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STARCH FILMS USING CELLULOSE NANOCRYSTALS

ABSTRACT: Interest in cellulose nanocrystals obtained from natural resources has grown 
mainly because of features that such materials provide when inserted into polymeric 
matrices. The present study aimed to evaluate the effect of cellulose nanocrystals addition on 
mechanical properties of biofilms made from hypromellose (or hydroxypropyl methylcellulose 
- HPMC) and cassava starch blends (CS). The cellulose nanocrystals were produced by acid 
hydrolysis and characterized by optical microscopy (OM), transmission electron microscopy 
(TEM), X-ray diffraction (XRD) and thermogravimetry (TG). Films were made with pure 
CS, pure hypromellose and also with blends of CS and hypromellose by casting. Then 
cellulose nanocrystals were added to the blends in the concentrations of 1, 3 and 10% 
(m/m). Evaluations of the films included tensile performance and fracture surface by scanning 
electron microscopy (SEM). It was observed that the reinforcement with nanocrystals 
improved the mechanical properties of the films, and their fracture surface showed that 
cellulose nanocrystals promoted an improvement in the cohesion of the hypromellose and 
starch molecules in the blend, and created a more homogeneous surface.

MELHORANDO A RESISTÊNCIA DE FILMES DE HIDROXIPROPIL 
METILCELULOSE/ AMIDO COM NANOCRISTAIS DE CELULOSE

RESUMO: O interesse em nanocristais de celulose obtidos a partir de recursos naturais 
tem crescido principalmente devido a características que esses materiais fornecem 
quando inseridos em matrizes poliméricas. O presente estudo teve como objetivo avaliar 
o efeito da adição de nanocristais de celulose nas propriedades mecânicas dos biofilmes 
feitos a partir de hipromelose (ou hidroxipropil metilcelulose - HPMC) e misturas com 
amido de mandioca (CS). Os nanocristais de celulose foram produzidos por hidrólise ácida 
e caracterizados por microscopia óptica (OM), microscopia eletrônica de transmissão 
(TEM), difração de raios X (XRD) e termogravimetria (TG). Os filmes foram feitos por 
fundição (ou “casting”) com CS puro, hipromelose pura e também com misturas de CS e 
hipromelose. Em seguida, os nanocristais de celulose foram adicionados às misturas nas 
concentrações de 1, 3 e 10% (m/m). As avaliações dos filmes incluíram a resistência a 
tração e a superfície da fratura por microscopia eletrônica de varredura (SEM). Observou-
se que o reforço com nanocristais de celulose melhorou as propriedades mecânicas, e as 
observações da superfície de fratura dos filmes testados mostraram que os nanocristais 
promoveram uma melhora na coesão da hipromelose e do amido na mistura e promoveram 
uma superfície mais homogênea.
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INTRODUCTION

Plastic wastes derived from petroleum became 
a source of concern in large urban areas, once their 
production on large scale, in most cases, and deposition 
in unsuitable environments generate numerous urban 
pollution disorders (AYDIN; ILBERG, 2016). The 
consumption of polymeric materials in the world has 
been growing for decades because of their low cost, good 
mechanical strength, impermeability and transparency, 
when compared to other materials. The high consumption 
of polymeric materials and the need to reduce the damage 
caused by the incorrect deposition of these materials 
became a major incentive for development of cellulose-
based composites for a wide variety of applications. 

Cellulose nanofibers can be obtained from different 
sources and procedures (SIQUEIRA et al., 2009; TONOLI 
et al., 2012; TONOLI et al., 2016). The term cellulose 
nanocrystals or “whiskers” is used to label elongated 
crystalline rod-like nanofibers obtained by acid hydrolysis 
under controlled period of time and temperature. The 
acid hydrolysis is selective on degradation of amorphous 
holocellulose, resulting in colloid suspensions of well-
defined cellulose nanocrystals (ALEMDAR; SAIN, 2008). 
Cellulose nanofibers have been studied for a myriad 
of applications, such as biofilms (GUIMARÃES JR. et al., 
2015; BUFALINO et al., 2015a; BUFALINO et al., 2015b; 
SCATOLINO et al., 2017a; SCATOLINO et al., 2017b), 
reinforced papers (LAVOINE et al., 2014; MIRMEHDI et 
al., 2017), nano-metal complexes (DONIA et al., 2012; 
GUPTA et al., 2013; ARANTES et al., 2017), hybrid 
materials (FORTUNATI et al., 2014; RAABE et al., 2014; 
RAABE et al., 2015), biomedical products (SVENSSON et 
al., 2005; NIKOLAJASKI et al., 2012) and fiber-cements 
(FONSECA et al., 2016). 

