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The objectives of this work were to investigate the microstructure, crystallinity and thermal stability of nanofibrillated cellulose

obtained from oat hulls using bleaching and acid hydrolysis at a mild temperature (45 °C) followed by ultrasonication. The oat hulls

were bleached with peracetic acid, and after bleaching, the compact structure around the cellulosic fibers was removed, and the
bundles became individualized. The extraction time (30 or 60 min) did not affect the properties of the nanofibrillated cellulose, which
presented a higher crystallinity index and thermal stability than the raw material (oat hulls). The nanocellulose formed interconnected
webs of tiny fibers with diameters of 70-100 nm and lengths of several micrometers, producing nanofibers with a relatively high
aspect ratio, thus indicating that these materials are suitable for polymer reinforcement.
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INTRODUCTION

The use of biomass residues for production of high performance
materials can result in a generation of value-added products from
agro-industrial commodities.'* Several agro-based materials are waste
products from various industrial processes.*> For example, oat hulls
are a poorly utilized byproduct of oat groat milling and are discarded
during processing, rendering them an environmental pollutant. Oat
hulls are approximately 90% fiber, which is higher than wheat (47%)
or corn bran (62%)° and are an interesting raw material for use as a
source of cellulose and nanocellulose.

Over the last few years, some authors have reported advantages re-
garding the use of nanocellulose as filler in several biodegradable poly-
meric matrices, resulting in nanocomposites, which present improved
properties related to nanocellulose reinforcement.” Two different types
of nanocellulose can be isolated from a cellulosic source: nanocrystals
and nanofibrils. Nanocrystals have a perfect crystalline structure, and
nanofibrils are fibrillar units containing both amorphous and crystalline
regions and have the ability to create entangled networks.'°

Abdul Khalil er al.'® reported that the term nanofibrillated
cellulose is used to designate elongated rod-like nanoparticles with
diameters less than 100 nm that consist of alternating crystalline and
amorphous domains, and these materials have interesting properties
such as high strength, flexibility and high aspect ratio, defined as the
length to diameter ratio.

Nanofibrillated cellulose derived from wood using a conventional
high shear homogenizer without the use of chemical treatments was
first reported more than two decades ago.!!'> Nanofibrillated cellulose
has been prepared from a variety of sources using several mechanical
processes, such as high pressure homogenization,'? grinding,'* micro-
fluidization," cryocrushing'®'” and high intensity ultrasonication.'®
Chemical or enzymatic treatments can be used before or after the
mechanical process.'*? It is worth noting that appropriate chemical
pretreatments of cellulosic fibers promote the accessibility of hydro-
xyl groups, increase the inner surface, alter crystallinity, and break
cellulose hydrogen bonds.*!

*e-mail: smali@uel.br

Zimmerman et al.* applied an acid hydrolysis step with sulfuric
acid before pumping the sulfite pulp through the homogenizer to
obtain nanofibrillated cellulose. The sulfuric acid treatment, com-
bined with mechanical dispersion, resulted in finer fibril structures
with diameters below 50 nm, with lengths in the micrometer range.
Qua et al."” reported the production of cellulose nanofibrils derived
from microcrystalline cellulose and flax fibers using acid hydroly-
sis, combined with the application of ultrasound and high pressure
microfluidization.

The objectives of this work were investigate the microstructure,
crystallinity and thermal stability of nanofibrillated cellulose obtained
from oat hulls using bleaching and acid hydrolysis at a mild tempe-
rature (45 °C) followed by ultrasonication.

EXPERIMENTAL SECTION
Materials

Unpurified oat hulls (OH), containing approximately 48.0, 25.5
and 14.5% of cellulose, hemicelluloses and lignin, respectively, were
kindly supplied by SL-Alimentos (Maua da Serra-PR, Brazil).

Bleaching of oat hulls

Approximately 20 g of raw oat hulls were dispersed in 250 mL
of a peracetic acid solution (50% acetic acid (Synth — Brazil), 38%
hydrogen peroxide (Synth — Brazil) and 12% distilled water) at 60 °C
and vigorously stirred for 24 h. After this treatment, the fibers were
vacuum filtered, washed with distilled water until the pH value was
between 6 and 7 and dried at 35 °C for 12 — 24 h in an air-circulating
oven (Tecnal — Sdo Paulo-Brazil). The bleached oat hull was labeled
as OHB.

