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Cellulose nanofibers (CNF) have been applied in composite systems due to the abundance of raw material, excellent mechanical and
thermal properties. In this work, CNF was prepared from agroindustrial waste and used in specified amounts in polyvinyl alcohol
(PVA) composites. The FTIR spectra of CNF, chemically purified cellulose (CPC) and Cassava Agro-industrial Waste (CAW) indicate
the removal of hemicellulose and lignin. The increase of the crystallinity phase in CNF was observed, by XRD analysis and neither
is observed the transition from cellulose I to II. Thermogravimetric analysis showed displacement that the initial degradation of the
CNF over 43 °C degradation proceeds at single step. The chemical and dimensional homogeneity of CNF can be observed with the
calculation of the crystalline phase content obtained by deconvoluted dTG curve and XRD spectra, obtaining 80% crystallinity by
both techniques. SEM micrographs showed fibers with diameters of 22.30 + 1.52 nm. An increase in the mechanical properties of
PVA was observed with the addition of CNFE. With 2.5% CNF in the PVA, the elastic module increased by approximately three times,

with the addition of 10% CNF, a saturated system with poor mechanical properties was observed.
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INTRODUCTION

The development of biodegradable polymeric materials from
renewable sources such as cellulose is highly viable due to the
abundance and variety of raw materials,' which is the main reason
for the development of this work.

Cellulose is a natural polymer derived from vegetables and has
a structural and energetic functions for plants and some animals.>?
From cellulose-rich raw materials, it is possible to obtain cellulose
nanofibers (CNF). These are crystalline organic structures that have
nanometric dimensions due to their renewability, biodegradability,*
biocompatibility,® functionality,’ high mechanical strength,” large
specific surface area, low visual light scattering, and other features,
nanocellulose has found a wide range of applications including areas
as materials engineering, biomedical® and sensor development.’

There are several sources of natural cellulose fibers used to obtain
nanomaterials (nanocrystals, nanofibers/nanowhiskers and cellulose
nanoparticles), such as corn straw, cotton, wood, sisal, sugar cane
bagasse and even some marine animals.!*!!

Cassava (Manihot esculenta) is one of the most traditional crops
in Brazil whose annual production is about 23 million tons. The
cassava agroindustry for food purposes has increased significantly
with the construction of several flours and starch producing plants in
this country.'? The industrial production of starch generates a large
amount of residual biomass, the dry residue of this waste has up to
23% of cellulosic fiber."

Polyvinyl alcohol (PVA) is a polymer with relative malleability
and high solubility in water. this material is highly applicable due to
its ease of processing, biodegradability'* and biocompatibility.'> Tt
is a fact that this polymer does not have high mechanical resistance
so the production of composites with nanocrystalline cellulose
structures is one of the most promising alternatives. The sustainability
of the production and use of CNF has encouraged researchers in

*e-mail: paulob@utfpr.edu.br

the development of polymer composites aiming to improve the
mechanical properties of the original polymer network, considering
that these products are biodegradable and generated in abundance
as waste.'®!”

In this work CNF was prepared from fibrous waste cellulose from
a starch industry that processes 53,000 tons/year of cassava. The
industrialization of the final product, starch, is 14,840 tons, and the
process generates approximately 3,500 tons of residual biomass. The
obtained CNF, as well as the crude fiber (CAW) and bleached (CPC),
were characterized by infrared spectrometry (FTIR-UATR mode),
X-ray diffraction (XRD), scanning electron microscopy (SEM) and
thermogravimetry (TG). This work also aims to contribute to the
development of green chemistry and the valorization of residual
biomass from starch processing industries.

EXPERIMENTAL
Raw materials and reagents

Cassava agro-industrial waste (CAW) was obtained from the
starch-producing Cooperativa Agro-industrial Lar (Parand, Brazil).
The raw material in natura consists of a powder fibrous material, this
powder was washed in distilled water at 50 °C to remove impurities,
after washing the material was dried at 60 °C for 24 hours.

Polyvinyl alcohol used in the composite films was Sigma-Aldrich,
average M,, 130,000 and >99% hydrolyzed CAS Number 9002-89-5.