Recently, research works are exploring natural 
biopolymers for the development of environment friendly 
bio-based composites derived from renewable resources, 
in order to provide important contributions for reduction 
of the impact of fossil fuels use (KANMANI; RHIM, 2014; 
SHOJAEE-ALIABADI et al., 2013; GILFILLAN et al., 2016; 
TEODORO et al., 2015; ROMERO-BASTIDA et al., 2015), 
and aiming to the enhanced biodegradability, edibility 
and sustainability of the products (SHIT; SHAH, 2014). 
Polysaccharides, proteins, and lipid materials from plant 
and animal sources are usually applied for this purpose. 

Among the alternatives studied, the use of starch is 
prominent, which is an organic polysaccharide widely found 
in plants, mainly in roots, tubers, seeds and fruits in the form 
of insoluble granules (ROMERO-BASTIDA et al., 2015). 
Starch granules are composed of two polysaccharides 
of D-glucose, amylose and amylopectin, which have 
different structures and properties and is represented by 

amorphous regions (amylose and amylopectin branching 
points) and crystalline regions of amylopectin (AVEROUS; 
BOQUILLON, 2004; ROMERO-BASTIDA et al., 2015). 
Amylose is a linear polysaccharide made of α-(1–4) bound 
D-glucose molecules, with a very low number of α-(1–6) 
linked branches. Amylose has a helical α-helix structure 
formed by hydrogen bonds between the hydroxyl 
radicals of glucose molecules (PEREZ; BERTOFT, 2010). 
Amylopectin is larger macromolecule than amylose, 
formed by chains having α-(1-4) bonds and α-(1-6) 
branches. These branches have a length of 20 to 25 chains 
(PEREZ; BERTOFT, 2010). High availability, low cost and 
biodegradability are aspects that favor the widespread use 
of starch for materials development (ROZ et al., 2012; 
MARTINEZ et al., 2009; PRACHAYAWARAKORN et al., 
2010). However, the main obstacles to the widespread use 
of starch for plastics production are its limited mechanical 
strength and its high moisture adsorption capacity. 

The hypromellose polymer from vegetable source 
is a cellulose ether in which the hydrogen atoms and 
hydroxyl groups were partially replaced by alkyl groups, 
in order to modify the characteristics of native cellulose. 
Hypromellose is a hydrophilic polymer composed of 
units of β(1-4)-D-glucose linked by glycoside bonds. It 
has been used as a matrix for controlled drug release and 
gel-forming aqueous medium. Other applications have 
been assigned to hypromellose, such as stripping agents 
for paints, adhesives, cosmetics, coatings, protective 
colloid, stabilizer, suspending agent, thickener, film 
former and textile products (CHOI et al., 2016).

Various studies have been developed with 
different kinds of biodegradable matrices reinforced 
with fibers and products of vegetable source, which led 
to improvements on mechanical, physical and barrier 
properties (KU et al., 2011; YAN et al., 2015a; YAN et 
al., 2015b). These properties are the main variables that 
may compromise the application of starch in the plastics 
sector. Then, polymer blending is an important strategy 
that may be adopted in order to reduce mechanical 
and physical limitations of biodegradable polymers and 
expand their range of applications (YAN et al., 2015a).

Therefore, the objective of this study was 
to evaluate the effect of the addition of cellulose 
nanocrystals on mechanical properties of biofilms made 
from hypromellose and cassava starch (CS) blends.