Preparation of the nanofibrillated cellulose from oat hulls
Approximately 10 g of bleached oat hulls were dispersed in 100 mL

of 63.7% (w/v) sulfuric acid (Synth — Brazil) at 45 °C and vigorously
stirred for 30 or 60 min. Then, 200 mL of cold distilled water was added
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to stop the reaction. The sulfuric acid was partially removed from the
resulting suspension through centrifugation at 10,000 rpm for 10 min.
The non-reactive sulfate groups were removed using centrifugation
followed by dialysis in tap water with a cellulose membrane (Sigma—
Aldrich: D9402) until the pH value was between 6 and 7. Dialysis
was performed in running distilled water during 3-4 days. The neutral
suspension was ultrasonicated (Ultrasonic Processor — Fisher Scientific
—USA) for 15 min and stored in a refrigerator after adding two drops
of chloroform. The nanofibrillated cellulose samples were labeled
OHNF30 or OHNF60, depending on the extraction time. For X-ray
diffraction, Fourier transform-infrared spectroscopy, thermogravimetric
and nuclear magnetic resonance spectroscopy, a 50 mL aliquot was
dried at 35 °C for 12 h in an air-circulating oven (Tecnal — Sdo Paulo-
Brazil). The yield of the acid hydrolysis was determined by weighing
an aliquot of 10 mL of the supernatant of the suspension after being
allowed to stand overnight to dry. The yield (%) was calculated from
the difference between the initial and final weight.

The lignin content of OHB, OHNF30 and OHNF60 was deter-
mined according to the standard method of the Technical Association
of Pulp and Paper Industry TAPPI T222 om-88.%

Nanofibrillated cellulose characterization

Colorimetry

The sample colors were determined using a colorimeter (CR 10,
Minolta Chroma Co., Osaka, Japan). The color parameters range from
L =0 (black) to L = 100 (white), -a (greenness) to +a (redness), and
-b (blueness) to +b (yellowness). The instrument was calibrated using
a set of three Minolta calibration plates. The reported values are the
averages from five measurements of each sample.

Scanning electron microscopy (SEM)

SEM analyses were performed with a FEI Quanta 200 microscope
(Oregon, USA) to observe the morphology of OH and OHB. The
dried samples were mounted for visualization on bronze stubs using
double-sided tape. The surfaces were then coated with a thin gold
layer (40-50 nm). All samples were examined using an accelerating
voltage of 30 kV.

Transmission electron microscopy (TEM)

The suspensions of OHNF30 and OHNF60 were observed by
TEM using a FEI-TECNAI 12 transmission electron microscope
(Oregon — USA) with an acceleration voltage of 80 kV. A droplet of
diluted suspension was deposited on a carbon coated grid and allowed
to dry. The grid was stained with a 1.5% solution of uranyl acetate
and dried at room temperature. The diameters of the nanofibrillated
cellulose from oat hulls were determined using an image analysis
program (ImageJ 1.37v®), and a minimum of 30 measurements were
performed for this determination.

X-ray diffraction

The crystallinity of each sample was investigated using X-ray
diffraction (XRD). The samples were finely powdered (particles
< 0.149 mm), and the analysis was performed using a PANalytical
X Pert PRO MPD diffractometer (Netherlands) with copper Ko
radiation (A = 1.5418 A) under the operational conditions of 40 kV
and 30 mA. All assays were performed with a ramp rate of 1°/min.
The relative crystallinity index (CI) was calculated using the Ruland
method* as follows: CI = ((A)/(A+A,)), where A_is the crystalline
area and A, is the amorphous area.

Fourier Transform-Infrared Spectroscopy (FT-IR)
The pulverized and dried samples were then mixed with
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potassium bromide and compressed into tablets. The FT-IR analyses
were carried out with a Shimadzu FT-IR — 8300 (Japan), which has a
spectral resolution of 4 cm™ and a spectral range of 4000 — 500 cm™.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA 50 — Shimadzu - Japan) was
carried out under a nitrogen atmosphere (50 mL min'), and the sam-
ples (approximately 10 mg) were heated from 0 to 600 °C at a heating
rate of 10 °C/min. The weight loss (%) was evaluated by measuring
the residual weight at 600 °C.

