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1. Introduction
The research and development of materials fabricated 

from renewable sources has been a focus of the scientific 
community in the 21st century. This research includes the 
development of novel, green, bio-based and degradable 
materials from natural sources for various engineering 
applications1-4.

The world rice harvest is estimated as 500 million tons 
per year, and rice hull (RH) is the major byproduct generated 
during the rice milling process. Rice hulls represents 
approximately 20% of the dry weight of the rice harvest5. 
Rice hulls contain 36–40 g/100 g cellulose and 12–19 g/100 g 
hemicelluloses. Ash represents approximately 12 g/100 g, 
which is primarily silica (80–90 g/100 g)6,7.

Recently, agro-industrial solid residues with high 
cellulose content (rice hulls) have been used in cellulose 
and nanocellulose production4,8. Two types of nanocellulose 
can be isolated from a cellulosic source: nanocrystals, and 
nanofibrils. Nanocrystals have a crystalline structure, and 
nanofibrils are fibrillar units containing both amorphous and 
crystalline regions. Nanofibrils can create entangled networks 
with diameters less than 100 nm. They also possess attractive 
properties such as high strength, flexibility and high aspect 
ratio (length to diameter ratio) 9-10.

Cellulose nanofibrils have been prepared from a variety 
of sources using several mechanical processes11-13 such as 
ultrasonication14. Chemical or enzymatic treatments can 
be employed before or after the mechanical process9,10,15. 
Paschoal et al.16 obtained nanofibrillated cellulose from oat 
hulls using bleaching with peracetic acid, acid hydrolysis 

at a mild temperature (45ºC) followed by ultrasonication. 
They reported the use of a totally chlorine-free technique 
(TCF) to extract and bleach cellulose from oat hulls. In the 
present work we propose the use of rice hulls for obtaining 
cellulose nanofibrils employing peracetic acid as a more 
environmentally friendly bleaching agent.

Cellulose nanofibrils are used as a reinforcing material 
in starch films to improve their mechanical and barrier 
properties17,18. However, their effect depends on the cellulose 
source and extraction method19,20.

We investigated the microstructure, crystallinity and 
thermal stability of cellulose nanofibrils obtained from 
rice hulls using bleaching and acid hydrolysis at a mild 
temperature (45ºC) followed by ultrasonication. We analyzed 
the effects of nanofibrils addition on the properties of starch 
films produced by extrusion.

2. Experimental
2.1. Materials

Unpurified rice hulls (RH) were kindly supplied by 
HT-Nutri (Camaquã, RS, Brazil). The residue was dried 
(12 - 14 h) at 45°C in an air circulation oven (Marconi 
MA 415 – Piracicaba-Brazil) and milled (IKA-A 11 Basic 
Mill - Germany) to yield particles < 0.30 mm.

2.2 Methods
2.2.1. Chemical composition

The centesimal composition of the residue (proteins, 
lipids, moisture and ash) was determined following methods 
adapted by the Association of Official Analytical Chemists 
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(AOAC)21. The total carbohydrate content was calculated 
from the difference. All experiments were run in triplicate.

The total dietary fiber and soluble and insoluble fractions 
were determined according to AACC method 32-0722. Cellulose 
content was determined by the Updegraff method23, and the 
lignin content was determined by the Technical Association of 
the Pulp and Paper Industry (TAPPI T222 om-88) method24. 
The hemicelluloses were calculated by taking the insoluble 
dietary fiber (IDF) minus the cellulose plus the lignin content 
because the insoluble IDF fraction of cereal is composed of 
cellulose, hemicelluloses and lignin25.

2.2.2. Bleaching of the rice hulls
The bleaching of the rice hulls was performed in two 

stages. The first stage was an alkaline pre-treatment26. Rice 
hulls (20 g) were immersed in 200 ml of sodium hydroxide 
(NaOH) 5% (w/v) at 90°C for 60 min under constant stirring. 
The material was washed with distilled water until it reached 
a neutral pH and was dried at 40°C for 24 h.

In the second stage, approximately 20 g of the material 
from the alkaline pre-treatment was dispersed in 250 mL of 
a peracetic acid solution (50% acetic acid (Synth – Brazil), 
38% hydrogen peroxide (Synth – Brazil) and 12% distilled 
water) at 60ºC and vigorously stirred for 24 h16. The fibers 
were vacuum filtered, washed with distilled water until the 
pH value was between 6 and 7 and dried at 35ºC for 12 – 24 h 
in an air-circulating oven (Tecnal – São Paulo-Brazil). 
The bleached rice hull was labeled as RHB.