Material and methods

Bleached cellulose Kraft pulp from Eucalyptus 
urograndis obtained from a commercial source (Brazil) 
containing approximately 99% of holocellulose 
(cellulose + hemicellulose) was used in this experiment. 
The cellulose fraction was composed of around 92.2 
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wt.% α-cellulose, 6.9 wt.% β-cellulose and 0.9 wt.% 
γ-cellulose, according to TAPPI T 203 cm-99 (2009) 
standard. Its hemicelluloses (SCAN C 4:61, 1961) and 
lignin (SCAN C 1:77, 1977) contents were of around 13.9 
wt.% and 0.1 wt.%, respectively. Extractives (SCAN C 
7:62, 1962) and ash (SCAN C 6:62, 1962) content were 
of around 0.1 wt.% and 0.6 wt.%, respectively.

Industrial cassava starch (CS) was obtained from 
the Agroindustrial e Comercial Indy LTDA. The amylose 
and amylopectin content was determined by iodometry 
(MARTÍNEZ; CUEVAS, 1989). The ash content was 
determined by incinerating the material in the oven at 
550°C, according to Protocol No. 923.03 of the Association 
of Official Analytical Chemists (AOAC, 2000) and the 
humidity was calculated according to Protocol No. 945.15. 
The residual protein content was determined by the 
Kjeldahl method (1883). The conversion factor used was 
6.25 according procedure 2055 (AOAC). The procedure 
used to determine lipid was based on weight loss of the 
material subjected to extraction in a soxhlet extractor with 
petroleum ether according to Gonçalves et al. (2014).

It was used the hypromellose (hydroxypropyl 
methylcellulose – HPMC) Celotex K60 obtained from 
Aditex Indústria e Comércio de Aditivos LTDA. The supplied 
hypromellose had purity of approximately 95%, according 
to data provided by the manufacturer. This polysaccharide 
was characterized according to their ash content, moisture, 
protein, sugars and lipids (ZENEB; PASCUET, 2005).

Preparation and characterization of the 
cellulose nanocrystals

Cellulose nanocrystals were obtained by acid 
hydrolysis process of bleached kraft Eucalyptus pulp 
(Figure 1). The bleached pulp was ground (FRITSCH 

Pulverisette mill) and hydrolyzed with sulfuric acid 65% 
(m/m) at 45°C for approximately 30 min under constant 
stirring (SIQUEIRA et al., 2009; TONOLI et al., 2012). 
After hydrolysis, the resulting suspension was centrifuged 
for 10 min at a speed of approximately 10,000 rpm and 
the supernatant removed posteriorly. The material 
was washed in distilled water and neutralized by the 
dialysis process to achieve a pH between 6 and 7, 
under continuous flow of water, and then centrifuged 
at 1,000 rpm for 10 min. The collected supernatant 
was centrifuged again at 5,000 rpm for 10 min. After 
these steps, the precipitate containing the cellulose 
nanocrystals was collected and characterized.

The morphology of nanocrystals was 
characterized using light microscopy (LM), An 
Olympus BX51 (Japan). The suspension of cellulose 
nanocrystals were dried on Petri dishes at 30°C for 
48 h, these films were then redispersed in distilled 
water in order to view the agglomerates in the light 
microscope. The suspensions were stained with a drop 
of ethanol–safranin–astrablue in order to increase the 
contrast between the phases. The measurements were 
performed with image analysis software (Image-ProPlus 
5-1.0.20, CYBERMETRICS MEDIA, 2004).

Nanocrystals were evaluated in a transmission 
electron microscope (TEM) TecnaiTM G2 F20, and 
samples were prepared with a dilute suspension of 
cellulose nanocrystals and uranyl acetate as colorant 
were submitted to sonication (Branson 450) for 2 min. 
One suspension drop was deposited over a copper grid 
with Formvar film (400 mesh - Ted Pella) and kept in 
desiccator for 24 h for drying before use in TEM analysis. 
The diameter and length were determined using digital 

FIGURE 1 Scheme of the acid hydrolysis of the cellulose pulp fibers, with the individualization of the cellulose nanocrystals.
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The cassava starch solution was prepared with 3 
g of the sample solubilized in 90 g of distilled water at 
constant stirring of 500 rpm for 10 min. 20% glycerol 
(based on dry weight of starch) was diluted with distilled 
water until the final weight reached 10 g. Then, glycerol 
was incorporated into the starch solution, with total of 
100 g of solution at the end of the process. The mixture 
was heated in a microwave oven until a temperature of 
80°C, then removed and hold under heating at 78°C and 
constant stirring of 1,200 rpm for 10 min.