Solid state NMR spectroscopy (C CP MAS NMR)

Solid state *C spectra were recorded on a Bruker (Avance IIT)
instrument operating at 400 MHz. A multinuclear probe (4 mm) and
a zirconium oxide rotor were used with a Cross Polarized - Magic
Angle Spinning (CP-MAS) unit. The relative crystallinity index (CI)
was measured as the ratio between the amorphous and crystalline C4
regions, which was obtained through integration.

RESULTS AND DISCUSSION

The original lignin content of OH (14.5%) decreased in all sam-
ples, the lignin contents of OHB, OHNF30 and OHNF75 were 3.50
+0.80, 1.12 £ 0.50 and 1.10 + 0.32%, respectively, showing that the
bleaching and acid hydrolysis were effective for cellulose purification.
The yield of acid hydrolysis was 32 + 5% (by dry mass); each 100 g
of raw oat hulls resulted in 32 g of nanofibrillated cellulose.

Figure 1 shows the aspect of the oat hulls (OH) both before and
after bleaching with peracetic acid. After bleaching, the fiber was dis-
colored and turned into a white color, indicating that most of the initial
non-cellulosic components were removed by this purification process
and that bleached oat hulls have higher cellulose content than raw
oat hulls. This result agreed with the color parameter results (Table
1). The luminosity (L* parameter) was indicative of the whiteness
of these samples, and in the bleached oat hull (OHB), this parameter
significantly (p <0.05) increased compared to the raw oat hulls (OH),
confirming the tendency of bleached samples to have a white color.

Figure 1. Appearance of the raw oat hulls (A) and bleached oat hulls (B)

The increase in the a* and b* color parameters were related to the
redness and yellowness of the samples, respectively, and in this work,
these color parameters (Table 1) significantly (p <0.05) decreased in
the OHB samples compared to those. The hydrolysates (OHNF30 and
OHNF60) presented similar results for the color parameters (Table
1) to those of the OHB samples.

Morphological analyses (SEM and TEM)
The morphology of the longitudinal surface of the fiber before

and after bleaching is shown in Figure 2. The original fiber forms
a compact structure (Figure 2a) with the nonfibrous components
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(hemicellulose and lignin). After bleaching, some of the components
around the fiber bundles were removed and these bundles become
individualized (Figure 2b), and the microfibrils could be visualized.
In plant cells, lignin and hemicelluloses are deposited between the
cellulosic microfibrils, which results in an interrupted lamellar struc-
ture,” and the removal of these non-cellulosic components could be
accomplished using bleaching agents.

a 200 pm b 200 pm
Figure 2. Micrographs obtained using SEM: raw oat hulls (a) and bleached
oat hulls (b)

The suspensions that result from the acid hydrolysis were very
stable, and there was no sedimentation when they were stored at room
temperature for a long time. TEM micrographs of the nanofibrillated
oat hulls are shown in Figure 3 and display the homogeneity and
nanometric dimensions of these materials.

Figure 3. Micrographs obtained using TEM of the nanofibrillated cellulose:
extracted at 30 min (a) and 60 min (b)

The hydrolysis time did not influence the morphological pro-
perties of the nanofibrillated oat hulls (Figure 3). The nanocellulose
obtained in our work showed an aspect of interconnected webs of
tiny nanofibers with diameters of 70-100 nm and lengths of several
micrometers, which results in nanofibers with relatively high aspect
ratio. Zhou et al.® reported that these types of materials are suitable
for polymer reinforcement.

X-ray Diffraction

The X-ray diffraction patterns of OH, OHB, OHNF30 and
OHNF60 are shown in Figure 4. These patterns are typical of
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Figure 4. X-ray diffractograms of OH, OHB, OHNF30 and OHNF60

semicrystalline materials with an amorphous broad hump and
crystalline peaks. The OH sample showed a lower crystallinity
index (CI) than the bleached (OHB) and hydrolyzed (OHNF30 and
OHNF60) samples (Table 1). This lower CI of OH sample occurred
because of the reduction and removal of amorphous, non-cellulosic
compounds, which was induced by bleaching and acid hydrolysis.
According to Abraham et al.,” lignin removal results in an increase
of crystallinity index.