2.2.3. Preparation of the cellulose nanofibrils from rice 
hulls

Approximately 10 g of bleached rice hulls were dispersed 
in 100 mL of 63.7% (w/v) sulfuric acid (Synth – Brazil) at 
45ºC and vigorously stirred for 1 or 2 h. Cold distilled water 
(200 mL) was added 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 
for 3 – 4 days. The neutral suspension was ultrasonicated 
(Ultrasonic Processor – Fisher Scientific – USA) for 15 min, 
two drops of chloroform were added and then the suspension 
was stored in a refrigerator. The cellulose nanofibrils samples 
were labeled RHNF1h or RHNF2h, depending on the 
extraction time. A 50 mL aliquot was dried at 35ºC for 12 h 
in an air-circulating oven (Tecnal – São Paulo-Brazil) for 
X-ray diffraction, Fourier transform infrared spectroscopy 
and thermogravimetric analyses.

2.2.4. Cellulose nanofibril characterization

2.2.4.1. Scanning electron microscopy (SEM)
SEM analyses were performed with a FEI Quanta 

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

2.2.4.2. Transmission electron microscopy (TEM)
The suspensions of RHNF1h and RHNF2h 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.

2.2.4.3. X-ray diffraction (XRD)
The samples were finely powdered (particles < 0.149 mm). 

The analysis was performed using a PANalytical X´Pert PRO 
MPD diffractometer (Netherlands) with copper Kα radiation 
(λ = 1.5418 Ǻ) 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 Segal et al., method27: CI (%) = ([(I002 –Iam)]/I002)*100, in 
which I002 is the intensity of the 002 peak (at approximately 
2θ = 20-22o) and Iam is the intensity corresponding to the 
peak at 2θ = 18o.

2.2.4.4. Fourier Transform Infrared (FT-IR) 
Spectroscopy

The pulverized and dried samples were then mixed with 
potassium bromide and compressed into tablets. The FT-IR 
analyses were performed with a Shimadzu FT-IR – 8300 
(Japan), with a spectral resolution of 4 cm-1 and a spectral 
range of 4000 – 500 cm-1.

2.2.4.5. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA 50 – Shimadzu - Japan) 

was performed under a nitrogen atmosphere (50 mL min-1). 
The samples (approximately 10 mg) were heated from 
30 to 600ºC at a heating rate of 10ºC/min. The weight loss 
(%) was evaluated by measuring the residual weight at 600ºC.

2.2.4.6 Differential scanning calorimetry (DSC)
The DSC analyses were performed on a Shimadzu DSC 

60 (Japan) calorimeter. Approximately 3.0 mg of each sample 
were placed in platinum containers and heated from 30 to 
450˚C at a heating rate of 5°C / min in a helium atmosphere.

2.2.5. Films manufactured by extrusion
The films were formulated with cassava starch (72.5% 

w/w) and glycerol (25.0% w/w) as the plasticizer. Rice hull 
(RH), bleached rice hull (RHB) or cellulose nanofibrils 
(RHNF1h) were added as reinforcing agents to film formulations 
(2.5% w/w). RH and RHB were added as powders to the 
starch‑glycerol mixture. RHNF1h was added in a wet state 
(20% moisture) to the starch-glycerol mixture. A control 
film was produced without any reinforcing agent at 75% 
w/w of starch and 25% w/w glycerol.

All film formulations were stored for 1 h after manual 
mixing. The mixture was fed to the extruder (BGM EL-25, 
single screw, 25 mm screw diameter, and 700 mm screw 
length) for the first time to obtain pellets of gelatinized material. 
These pellets were re-extruded for better homogenization. 
The second batch of pellets was fed to the extruder for 
film manufacturing by blowing (50 mm blowing matrix 
diameter). Extrusion temperatures were (from feeding zone 
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to die): 120/130/120/120°C for the pellet formation step and 
120/130/120/130°C for the blowing step. Screw rotation 
was constant at 35 rpm.

2.2.6. Film characterization
All film samples were conditioned at 25°C and 58% RH 

(over a saturated solution of sodium bromide – NaBr) for 7 d 
before testing. Thickness was determined using a manual 
micrometer with ± 0.1 μm accuracy (Mitutoyo, Brazil), and 
calculated as the average of 10 measurements taken at random 
positions on the film. The film density was determined directly 
from the film weight and dimensions (volume). Reported 
values were the average of ten calculations.