The hypromellose solution was prepared using 2 
g of material solubilized in 90 mL of solution containing 
water and ethanol (1:1) stirring of 1,200 rpm for 10 min. 
30% glycerol was added to solution in relation to dry 
weight of hypromellose. The mixture was heated to 70°C, 
kept at this temperature for 10 min under constant stirring 
of 1,200 rpm. The solution remained at this condition until 
it reached laboratory temperature (~25oC).

The blends were prepared by combination of the 
individual solutions of hypromellose and cassava starch 
in ratios 1:1, 1:9 and 9:1 (hypromellose:starch). The final 
solution was homogenized at 1,000 rpm for 15 min and 
then at 20,000 rpm for 5 min. After homogenization, about 
40 g of the solution containing the above polysaccharide 
was transferred to Plexiglas plates with 15 cm diameter 
and kept under an atmosphere at 60% relative humidity 
(RH) at 20°C. The solutions remain in this controlled 
environment until the complete evaporation of the 
solvent with the formation of biofilms, which happened 
after about 6 days. Subsequently, biofilms were placed 
under an atmosphere of ~53% RH for 5 days.

Mechanical characterization of the films

Tensile strength (MPa), elongation at break (%) 
and modulus of elasticity (MOE) of the films were 
conducted using a texturometer TA XT2i Stable Micro 
Systems, and subsequently analyzed in the software 
(Texture Expert 1.15) coupled to the equipment. The 
films of 100 mm x 25 mm were pulled at about 0.8 mm.s-1 
starting from an initial separation of 50 mm claws. The 
tensile strength of the samples was determined based 
on ASTM D 882-12 (2012). MOE was determined from 
the tangent of the initial linear of the stress-strain curve, 
considered as elastic region. Five repetitions for each 
sample were used. In order to measure the diameters of 
biofilms, it was used a digital micrometer (0-30 mm) with 
0.001 mm resolution, by which 20 random measures 
was obtained per specimen (EUN; WEIBEL, 2009). 
The specimens were placed in a desiccator containing 
saturated saline magnesium nitrate hexahydrate (leading 
to 53% RH in the desiccator) solution at 25°C for 4 days.

TABLE 1 Mix design of the treatments (films or solutions) 
and their codes.

Samples Codes

Hypromellose H

Cassava starch A

Blend 1:9 hypromellose and cassava starch B1:9

Blend 9:1 hypromellose and cassava starch B9:1

Blend 1:1 hypromellose and cassava starch B1:1

Blend 9:1 hypromellose and cassava starch + 
1% cellulose nanocrystals

B9:1-1%

Blend 9:1 hypromellose and cassava starch + 
3% cellulose nanocrystals

B9:1-3%

Blend 9:1 hypromellose and cassava starch + 
10% cellulose nanocrystals

B9:1-10%

image analysis (Image-ProPlus 5-1.0.20, Cybermetrics 
Media, 2004). A minimum of 100 measurements was 
carried out to determine the distribution of diameter and 
length of the cellulose nanocrystals.

The X-ray diffraction (XRD) was applied to 
verify possible structural changes in the pulp, using 
an X-ray diffractometer (Shimadzu XRD-6000) with 
CuKɑ radiation at 30 kV and 30 mA. The dispersed 
radiation was detected in the range of 2ɵ = 5-40° 
at a scan rate of 1°.min-1. The crystallinity index 
(CI) was estimated by Buschle-Diller-Zeronian 
equation (BUSCHLE-DILLER; ZERONIAN, 1992), 
from the heights of the (200) peak (2ɵ ~22.5o) and 
the minimum intensity between the (200) and (110) 
peaks (2ɵ between 18o and 22o).  