The CI values of hydrolyzed samples (OHNF30 and OHNF60)
were similar between each other (Table 1), and these results were
consistent with TEM analysis, which showed the same morphology
for OHNF30 and OHNF60. Possible, the time range was not sufficient
to result in higher removal of amorphous cellulose at this temperature.

The CI values obtained in this work are lower than the values
reported by other authors for nanofibrillated cellulose obtained by
high pressure defibrillation of 2,2,6,6,-tetramethylpiperidine-1-oxyl
radical (TEMPO) oxidized eucalyptus fibers, which ranged from
49 to 86%. They are also lower than the values reported by other
authors'® for nanofibrillated cellulose from flax fibers obtained
by acid hydrolysis combined with ultrasound and high pressure
microfluidisation, which ranged from 70 to 77%. According to
KriZzman et al.,’® peracetic acid is an oxidant agent used for fiber
bleaching and the main advantage of bleaching with peracetic acid
is that a satisfactory degree of whiteness can be obtained at 60 °C
in 40 min at neutral pH without the addition of auxiliary agents,
and this implies in lower energy and water consumption during
bleaching resulting in much less damage to the fiber. Probably, the
bleaching step in our work resulted in less damage of the oat hull
fiber, generating materials with low CIL.

Table 1. Color parameters, crystallinity index (CI) and maximum degradation temperature of oat hulls samples

Color parameters® CIL (%) TGA - maximum degradation
Sample - A
L* a* b* From XRD From NMR temperature (°C)
OH 39.60° 4.58% 16.23% 23.6 29.6 319
OHB 75.86 ¢ 0.55° 3.03° 329 33.7 348
OHNF30 7591¢ 0.37° 275" 38.7 40.0 363
OHNF60 73.34¢ 0.56° 3.02° 38.9 40.9 357

“Different letters in the same column indicate significant differences between means (Tukey’s test, p < 0.05). °L* = luminosity, a = - a (greenness) to + a (red-

ness), b = - b (blueness) to + b (yellowness).
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In the OH pattern one peak was observed at 22.9°, and in the
other diffractogram profiles (OHB, OHNF30 and OHNF60), peaks
were observed at 15°, 22.9° and 34°, which are characteristic of type
I cellulose (Figure 4), thus compared with the original fibers, both
of the bleached and hydrolyzed samples did not exhibit any variation
in their polymorph type.

Fourier Transform-Infrared Spectroscopy (FT-IR)

Figure 5 shows the FT-IR spectra of OHB, OHNF30 and
OHNF60. All of the spectra showed a wide absorption band corres-
ponding to O—H stretching at approximately 3400 cm™', which could
indicate the occurrence of H-bonding interactions in these materials.
The peaks observed at 2900 cm™ correspond to —C-H stretching;
H-C-H and —C-O-H conjugated bending vibrations appeared in all
spectra (Figure 5).
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Figure 5. FT-IR spectra of OH, OHB, OHNF30 and OHNF60

For all samples, bands were observed at approximately 1650
cm’!, which are associated with the angular O-H bending of water
molecules.”” According to Abraham et al.,”® the water adsorbed in the
cellulose molecules is very difficult to extract due to the cellulose—
water interaction. Sun ez al.? reported that the band at approximately
1650 cm™' may result from water, but could also be attributed to the
aromatic C=C stretch of the aromatic ring in the lignin. The contri-
bution from the absorbed water predominates in the case of OHB,
OHNEF30 and OHNF60, but in the raw oat hull (OH), this band could
be attributed to the lignin.

The bands related to the aromatic C=C stretching of lignin (1513
— 1433 cm')® disappeared in the bleached (OHB) and hydrolyzed
samples (OHNF30 and OHNF60), indicating that lignin was removed
from these samples.

Raw oat hulls (OH) showed a band at 1043 cm! that corresponds
to the linear and branched (1—4)-B-xylans,” which are present in
hemicelluloses. A tiny band appeared in the OHB sample, and this
band disappeared in the hydrolysates (Figure 5), which confirms the
removal of these non-cellulosic compounds.

