 2 shows the FTIR spectra of SH, TSH and WSH30. The peak
t 1742 cm−1 in the spectrum of SH is attributed to the acetyl
nd uronic ester groups of hemicellulose or the ester linkage of
arboxylic group of ferulic and p-coumaric acids of lignin and/or
emicelluloses (Sun et al., 2005). This peak decreased in the spec-
rum of TSH due to the significant removal of hemicelluloses and
ignin, and finally almost disappeared in the spectra of WSH30
ecause of acid extraction.

The peak at 1640 cm−1 is assigned to the absorbed water.
lthough the peak at 1630 cm−1 in SH and TSH may  be from the
ater, we believe that it was predominantly attributed to the aro-
atic C C stretch of aromatic ring in the lignin (Sun et al., 2005).

he contribution from the absorbed water predominates in the case
f WSH30.

The broad peak at 1520 cm−1 in the spectra of SH and TSH are
ndicative of the presence of lignin and attributed to the C C vibra-
ion (Sun et al., 2005). This peak disappeared in WSH30, further
ndicating the removal of the corresponding groups from lignin. The
iny peak at 1205 cm−1 in the spectra of WSH30 is related to S O
ibration, due the esterification reaction, as reported in previous
iterature (Lu and Hsieh, 2010).

The peaks at 1061 and 897 cm−1 are associated with cellulose
he C–O stretching and C–H rock vibrations of cellulose (Alemdar
nd Sain, 2008), which appeared in all of the spectra. The growth
f these peaks showed the increase in the percentage of cellulosic
omponents. The differences in the spectra of TSH and WSH30 indi-
ate that these samples have higher cellulose content, suggesting
hat they are almost pure cellulose.

.2. Extraction of cellulose nanocrystals and elemental analysis

The yields of the WSH, with respect to the initial amount of
ried TSH fibers, for WSH30 and WSH40 were 20 and 8 wt%, respec-
ively; these values were similar to those found to sesame husk
anocrystals (Purkait et al., 2011). The concentration of the final
uspensions of WSH30 and WSH40 were 2.3431 and 0.9198 g L−1,
espectively. The lower concentration of WSH40 suspension with

espect to WSH30 gave an initial evidence of cellulose degradation
sing 40 min  for acid hydrolysis.

Elemental analysis revealed that the concentration of neg-
tively charged sulfate groups in TSH, WSH30 and WSH40 are
Fig. 3. The resulting colloidal suspensions for WSH30 and WSH40.

0, 118 and 111 mmol  SO4
− kg−1 of cellulose, respectively. The

se results confirm the incorporation of sulfate groups into the cel-
lulose chains after acid treatment and also that both hydrolysis
conditions used led to obtaining homogeneous and stable aqueous
suspensions (as can be seen in Fig. 3). It is known that the increase of
extraction time results in higher sulfate content in the CWs, how-
ever, the sulfate content was  higher for WSH30 than for WSH40.
Probably, this unexpected behavior is associated with the lack of a
strict control of the dialysis time, since the dialysis promotes the
desulfation on the nanocrystals surfaces (Wang et al., 2007). The
presence of the sulfate groups in WSH30 was  also confirmed by the
FTIR, as showed in Fig. 2 and discussed earlier.
Fig. 4. X-ray diffractograms of SH, TSH, WSH30 and WSH40.
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If we consider the diameter obtained by AFM measurements to
calculate the aspect ratio for WSH30, this parameter increases
markedly, ranging from about 24 up to 77, with an average value of

Table 1
Length, width and aspect ratio, for WSH30 and WSH40 obtained from TEM analysis.
84 W.P. Flauzino Neto et al. / Industria

aterials with an amorphous broad hump and crystalline peaks.
rom these data, the CrI was determined using the procedure
escribed in Section 2. By this method, the CrI was found to be
bout 26.3, 67.2, 73.5 and 64.4% for the SH, TSH, WSH30 and WSH40,
espectively.

The higher CrI value of TSH compared to SH can be well under-
tood by the reduction and removal of amorphous non-cellulosic
ompounds induced by the alkali and bleaching treatments per-
ormed in the purification process. The increase in CrI value of

SH30 in relation to TSH was also observed, due to the partial
emoval of the para-crystalline domains during the acid hydrolysis.
n Fig. 4, narrower and sharper peaks for WSH30, can be observed
ecause of their higher crystallinity compared to other samples.