Thermal stability of the cellulose nanocrystals was 
investigated in a thermal analyzer TG-DTA Shimadzu 
60H. The thermogravimetry was performed in a 4-6 
mg sample, heated from 25°C to 600°C under an 
atmosphere of nitrogen, using a flow of 50 mL.min-1 with 
a heating rate of 10°C.min-1.

Production of the films/nanocomposites

The aqueous suspension of cellulose nanocrystals 
was prepared in an Ultra Turax model T25 homogenizer 
(SIQUEIRA et al., 2009), to 20,000 rpm, and subsequently 
sonicated (BONDESON et al., 2006) in a sonicator 
operating at 80% of power under an ice bath, aiming 
to dispersion of cellulose nanocrystals. The total energy 
estimated in the process was approximately 24 kJ for 6 
min. The suspensions of nanocrystals were then added 
to the polymeric matrix (formed by mixing cassava starch 
and hypromellose) at concentrations of 1, 3 and 10% (dry 
mass) in relation to dry mass of the matrix. Table 1 shows 
the different treatments and codes that will be used 
throughout this study.
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Microstructural analysis of the fi lms 

The study of the microstructure is essential for 
understanding the performance of the fi lms, looking for 
the interaction between the constituent materials. Scanning 
electron microscopy (SEM) was used to evaluate the fracture 
surface of the fi lms subjected to tensile tests. The fracture 
surface was assessed by scanning electron microscopy (SEM, 
Zeiss LEO EVO 40 XVP, Germany). The accelerating voltage 
applied was 20 kV. The Sputter coating technique using gold 
was performed for sample preparation. Secondary electron 
(SE) detector was selected for analyzing the cross section 
and surface of the samples.

RESULTS AND DISCUSSION

Properties of the cassava starch and hypromellose

The cassava starch used for preparing the biofi lms 
presented an amylose content of 14.5%, slightly bellow 
those found in literature (16-20%) (MALI et al., 2010). The 
amount of the amylopectin of cassava starch may vary from 
80 to 83% (MAMADOU, 1994), however the amylopectin 
content found for the starch used in this work was 85.9%. 
These differences in values are due to different analytical 
methods used, age and variety of plants (PERONI et al., 
2006). The levels found for moisture, lipids, ash and protein 
were 12.90%, 0.31%, 0.24% and 3.40% respectively. 
Chemical analysis of hypromellose showed that it had 
92.3% carbohydrates, 7.4% moisture content, 0.1% fat, 
0.1% ash and 0.6% protein.

Properties of the cellulose nanocrystals

The distribution of diameter and length of the 
cellulose nanocrystals is shown in Figures 2A and 2B, 
respectively. It was observed that approximately 80% 
of cellulose nanocrystals showed diameter of around 30 
nm, while 68% of these nanocrystals exhibited values of 
up to 200 nm length.

The yield of cellulose nanocrystals was determined 
by weight difference, obtaining ~65% yield with respect 
to the starting milled fi bers, probably due to disintegration 
of the amorphous cellulose and degradation of the 
crystalline region during the hydrolysis. Nanocrystals 
agglomeration is observed in the LM image (Figure 2C) 
of the cellulose nanocrystals obtained after 30 min of 
acid hydrolysis reaction. Residual pieces of fi bers are 
observed (Figure 2C) as result of the incomplete acid 
hydrolysis of the cellulose fi bers, probably when starting 
fi ber presents larger diameters or large portions of fi ber 
cell wall that are not easily deconstructed.

FIGURE 2 Diameter (A) and length (B) distribution of the 
cellulose nanocrystals; (C) light microscopy 
micrograph (LM) of a cellulose nanocrystal fi lm 
(arrows indicate residual fi bers were not completely 
hydrolyzed); (D) transmission electron microscopy 
(TEM) micrograph of cellulose nanocrystals.
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Cellulose nanocrystals were observed in a 
transmission electron microscope (TEM) and the result can 
be seen in Figure 2D, which shows the individualized cellulose 
nanocrystals and a needle-like shape due to degradation 
of glucose chains in amorphous cellulose structures by 
the sulfuric acid. The average diameter and length of the 
nanocrystals after 30 min of hydrolysis was 15±6 nm and 
175±38 nm, respectively, giving an aspect ratio (AR) of about 
12. This AR is similar to cellulose nanocrystals extracted 
from ramie (RA ~ 12) (MENEZES et al., 2009) and from 
Eucalyptus sp. (BECK-CANDANEDO et al., 2005). 