Opacity was determined according to the Hunterlab 
method reported by Sobral28 with a BYK Gardner colorimeter 
(Maryland-USA) operating in the reflectance mode. The opacity 
(Y) of the samples was calculated as the relationship 
between the opacity of each sample on the black standard 
(Yb) and the opacity of each sample on the white standard 
(Yw): Y = (Yb/ YW)*100. The results were reported as the 
percentage of opacity. All tests were performed in triplicate.

Water vapor permeability (WVP) was performed 
according to a modified ASTM E96-00 method29. Film 
samples were sealed over a 60 mm circular opening of a 
permeation cell containing calcium chloride (0% RH inside 
the cell). The set was placed inside a desiccator containing 
saturated sodium chloride solution (75% RH outside the 
cell) to create a 75% RH gradient across the film. All tests 
were performed in triplicate.

Mechanical properties were determined using a TA.TX2i 
Stable Micro Systems texture analyzer (Surrey – England) 
in accordance with ASTM D-882-9130. Ten sample strips 
(25.4 x 100.0 mm) of each formulation were clamped 
between pneumatic grips (50 mm initial distance between 
the grips) and distended at 50 mm.min-1. The force (N) and 
deformation (mm) were reported to determine the tensile 
strength (MPa), elongation (%) and Young´s modulus (MPa).

2.2.7. Statistical analysis
Tukey’s test (p ≤ 0.05) was employed for mean 

comparison and was performed using STATISTICA 7.0 
(Statsoft, Oklahoma).

3. Results and Discussion
The original lignin content of RH (7.24 ± 0.59%) decreased 

in all samples. The lignin content of RHB, RHNF1h and 
RHNF2h were 4.22 ± 0.27, 0.12 ± 0.45 and 0.32 ± 0.43%, 
respectively. The results demonstrated that bleaching followed 
by acid hydrolysis were effective for cellulose purification.

3.1. Morphological analyses (SEM and TEM) 
of rice hulls after bleaching and acid 
hydrolysis

The morphology of the longitudinal surface of the fibers 
before and after bleaching is shown in Figure 1. The original 
fiber forms a well-organized and compact structure (Figure 1a) 
with the nonfibrous components (hemicellulose and lignin). 
The corrugated outer epidermis containing silica deposited 
on the surface of the epidermal tissue31,32 can be observed.

After the alkaline pre-treatment (Figure 1b), the fiber 
surface was less compact and its original structure was 
disorganized. This result indicated a partial removal of the 
outer non-cellulosic layer composed of hemicelluloses and 
lignin. According to Patel et al.31, alkali treatment of rice 
hull cannot destroy its inherent structure. NaOH treatment 
removes the silica and leaves the fibrous organic material.

After the NaOH pre-treatment and the peracetic acid 
treatment (Figure  1c), the fiber bundles were removed 
from the lignocellulosic complex. These bundles become 
individualized (Figure 2b), and the microfibrils are visualized. 
In plant cells, lignin and hemicelluloses are deposited 
between the cellulosic microfibrils forming an interrupted 
lamellar structure15,16. Bleaching agents can remove these 
non-cellulosic components.

The suspensions resulting from the acid hydrolysis 
were stable. There was no sedimentation when they were 
stored at room temperature for extended periods of time. 
TEM micrographs of the rice hulls nanofibers are depicted 
in Figure  2, revealing the homogeneity and nanometric 
dimensions of these materials.

The hydrolysis time did not affect the morphological 
properties of the cellulose nanofibers from rice hulls (Figure 2). 
The nanocellulose we obtained contained interconnected 
webs of tiny fibers with diameters in the nanometric 

Figure 1. Micrographs obtained using SEM: raw rice hulls (a), rice hulls pre-treated with NaOH (b) and rice hulls treated with NaOH 
followed by peracetic acid.
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scale (< 100 nm) and lengths of several micrometers. These 
nanofibers possess a high aspect ratio. Paschoal et al.,16 also 
obtained nanocellulose with similar characteristics using 
peracetic acid. Peracetic acid is a strong oxidizing agent 
with excellent bleaching properties. It is an environmentally 
safe alternative for bleaching because it is a chlorine free 
(TCF) process that results in less damage to the fiber16,33-35.

3.2 X-ray diffraction of rice hulls after bleaching 
and acid hydrolysis

The X-ray diffraction patterns of RH, RHB, RHNF1h 
and RHNF2h are depicted in Figure 3. These patterns are 
typical of semicrystalline materials with an amorphous broad 
hump and crystalline peaks. Cellulose was responsible for 
the crystalline structure, whereas hemicellulose and lignin 
are amorphous in nature36. In the RH pattern, one peak was 
observed at 22°. The RHB, RHNF1h and RHNF2h peaks were 
observed at 16°, 22° and 34°. These peaks are characteristic 
of type I cellulose16, 36 (Figure 3). Both the bleached and 
hydrolyzed samples did not exhibit any variation in their 
polymorph type compared with the original fibers. The peaks 
become more defined after chemical treatment.