A decrease in CrI of WSH40 with respect to WSH30 and TSH was
bserved, and this suggests that the extraction time of 40 min  was
evere under the hydrolysis conditions employed, therefore the
cid treatment of 40 min  not only removed the amorphous portion
f cellulose but also partly destroyed the crystalline ones. A simi-
ar effect of a hydrolysis time in excess was observed in a previous
tudy (Teixeira et al., 2011; Chen et al., 2009).

In all diffractograms profiles (Fig. 4), there is a predominance of
ype I cellulose, verified by the presence of peaks at 2� = 15◦ (plane

 0 1), 17◦ (plan 1 0 1̄),  21◦ (plane 0 2 1), 23◦ (plane 0 0 2) and 34◦

plane 0 0 4), though the diffraction patterns of WSH30 and WSH40
isplay a mixture of polymorphs of cellulose I and cellulose II. The
resence of cellulose type II can be observed by peaks at 2� = 12◦

plane 1 0 1), 20◦ (plan 1 0 1̄)  and 22◦ (plane 0 0 2) (Borysiak and
arbarczyk, 2003).

Possibly the presence of cellulose type II is associated to the
e-precipitation of cellulose after hydrolysis, since a 64% sulfuric
cid solution can be a solvent for cellulose. The samples of WSH
hould have about the same amount of cellulose type II, however,
he sample WSH40 (that has the higher extraction time) practically
resents no cellulose type II content in your diffractogram profile;
ue to the fact that type II cellulose is more susceptible to hydrolysis
han native cellulose (Xiang et al., 2003).

The average cross-sectional dimension of the elementary cel-
ulose crystallites was determined from X-ray diffractograms by
pplying Scherrer’s expression as described in Section 2. Since
cherrer’s equation is restricted to samples of high crystallinity and
ithout any broadening of peaks, this calculation was  made only

or WSH30 and the value found was 2.73 nm.

.4. Microscopic analyses

.4.1. Scanning electron microscopy (SEM)
The SEM picture of TSH was taken to investigate their structure

nd is shown in Fig. 5. Visually, it is clear that TSH is a micro-sized
ber that exhibited an irregular shape and size (about 14–125 �m

n length and 4–15 �m in width).

.4.2. Transmission electron microscopy (TEM) and atomic force
icroscopy (AFM)

Fig. 6 shows TEM micrographs of cellulose whiskers extracted
or WSH30 and WSH40. TEM pictures presented needle-like
anoparticles, confirming that the extraction of whiskers from soy
ulls was successful. These images show individual nanocrystals
nd some aggregates. The appearance of laterally aggregated ele-
entary crystallites in TEM images is expected due to the high

pecific area and strong hydrogen bonds established between the
hiskers. These aggregates may  exist even in suspension but, when

he dispersing medium is removed, as in the case of the TEM sam-

le preparation, bundles of whiskers can be even more numerous
han individualized needle (Elazzouzi-Hafraoui et al., 2008).

Fig. 7 shows the length (L), width (D) and aspect ratio (L/D) dis-
ributions of WSH  obtained by several TEM images, as described in
Fig. 5. SEM image of TSH (magnification: 1000×).

Section 2. The statistics of the WSH  length, width and aspect ratio
are shown in Table 1.

The increase in extraction time resulted in a slight shorter length
for WSH40 when compared with WSH30. This was expected, since
the long extraction time (40 min) partially destroyed areas of the
crystalline domains as seen by XRD analysis. No significant differ-
ence in diameter among the whiskers could be detected by TEM,
if the standard deviation of each value is taken into account. With
increasing hydrolysis time, the standard deviation of the dimen-
sions distribution decreased (see Table 1) (Elazzouzi-Hafraoui et al.,
2008).

As a consequence of the whiskers preparation conditions, a
decrease in the aspect ratio (L/D) of WSH40 compared with WSH30
was observed by TEM measurements. This suggests that WSH30
can give a better reinforcing effect than WSH40 at the same filler
loading levels (Eichhorn et al., 2010). The aspect ratio of the WSH
from TEM images were higher than 10, considered as the minimum
value for a good stress transfer from the matrix to the fibers for any
significant reinforcement to occur (Azeredo et al., 2009). As seen
in Fig. 6 it was difficult to clearly discern individual whiskers from
agglomerated structures, and therefore an estimate of the width of
the whiskers was  not clearly obtained.