X-ray diffractograms (XRD) of the samples (fi bers 
and cellulose nanocrystals) are shown in Figure 3. The 
amorphous fraction is related to the intensity at 2θ=18o 
and 2θ=20o because there is essentially no crystalline 
diffraction at this region (FRENCH, 2014). The amorphous 
fraction appearing at around 2θ=18o suggests that majority 
of this cellulose exists in Iβ cellulose polymorph (FRENCH, 
2014). The XRD patterns of the samples present an 
amorphous broad hump and crystalline peaks that are 
typical of semicrystalline materials. Both samples exhibited 
a sharp peak at 2θ=22.6o, which is assigned to the (002) 
lattice plane of cellulose I. XRD data showed some variation 
in the position of the cellulose I (002) peak for cellulose 
nanocrystals (Figure 3) which was attributed to reduction 
in size of the crystalline cell, and suggest the formation 
of crystallites with different sizes, being predominantly 
smaller than those found in the starting fi bers (DRIEMEIER 
et al., 2011). This may explain the increased fl exibility for 
samples containing cellulose nanocrystals as a reinforcing 
agent, suggesting an approximation of the cellulose chains 
due to the removal of hemicelluloses and lignin (MARIANO 
et al., 2016). (See Figure 5 and Table 2). Both the starting 
fi bers and hydrolyzed samples did not exhibit any variation 
in this polymorph type. This happened due to removal of 
the low molecular weight components and amorphous 
phases, respectively (WANG et al., 2007b).

Thermal analysis of the starting Eucalyptus fi bers 
and cellulose nanocrystals (Figure 4) showed that acidic 
hydrolysis decreased the initial degradation temperature 
(Tonset) of cellulose nanocrystals, this was also observed 
by Teixeira et al. (2010) for nanocrystals of cellulose 
cotton fi bers. Thermogravimetry (Figure 4A) of cellulose 
nanocrystals showed two stages of thermal degradation. 
The fi rst stage occurred at temperatures of 150-
350°C, with a weight loss of about 40% for cellulose 
nanocrystals. The second stage was between 350-525°C, 
and no thermal event was observed at temperatures 
above 550°C with curves becoming constant. 

As can be seen in the derivative thermogravimetry 
curves (DTG) (Figure 4B), the decomposition of the 
starting Eucalyptus fi bers and ensuing cellulose nanocrystals 
occurred mainly in two stages, indicating the presence of 
different components that can be degraded at different 
temperatures. The initial temperature of degradation 
(Tonset) of cellulose nanocrystals was lower, from 180 
to 230°C, which is due to the thermal degradation of 
cellulose nanocrystals containing sulfate groups occurs at 
lower temperatures (ROMAN; WINTER, 2004; WANG 
et al., 2007a), leading to the reactions of dehydration 
that release water and catalyze degradation reactions of 
cellulose (CORREA et al., 2010). Thus the replacement 
of OH groups with sulfate groups decreases the activation 
energy for degradation of the cellulose chains (WANG et 
al., 2007b). Due the fact that initial temperature of thermal 
degradation is low, the use of cellulose nanocrystals 
produced here by hydrolysis with sulfuric acid, in the 
polymeric matrix is limited to the ones that do not require 
elevated temperatures (above 180°C) for processing.

FIGURE 3 X-ray diffractograms (XRD) of the Eucalyptus kraft 
pulp fi bers (before acid hydrolysis) and cellulose 
nanocrystals (after acid hydrolysis).