The differences between the spectra of OH and the other samples
(OHB, OHNF30 and OHNF60) were a clear indicative that these
samples have higher cellulose content than the raw sample and sug-
gest that they are almost pure cellulose.
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Thermogravimetric analysis (TGA)

The curves obtained from TGA analysis were used to examine
the changes in thermal stability caused by the bleaching and acid
hydrolysis (Figure 6). A small weight loss (< 10%) was found in the
range from 50-100 °C due to the evaporation of water or other low
molecular weight compounds from the materials.
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Figure 6. TGA curves of OH, OHB, OHNF30 and OHNF60

The maximum degradation temperature (Table 1) was higher for
the bleached (OHB) and hydrolyzed samples (OHNF30 and OHNF60)
than the raw material (OH), indicating that the extracted cellulose and
nanocellulose had increased thermal stability. These results were related
to the different cellulose, hemicellulose and lignin compositions of
the samples. Great differences are found in the thermal degradations
of cellulose, hemicelluloses and lignin. Hemicelluloses start its de-
composition easily, with the weight loss primarily occurring between
220-315 °C. Cellulose decomposition occurs at a higher temperature
range (315-400 °C). Lignin decomposition happens slowly over a large
temperature range from ambient conditions to 900 °C.*

Our results agreed with Abraham et al.,”® who produced nanofi-
brillated cellulose from banana, pineapple leaf and jute fibers using
alkaline treatment followed by steam explosion and acid hydrolysis.
According to these authors, nanocellulose obtained from natural
fibers shows higher thermal stability than the cellulose present in
untreated lignocellulosic fibers. This occurs probably because the
bleached (OHB) and hydrolyzed samples (OHNF30 and OHNF60)
were more crystalline than the raw material (OH), and a greater
crystalline structure required a higher degradation temperature.’!

Solid state NMR spectroscopy (*C CP MAS NMR)

The spectrum of the OH sample shows cellulose, traces of
starch and other groups consistent with the expected proteins and
lignins present in the raw material, including the typical cellulose
signals of C1 at & 106; C4 at & 86 and & 90 for amorphous and
crystalline cellulose, respectively; and C6 at § 64 and & 66 (Figure
7). The integrated area of the C4 signals shows a concentration of
29.6% for the crystalline form of cellulose (Table 1). The direct
integration of the C4 signal was hampered by the presence of the
starch C4 at § ~80; another starch signal could be assigned to C1
at § 102.%2 Residual protein was observed from the presence of CH,
signals at 8 ~20 - 40, Co. signals at & ~55, aromatic ring signals at
8 ~120 - 140 and finally carbonyl group signals at § ~175.%° These
signals were not observed in the OHB sample. Two additional
signals at 8 23.2 and & 175 correspond to residual acetic acid from
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the bleaching step. The crystallinity indexes calculated from the
NMR data are 33.7% for OHB, 40.0% for OHNF30 and 40.9%
for OHNF60 (Table 1), which could be attributed to the selective
hydrolysis of the amorphous regions of the cellulose fibrils. The
CI values calculated from the NMR are consistent with the XRD
values; both analytical techniques showed similar trends for the
CI variations, although the CI values obtained using NMR were
slightly higher than those of XRD (Table 1).
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Figure 7. °C solid state NMR spectra of OH, OHB, OHNF30 and OHNF60
CONCLUSIONS

The peracetic acid bleaching treatment was effective for reducing
the lignin content in the oat hulls. The compact structure around
the cellulosic fibers was also removed, and the bundles become
individualized. The extraction time did not affect the properties of
the nanofibrillated cellulose, which presented a higher crystallinity
index and thermal stability than the raw material, thus 30 min of
hydrolysis could be used to produce these materials, requiring lower
energy consumption. The nanocellulose crystallized as interconnected
webs of tiny nanofibers with diameters of 70-100 nm and lengths of
several micrometers, which results in a wide range of aspect ratios,
indicating that these materials are suitable for polymer reinforcement.
These results showed that this renewable source of agro-industrial
residue has promising characteristics, especially as a reinforcing
agent in polymer composites.
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