Chemical purification of fibrous material

The CAW (10 g) was treated with 200 mL of aqueous solution
NaOH 2%, by 2 hours at 50 °C with constant stirring. CAW was
removed from the solution by filtration and washed successively with
distilled water until it reached pH 7.'%1

For the bleaching process, the fibers were treated with 200 mL of
solution NaOH (2%):H,0, (11%) (1:1; v:v) by 90 minutes at 55 °C,
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under stirring. CAW was removed from the solution by filtration and
successively washed with distilled water until reaching neutral pH.
The resulting material was dried at 70 °C for 24 h.?° By this process
was obtained chemically purified cellulose (CPC) which appears as
a fiber cluster.

Extraction of cellulose nanofibers

CPC was dispersed in 40 mL of deionized water (1:20; w:v), in
that dispersion 60 mL of H,SO, (98%) was added dropwise to the
system, the dispersion was maintained under constant agitation and
with the temperature at 50 °C for 75 minutes.?"**

The suspension was centrifugated at 6,000 rpm (10 °C), the
supernatant was discarded and the precipitate was redispersed in
deionized water and centrifuged until pH 5-6, was obtained as table
suspension. This suspension was sonicated (Elma Sonic) at 25 °C
using a frequency of 37 kHz for 5 minutes and was subjected to
dialysis in cellulose membrane (Membra-Cel® dialysis tubing,
MWCO 3500, diameter of 22 mm) in deionized water. The dialysis
water was changed every 12 hours for 7 days, the pH value was
monitored until it remained constant (6 to 7). The suspension solvent
was evaporated at 70 °C for 24 hours resulting in 0.9 g of solid (CNF),
representing a mass yield of 9%.

Application of cellulose nanofibers as a reinforcement in the
polymer network of PVA

To observe the mechanical effect of the CNFs in a polymer
polymer network, PVA:CNF composites were obtained in form of
films using casting method. In this method, a PVA solution (1% w/w)
and the CNF suspension (1% w/w) were mixed to form solutions
with 2.5%, 5% and 10% (w/w) of CNF. The resulting solutions were
homogenized under magnetic stirring for 24 h, 10 mL of each solution
was poured into a circular Teflon templates with a 7 cm diameter.
The solvent of the solutions was removed in an oven at 70 °C for
24 h. After removing the material from the templates, a polymeric
film in proportions equivalent to the solution and with a thickness of
approximately 500 pm (+ 17 pm) was obtained.

Characterization analysis

Thermogravimetric analyses (TGA) were carried out in a
simultaneous thermal analyzer STA 6000 (PerkinElmer), 8 mg of
sample was placed in a platinum crucible and pre-heated at 100 °C
by 5 min in order to remove the residual moisture. Analyses were
performed with temperature range from 50 to 600 °C, heating rate
of 10 °C min' and 20 mL cm™ N, flow.

Infrared Spectroscopy (FTIR) was performed on a PerkinElmer
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Frontier spectrometer, using attenuated total reflectance (ATR) mode.
Samples were analyzed between 600 and 4000 cm!, with 16 scans
and resolution of 2 cm™.

X-ray diffractograms were determined using a Panalytical
diffractometer, Model Empyrean using Ni-filtered CuK,, radiation
(L=1.5406 A) at 40 kV and 40 mA. Scattered radiation was detected
in the step-scan node with a 20 angle ranging from 5° to 40° with
a scanning rate of 4° min'.>* The deconvolution of the crystalline
fraction was obtained from gaussian curve fitting according to Park.>*
The simulated peaks areas at the respective 20 angles were obtained
and compared according French.”

Scanning electron microscopy (TM 3000 Tabletop Scanning
Electron Microscope, HITACHI, Schaumburg, USA) was used to
determine the samples morphology. Samples were coated with gold
and operated at an accelerating voltage of 10 kV. The average of the
fiber diameter was carried out measuring 120 fibers.

Tensile tests were carried out in a texturometer Stable Micro
Systems, model TA.HD plus, according to ASTM D882-02. The
samples were dimensioned 50 mm x 20 mm and test speed of
0.8 mm s, clamp-to-clamp distance of 30 mm and a load cell of
5.0 kg.

RESULTS AND DISCUSSION

Morphological characterization by Scanning Electron
Microscopy

As observed in Figure 1(a) micrography, CAW is highly fibrous
and composed of several cellulose microfibers, in natural state and
before to chemical extraction, the CAW surface has waxes and other
fouling substances, such as hemicellulose, lignin and pectin, which
form an external layer thick to protect the cellulose inside.?® The
presence of encrusting substances causes the fibers to have an irregular
appearance when observed by SEM. In the CNF micrography, shown
in Figure 1(b), it is possible to observe a fibrous morphology.