FIGURE 4 Thermogravimetry (A) and derivative 
thermogravimetry – DTG (B) of the starting 
Eucalyptus pulp fi bers and cellulose nanocrystals.
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Film characteristics

Different matrices were tested before 
reinforcement with cellulose nanocrystals as presented 
in Figure 5A and Table 2. It was observed that the cassava 
starch fi lm, and the B1:9 fi lm did not show such a high 
deformation as fi lms developed using the blends B9:1, 
B1:1, and the control with just hypromellose. Films made 
with hypromellose showed higher tensile strength and 
elongation at break. Films prepared with the B1:1 blend 
presented lower MOE and tensile strength, and then 
the B9:1 blend was the one chosen for reinforcement 
with nanocrystals. Mechanical performance of the blend 
fi lms reinforced with 1, 3 and 10% (w/w) of cellulose 
nanocrystals is presented in Figure 5B and Table 2.

Comparing the performance of the fi lms obtained 
from reinforced blends with cellulose nanocrystals 
and unreinforced matrices, it has been observed an 
increase in fl exibility (MOE) and elongation at break of 
the reinforced fi lms. Cellulose nanocrystals increased 
considerably the elongation at break of the fi lms. When 
comparing the reinforced fi lms with fi lms made only with 
the blend, it is noted that a concentration of 1% and 3% 
cellulose nanocrystals leads to an increase of 31% and 
42% in the tensile strength and 60% and 90% in the 
elongation at break, respectively. It was also observed 
that the reinforcement (1%, 3% and 10% of cellulose 
nanocrystals) favored a higher tensile strength (about 
36, 38 and 40 MPa, respectively), which represents an 
increase of up to 46% of modulus of rupture, when 
compared to the unreinforced blend.

The reinforced fi lms with 10% cellulose 
nanocrystals led to 46% increase in tensile strength and 
82% in deformation (8% less than the fi lm with 3% 
nanocrystals). These data showed that the reinforcements 
with 1% and 3% were more effi cient. This phenomenon 
could be attributed to increased sensitivity of the fi lms to 
moisture by increasing the nanocrystals content (which 
are hydrophilic) and the potential for plasticizing with 
moisture absorption. However, increasing the ductility 
of the fi lm should also result on loss of stiffness, but this 
was not observed. Bilbao-Sainz et al. (2011) attributed 
this phenomenon to the high surface area of the smaller 
whiskers with the blend promoting the formation of 
hydrogen bonds between the polysaccharides and the 
cellulose whiskers, which might have lead to a higher 
effi ciency of the stress transfer from the matrix to the 
fi bers. Another explanation could be related to the 
homogeneity of the reinforcing material dispersed within 
the polymeric matrix and creating some network with 

FIGURE 5 Stress vs. strain curves of the control and blend fi lms 
(A); and after reinforcement with different contents 
(1, 3 and 10%) of cellulose nanocrystals (B).

Comparing recently prepared starch fi lms 
with others stored for long time, it was observed that 
the long time stored fi lms undergo the action of the 
recrystallization phenomenon and fi lms are stiffer. 
This increase in the pure starch fi lm rigidity can be 
attributed to the recrystallization process occurring in 
the starch matrix, as reported by Jiménez et al. (2010). 
An alternative is the addition of other polymers to the 
matrix; hence blends prepared with hypromellose can 
be used in the control of recrystallization of the fi lms 
(JIMÉNEZ et al., 2012; HUO et al., 2015).

TABLE 2 Average and standard deviation values of mechanical 
properties obtained by the tensile test of the starch 
fi lms (A), hypromellose (H) and their blends (B).

Samples
MOE 
(MPa)

Tensile strength 
(MPa)

Elongation at break 
(%)