Similarly to the TEM sample preparation, the AFM sample prepa-
ration can also lead to nanocrystals aggregated in their images;
however, the AFM analysis allows the discernment of individual
whiskers of agglomerated structures through transverse height
profiles. Thus, the diameter values of CWs  obtained from TEM are
typically larger than height values obtained from AFM measure-
ments. In addition, detailed structural examination is essential, not
only for the CWs  manufacturing process developers, but also for the
developers of functional applications. In this way, AFM topography
measurements were performed for WSH30 in order to have a more
precise characterization of thickness of the individual crystallites.

Fig. 8 shows the images obtained by AFM. These images also
presented needle-like nanoparticles. The average diameter of the
WSH30 determined by AFM measurements was 2.77 ± 0.67 nm.
Fig. 9 shows the histograms corresponding to these measurements.
Length (nm) Diameter (nm) Aspect ratio (nm)

WSH30 122.7 ± 39.40 4.43 ± 1.20 29.41 ± 11.53
WSH40 103.4 ± 29.38 4.36 ± 0.89 24.41 ± 7.10
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Fig. 6. TEM pictures for cellulose nanocrystals: (a) and (b) ext

bout 44, which lies in the range of long nanowhiskers which have
reat potential to be used as reinforcing agents in nanocomposites
Rosa et al., 2010).

The results of morphological investigation by microscopy-based

ethods are similar with other reports where CWs  were extracted

rom different sources (Beck-Candanedo et al., 2005; de Rodriguez
t al., 2006; Elazzouzi-Hafraoui et al., 2008; Kvien et al., 2005; Rosa
t al., 2010; Siqueira et al., 2010; Teixeira et al., 2011).

Fig. 7. Length, width and aspect ratio distribution histogram
 at 30 min  (WSH30); (c) and (d) extracted at 40 min  (WSH40).

Determining the exact dimensions of CWs  is complicated by
the specific limitations of the different analytical methods used. In
the case of AFM, tip/sample broadening represents the main lim-
itation, resulting in an overestimation of CWs  dimensions. Since

the CWs  are assumed to be cylindrical in shape, the height of the
CWs  was taken to be equivalent to the diameter, to compensate
for image widening due to the convolution of the tip and the par-
ticle (Beck-Candanedo et al., 2005; Kvien et al., 2005). However,

s of WSH30 and WSH40 obtained by TEM micrographs.
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bility than WSH40, supported by XRD and TEM analysis. The TG
and differential thermogravimetry (DTG) curves of the SH, TSH
and WSH30 are shown in Fig. 10(A) and (B), respectively. The
Fig. 8. AFM 

he tip broadening effects causes an error in the length measure-
ents, but this is unavoidable (Beck-Candanedo et al., 2005). On

he other hand, detailed information also was obtained by TEM,
ut this technique required staining and suffered in general from

imited contrast and beam sensitivity of the material (Kvien et al.,
005).

An accurate morphological examination can be obtained by TEM
nd AFM, however, these techniques are restricted to the exami-
ation of single particles or a small number of particles in some

mages. In addition, the information obtained by these techniques
equires length times for sample preparation, date collection and
ata analysis. A measurement of CWs  size based on a bulk property,
s small- and wide-angle X-ray scattering, would provide a rapid
omplimentary technique to confirm the results from the above
icroscopy based methods (Boluk et al., 2011).
The value found for the thickness through the Scherrer’s equa-

ion is nearest the value found by AFM than by TEM, therefore taking
nto account what was said in the paragraph above, it is clear that
he diameters estimated by TEM did not correspond to individ-
al crystals. Thus, in this case, AFM characterization of thickness is
ore reliable than TEM.

.4.3. Thermogravimetric analysis (TGA)

As reported in previous studies, the treatment with sulfuric acid

eads to a remarkable decrease in thermal stability of cellulose
hiskers. Since typical processing temperatures for thermoplas-

ics rise above 200 ◦C, the thermal stability of these crystals is a key

ig. 9. Diameter distribution histogram of WSH30 obtained by AFM measurements.
s of WSH30.

factor in order for them to be used as effective reinforcing materials
(Roman and Winter, 2004).