The chemical treatment employed seems to be efficient to remove
impurities from CAW, without hardly affect cellulose crystalline
domains. The average of the nanofibers diameters obtained was
22.30 = 1.52 nm, which is in agreement with the diameter obtained
in the production of nanofibers from the commercial cellulose.?”’
The fibers have a wide length range, producing interconnected
distributions even at higher dilutions.

The length of the fibers could not be measured due to the difficult
to recognize the beginning and end of an individual fiber chain,
however, it was observed that the chemical treatment employed
removed the impurities as well as the non-crystalline fraction of the
CAW, resulting in a homogeneous material composed thoroughly of
crystalline structures.
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Figure 1. SEM micrographs of (a) Cassava Agro-industrial Waste (CAW) and (b) Cellulose Nanofibers (CNF) obtained from acid hydrolysis
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Chemical structure analysis with FTIR spectroscopy

In the IR spectrograms of the CAW, CPC and CNF showed in
Figure 2, it is possible to observe some changes in the chemical
functionality of the samples, which has been extensively used
for structural analysis of the material before and after chemical
treatments.
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Figure 2. FTIR spectra of diffractograms of cassava agro-industrial waste
(CAW), chemically purified cellulose (CPC) and cellulose fibers (CNF) pro-
duced by acid-hydrolysis

The spectral bands at 3320 cm™ (O-H stretching intramolecular
hydrogen bonds for cellulose 1) appear in all samples without
significant changes, 2916-2850 cm™ (C-H stretching), in the CPC
sample, these bands are more intense due the presence of the
amorphous fraction of the cellulose, thus, it is possible to attribute
the absence of this profile in CNF due to the highly crystalline
arrangement. Spectral bands at 1736 cm™ which is attributed either to
the acetyl and uronic ester groups of the hemicellulose or to the Ester
linkage of the carboxylic groups of the ferulic and p-coumaric acids of
lignin and/or hemicellulose. This spectral band has a higher intensity
in the CAW and decreases the intensity after the purification process
step in CPC, and practically disappears after the acid hydrolysis.
This effect indicates that most of the hemicellulose and lignin were
removed from the CAW during the chemical treatment.?*?

The band at 1507 cm™ and 1250 cm™ of CAW is assigned to
aromatic ring vibration of lignin and C-O out of plane stretching due
to the aryl group in lignin respectively. The intensity of these peaks
decreases in the chemical-purified cellulose fibers and disappeared
in the CNEF.*

The signal at 660 cm™ is relative to the hydrogen bonds out of the
deformation plane, this band appears prominently in CNF, indicating
higher crystallinity in this sample.”

Comparing the functional groups of cellulose to the raw material
and the corresponding ones concerning CNEF, it is not possible to
observe a reduction of the intensity of the spectral band in 1150 cm!,
that appears as a shoulder overlapped in a band of higher intensity,
this effect can be attributed to the non-transition from cellulose I to
cellulose I3

Spectral bands attributed to sulphonic groups are not observed,
this occurs due the milder chemical treatment was done by slow
dripping the sulfuric acid on fiber, and not the direct poured on CPC,
avoiding the cellulose sulfonation. These results confirm that there
are any sulphonic groups in the fiber and that therefore does not occur
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the catalytic effect that decreases the thermal stability of the material
as observed in the thermogravimetric analyzes.?®

Another aspect related to non-sulfonation is the difficulty of
obtaining the fibers in isolation for SEM images, it is believed that
the absence of negative charges from the sulfonic groups reduces the
dispersion of the fibers in the aqueous solution as well as affecting
the pH of the solution assuming a value higher than CO, saturated
pure water.

Crystalline pattern by X-ray diffraction

The XRD diffractograms of CAW, CPC, and CNFs are shown

in Figure 3.
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Figure 3. X-ray diffractograms of cassava agro-industrial waste as raw
material (CAW); chemically purified cellulose (CPC); cellulose fibers (CNF)
produced by acid-hydrolysis

CNF samples showed a diffraction pattern with peaks at
20 =16.2°,22.1° and 34.5°, these peaks are assigned to 110, 200 and
004 crystallographic planes, respectively, this pattern is related to the
typical crystalline structure of cellulose-I.3!32

XRD diffractogram of CAW presents peaks with low intensity
at 12.0°, 16.2° and 22.1°, this result was coherent with the sample
condition, due to the presence of amorphous components in the
sample, as lignin, oily residues and others. After the chemical
treatment, it is observed higher crystalline diffraction peaks in the
same 206 values, which demonstrates the removal of some components
of the sample.”’