H 18.8±1.1 62.6±0.7 22.7±1.5
A 17.5±0.9 34.6±2.5 2.2±0.2

B1:9 16.4±0.6 32.5±0.6 2.2±0.6
B9:1 10.3±2.4 27.1±3.9 13.3±1.5

B9:1-1% 13.1±0.8 35.5±3.6 21.3±2.7
B9:1-3% 12.2±0.4 38.5±1.5 25.2±1.9

B9:1-10% 13.4±0.7 39.6±2.9 24.3±2.3

MOE=modulus of elasticity; H=hypromellose; A=cassava starch; B1:9=Blend 
1 hypromellose:9 cassava starch; B9:1=Blend 9 hypromellose:1 cassava starch; 
B1:1=Blend 1 hypromellose:1 cassava starch; B9:1-1%=Blend 9 hypromellose:1 
cassava starch + 1% cellulose nanocrystals; B9:1-3%=Blend 9 hypromellose:1 
cassava starch + 3% cellulose nanocrystals; B9:1-10%=Blend 9 hypromellose:1 
cassava starch + 10% cellulose nanocrystals.
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nanocrystals probably by hydrogen bonds formed between 
nanocrystals. The increased concentration of cellulose 
nanocrystals in this network arrangement increased 
reinforcement, because of the large interaction between 
the nanoparticles and the matrix, and thus reducing the 
mobility of the polymer chains of the matrix and mainly due 
to mechanical percolation phenomenon of the cellulose 
nanocrystals. Compositions with 10% nanocrystals 
probably was adversely affected by sedimentation and 
deficiencies in their dispersion into the matrix, causing an 
increase of defects in the film, increasing the stiffness of 
the material and decreasing mechanical strength.

The micrographs obtained by SEM (Figure 6) 
show the films after the tensile tests and such images 
reveal that the films A and B1:9 showed a fragile behavior 
indicated by the brighter surface of the fractured region. 
The other films had their fracture surfaces characterized 
by the appearance of deformations in the shape of thin 
layers (Figure 6B), small cavities (Figure 6C), and small 
irregularities (Figures 6C and 6D), probably due to 
rearrangement of the molecules during traction. For 
better visualization of the irregularities of the affected 
region it was carried out increases in fracture areas, as in 
Figure 6B and Figure 6D, right.

When the fracture surfaces of samples 
reinforcement with cellulose nanocrystals were analyzed, 
it was observed greater regularity on the surface of these 
films, when compared to non-reinforced films. It indicates 
that the nanocrystals were dispersed in the matrices and 
contribute to cohesion of the matrix molecules, creating 
a smoother surface.

The homogeneous matrix of the films is a 
good indicator of its structural integrity that promotes 
improved mechanical properties (MALI et al., 2002). 
This information corroborates the results obtained in the 
mechanical tests, since there was a significant increase 
in tensile strength and elongation at break with a slight 
increase of MOE.

CONCLUSION

 Cellulose nanocrystals were successfully 
isolated using acid hydrolysis of Eucalyptus pulp fibers. 
Varying the amounts of hypromellose and starch content 
in the blends influenced the mechanical properties of 
the films. It was observed that the content of starch in 
the blends promoted wide variations in the modulus of 
elasticity and maximum strain, leading to more ductile 

FIGURE 6 Micrographs of scanning electron microscopy (SEM) of the film fracture surfaces: A) A =cassava starch; B) B1:1 = blend 
1 hypromellose:1 cassava starch; C) B9:1 = blend 9 hypromellose:1 cassava starch; D) H = hypromellose; and E) B1:9 = 
blend 1 hypromellose:9 cassava starch and reinforced with cellulose nanocrystals in the proportions: F) B9:1-1% = blend 9 
hypromellose:1 cassava starch + 1% cellulose nanocrystals; G) B9:1-3% = blend 9 hypromellose:1 cassava starch + 3% 
cellulose nanocrystals; and H) B9:1-10% = blend 9 hypromellose:1 cassava starch + 10% cellulose nanocrystals.
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films. The maximum tensile strength of the films had 
greater loss when the proportion of hydroxipropil 
methylcellulose (hypromellose) and starch in the blend 
had the same ratio. The cellulose nanocrystals promoted 
further strengthening, lower stiffness and greater ductility 
in film with the blend B9:1 (hypromellose:starch). The 
increase in the mechanical properties was not directly 
proportional to the amount of cellulose nanocrystals 
tested here. The present study contributed with 
information about cellulose nanocrystals, and further 
progress of this approach could improve the performance 
of nanocomposites based on hypromellose and starch 
for development of new and engineered materials.  
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