The RH sample demonstrated a lower crystallinity 
index (CI = 52%) than the bleached (RHB, CI = 68%) and 
hydrolyzed (RHNF1h, CI = 75% and RHNF2h, CI = 72%) 
samples. The lower CI of the RH sample occurred because of 
the reduction and removal of the amorphous, non-cellulosic 
compounds. This removal was induced by bleaching and acid 
hydrolysis. According to Abraham et al.15, lignin removal 
results in an increase in the crystallinity index. The CI values 
of the hydrolyzed samples were nearly identical, and these 
results were consistent with the TEM analysis. The identical 
morphology was observed for RHNF1h and RHNF2h.

3.3 Fourier Transform Infrared (FT-IR) 
Spectroscopy

The FT-IR spectra of RH, RHB, RHNF1h and RHNF2h 
are depicted in Figure 4. All of the spectra displayed a wide 
absorption band corresponding to O–H stretching between 
3400 and 3200 cm-1. This band indicates H-bonding interactions 
in these materials. The peaks observed at 2900 cm-1 correspond 
to –C-H stretching. Figure 4 demonstrates H-C-H and –C-O-H 
conjugated bending vibrations in all spectra.

A shoulder was observed at approximately 1700 cm−1 
in the spectra of the RH and RHB samples (Figure  4). 
This feature represents the acetyl or uronic ester groups of 
the hemicelluloses 2,36. We observed the disappearance of this 
shoulder in the RHNF1h and RHNF2h samples, indicating 
the removal of hemicelluloses from these samples.

The shoulder observed at approximately 1700 cm−1 
(Figure 4) in the spectra corresponds may also be attributed 
to the presence of C=O linkage15, which is characteristic of 
lignin and hemicellulose in these samples.

Figure 2. Micrographs obtained using TEM of the cellulose nanofibers from rice hulls: extraction at 1 h (a), and 2 h (b).

Figure 3. X-ray diffractograms of RH, RHB, RHNF1h and RHNF2h.

Figure 4. FT-IR spectra of RH, RHB, RHNF1h and RHNF2h.
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Bands were observed at approximately 1640 cm-1 for all 
samples. These bands are associated with the angular O–H 
bending of water molecules. According to Abraham et al.15, 
the water adsorbed in the cellulose molecules is difficult to 
extract because of the cellulose–water interaction.

The band at 1650 cm−1 may be assigned to water, but 
could also be attributed to the aromatic C=C stretch of the 
aromatic ring in the lignin37. The contribution from the 
absorbed water predominates in the case of RHB, RHNF1h 
and RHNF2h. However, in the raw rice hull (RH), this band 
could be attributed to the lignin.

Bands at 1430 and 890 cm-1 can be observed in the FT-IR 
spectra of RHB, RHNF1h and RHNF2h (Figure 4). These 
bands are typical of pure cellulose2,36. The band at 890 cm-1 
represents C–O–C stretching vibrations of the characteristic 
β (1→4)-glycosidic linkage36.

According to Sun et  al. 37, the C–O–C pyranose ring 
skeletal vibration occurs in the region of 1076–1023 cm−1. 
In our work, this band appeared in all samples (Figure 4) and 
was more intense in RHB, RHNF1h and RHNF2h.

The differences between the spectra of RH and the other 
samples suggested that these samples have higher cellulose 
content than the raw sample and are almost pure cellulose.

3.4 Thermogravimetric analysis (TGA)
The curves obtained from TGA analysis are shown in 

Figure 5. A small weight loss (< 10%) was found in the range 
of 50–100°C because of the evaporation of water or other low 
molecular weight compounds from the materials.

The maximum degradation temperature (Figure 5) was 
higher for the hydrolyzed samples (RHNF1h and RHNF2h) 
compared to the raw material (RH) and bleached sample 
(RHB). This result indicated that the nanofibers extracted 
from rice hulls had increased the thermal stability. Our results 
were similar to those of Abraham  et  al.,17 who produced 
nanofibrillated cellulose from banana, pineapple leaf and jute 
fibers using alkaline treatment followed by steam explosion and 
acid hydrolysis. Paschoal et al.,16 also reported that nanofibers 
extracted from oat hulls possessed a higher thermal stability 
than the raw material. Nanocellulose obtained from natural 
fibers demonstrate a higher thermal stability than the cellulose 
present in untreated lignocellulosic fibers. This increased stability 
is because the hydrolyzed samples are more crystalline than 
the raw material, and a greater crystalline structure requires 
a higher degradation temperature 38.