Thermogravimetric (TG) analyses were performed only for SH,
TSH and WSH30, because the WSH30 has a higher reinforcing capa-
Fig. 10. (A) TG and (B) DTG curves of the SH, TSH and WSH30.
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Table  2
Onset temperature (TOnset), degradation temperature on maximum weight-loss rate (TMax), weight loss (WL) and char yield for SH, TSH and WSH30 obtained from the TG and
DTG  curves.

Sample Water evaporation Cellulose thermal degradation Carbonic residue degradation

TOnset (◦C) TMax (◦C) WL  (%) TOnset (◦C) TMax (◦C) WL  (%) TOnset (◦C) TMax (◦C) WL  (%) Char yield (%)
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SH 25 56 10 190 327
TSH 25 54 7 240 342
WSH30 25 50 10 170 294

orresponding data are listed in Table 2. In all cases, a small weight
oss was found in the range of 35–150 ◦C, due to the evaporation
f the water of the materials or low molecular weight compounds
present in SH).

The first degradation step corresponds basically to cellulose
egradation processes such as depolymerization, dehydration and
ecomposition of glycosyl units (Roman and Winter, 2004). Due to
he low decomposition temperature of hemicellulose, lignin and
ectin (Morán et al., 2008), the DTG curve of untreated soy hulls
howed a small broadening or shoulder on the left side of the main
eak, which accounts for the pyrolysis of cellulose (about 340 ◦C).
n the other hand at the same step, the thermal degradation of
SH30 also proceeded at lower temperatures than TSH, but this

ehavior was expected given that the introduction of sulfate groups
iminishes the thermostability in the cellulose whiskers because of
he dehydration reaction of cellulose crystals as reported elsewhere
Roman and Winter, 2004).

The second degradation step (DTG peak above 425 ◦C) was
ttributed to the oxidation and breakdown of the charred residue
o lower molecular weight gaseous products (Roman and Winter,
004). In this step, less charred residue of TSH than that of SH is due
o that fact that the non-cellulosic could induce higher char forma-
ion (Nguyen et al., 1981), while the increased charred residue of

SH30 is because of the sulfate groups acting as the flame retar-
ants (Roman and Winter, 2004). These results are very consistent
ith results obtained from the chemical composition, XRD and FTIR
easurements.

. Conclusions

The present work shows that cellulose nanocrystals can be iso-
ated from soy hulls. Chemical treatment with sodium chlorite and
lkali removed the non-cellulosic constituents resulting in fibers
ith high content of �-cellulose, hence suitable for extracting CWs.

he hydrolysis conditions used led to obtaining stable aqueous sus-
ensions of WSH  which are negatively charged, due the presence
f sulfate groups. Through the X-ray diffraction was  possible to
bserve that there was formation of cellulose type II in the WSH
ue to the hydrolysis conditions used permit re-precipitation of
ellulose. A longer extraction time (40 min) resulted in a shorter
ength of WSH  and caused some damage on the crystalline struc-
ure of cellulose. For extraction time of 30 min  the WSH  presented a
eedle-shaped nature, high crystallinity (73.5%), good thermal sta-
ility (around 200 ◦C), an average length (L) of 122.66 ± 39.40 nm,
iameter (D) of 2.77 ± 0.67 nm,  giving an aspect ratio (L/D) around
4. It can be concluded from these results that the cellulose
anocrystals obtained from soy hulls have great potential to be
sed as reinforcement agents for the manufacture of nanocom-
osites. In this study AFM analysis was used as an alternative to
lectron microscope due to the difficult to judge whether the struc-
ures observed in TEM micrographs were individual WSH  or several
SH laterally aggregated. The estimated average width of cellulose
rystallites by X-ray diffraction patterns through Scherrer’s equa-
ion is a rapid complimentary technique to confirm the results from
he microscopy based methods. In this work a value has been added
57 420 510 21 12
75 423 477 17,5 0,5
68 432 518 15 7

to an agro-waste material apart from the generation of ecofriendly
cellulosic nanofillers for diversified applications.
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