3.5 Differential scanning calorimetry
In all the thermograms, from 50°C to 125°C, an endothermic 

peak was present because of water evaporation (Figure 6). 
RHNF1h and RHNF2h demonstrated sharp endothermic 
peaks at 347°C (Figure 6) that may represent the melting of 
the crystalline fraction of these samples. RHB demonstrated 
a less intense peak at the identical temperature and the raw 
material (RH) demonstrated an endothermic peak at 328°C 
(Figure 6). Morán et al.,39 reported that commercial cellulose 
contained endothermic peaks related to its crystal melting 

Figure 5. TGA curves of RH, RHB, RHNF1h and RHNF2h.
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at 330°C and that a decrease in the position of the peak 
indicates an increase in the amount of amorphous cellulose. 
We report similar results for RHB, RHNF1 h and RHNF2 h 
(higher crystallinity index) compared to RH.

3.6 Film characterization
The surfaces of the extruded films were examined 

using SEM (Figure 7). The control film, the RH-film and 
the RHB‑film had rough surfaces, without any fibers of 
agglomeration. The  RHNF-film demonstrated a more 
homogeneous and smooth surface (Figure 7d) than the other 
samples. The nanofibers were well dispersed and covered 
by the matrix, suggesting that the introduction of cellulose 
nanofibers into the starch-glycerol films resulted in improved 
adhesion between the nanofibers and the polymer matrix.

The densities of the starch films were not significantly 
(Tukey test, p ≤ 0.05) affected by the addition of fiber 
(Table  1). The opacity of the films decreased with the 
addition of RHNF1h (Table 1). Transparency is an indirect 
measure of the size and dispersion of cellulose nanofibers 
in the film matrix. The transparency decreases because of 
increased light scattering20 when the cellulose reinforcement 
is not nanoscale or is aggregated.

The WVP for the starch films decreased with the addition 
of nanofibers (Table 1). This effect was not observed for 

the addition of RH or RHB. Kaushik et al.20 observed the 
identical effect after the addition of cellulose nanofibrils 
from wheat straw on starch films. They also reported that 
the WVP decrease in starch films is related to a reduction 
in the diffusion coefficient because of the fibers. Fiber 
agglomeration, a reduction in matrix homogeneity and 
detrimental effects to the barrier properties occurs when 
the nanofiber loading is above 10%. In this work, we used 
a nanofiber addition of 2.5%. This loading improved film 
barrier properties. However, the addition of RH and RHB did 
not affect the WVP of the films. This result may be related 
to the less homogeneous film matrix that was observed in 
the SEM images.

The mechanical properties of the starch films were 
affected by the addition of fibers (Table 1). The addition 
of RH and RHB resulted in a decrease in tensile strength. 
This decrease may be associated with the non-homogeneity 
of the film matrix. The addition of RHNF1h resulted in an 
increase in tensile strength and elongation, and a decrease 
in Young´s modulus.

Some authors have suggested that the addition of 
nanofibers may reinforce starch films matrices and improve 
tensile strength, indicating efficient bonding and stress 
transfer from the matrix to the fiber20.

Figure 7. SEM images of the control film (a), the RH-film (b), the RHB-film (c) and the RHNF-films (d).

Figure 6. DSC curves of RH, RHB, RHNF1h and RHNF2h.
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4. Conclusions
NaOH pre-treatment followed by peracetic acid bleaching 

was effective at reducing the lignin content in rice hulls. 
The  compact structure around the cellulosic fibers was 
removed, and the bundles were individualized. The extraction 
time did not affect the properties of the cellulose nanofibers, 
which demonstrated an increased crystallinity index 
(up to 70%) and thermal stability than the raw material. 
Therefore, these materials could be produced after 1 h of 
hydrolysis (low energy consumption). The nanocellulose 
crystallized as interconnected webs of tiny nanofibers with 
diameters < 100 nm and lengths of several micrometers. 
These dimensions resulted in a wide range of aspect ratios.

The addition of 2.5% (w/w) of the nanofibers to 
starch‑glycerol films (produced by extrusion) resulted in the 
opacity, water vapor permeability and improved mechanical 
properties of starch films. These results suggest that this 
renewable source of agro-industrial residue has promise as 
a reinforcing agent in polymer composites.
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