The crystallinity index of the samples was calculated according to
XRD deconvolution method and the areas of the simulated peaks at the
respective 20 angles.*** According to the deconvolution method, the
crystallinity index is determined by the relation of the areas delimited
by the deconvoluted curves, the sum of the areas which refer to the
peaks arising at about 22.1° and 34.5°, i.e., the area related to planes
200 and 004 which are attributed to the crystalline fraction of the
cellulose. In Figure 4 it is possible to observe the comparison of
the relative are as obtained from the diffractograms deconvolution
curves and the areas of the simulated peaks for the samples CPC
and CNF, 333 the values of the crystallinity rates obtained by both
methods were similar.
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Figure 4. Crystallinity rates in CNF and CPC obtained by deconvolution of

the XRD spectrum and simulated peaks

The crystallinity index was 48.73% for CPC and 79.66%
for CNF, these values were higher than those presented by Chen
and collaborators, whose developed cellulose nanofibers with a
crystallinity of 69%, using high-intensity ultrasonic waves for the
removal of the amorphous phase.?® The obtained crystallinity index
is similar to the crystallinity obtained in nanowhiskers that assumes
values around 80%.%” This result can be attributed to the treatment
used in this work, which is similar to the used in the nanowhiskers
synthesis. It is probable that the sulfuric acid dripping in the CPC
sample at the moment of the hydrolysis and the temperature control
should have prevented the cleavage of chemical bonds in crystalline
cellulose chains, hence, producing nanofibers.

Itis possible to affirm that the treatment applied in the nanofibers
production does not generate cellulose 11, since this structure normally
leads to the appearance of a diffraction peak around 20°,% this fact
corroborates with the results observed in the FTIR analyses.

Thermal analysis

In Figure 5 the thermogravimetric curves of CAW, CPC and
CNF show that the thermal degradation of the samples are distinct,
the initial mass loss, before 200 °C, was approximately 4% for
all samples, this process can be related due to the residual water
evaporation in samples.’® Observing the onset temperature of the
second step of the mass loss, it’s possible to note that CNF has higher

LU s —
80+ *
g
=
R
— 604
g E T er‘ﬁpera‘lure"/’ "C“ Temperature / °C
40 4 265°C e
3. 0 N | T
i N | T
204 -
Temperature / °C
0 T v T ¥ T v T ¥ T v T v T
100 200 300 400 500 600 700

Temperature/°C
Figure 5. Thermogravimetric curve of CAW, CPC and CNF and, into the
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thermal stability, with the onset temperature exceeding CPC at 22 °C
and CAW at 43 °C.

Thermal degradation of the CAW starts at temperatures lower than
the other samples (244 °C), this process can be explained due to the
sample heterogeneity. In the CPC sample, the onset temperature is
265 °C, it occurs due to the purification processes that remove oily
residues and the remaining lignin, causing the bleaching of the sample,
these purifications procedures allow the cellulose and hemicellulose
to remain in the system. In the CNF the onset temperature was 287 °C
because the chemical process for obtaining nanofibers aims to remove
the amorphous fraction of the system, maintaining only the CNF that
presents higher thermal stability than the other samples.

Some studies describe that acid hydrolysis usually results in
materials with lower thermal stability due to the introduction of
sulfate groups in the cellulosic structure, which results in catalytic
degradation of the obtained nanofiber.”’?” Thus, in order to avoid
sulphonation and even degradation caused by a rapid increase in
temperature the slow dripping of sulfuric acid was performed in CPC,
following this procedure may result in long-chain fibers and, hence,
high crystallinity and thermal stability.?

The presence of bands related to the sulfate group in the IR
spectra and the absence of the diffraction peak at 20 = 22° in the
XRD diffractogram can be attributed to the presence of cellulose II
in samples that underwent intense acid hydrolysis.

The deconvolution of the first derivative in TG curves is a
procedure that aims to improve the quantitative interpretation of
the obtained results.*® Figure 6 shows the graphs of the differential
thermogravimetric curve (dTG) of CAW, CPC and CNF and their
respective deconvoluted Gaussian curves (DdTG), these curves allow
to evaluate the sample homogeneity according to the number and
curves profiles in the thermal-degradation steps.*
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Figure 6. Curve deconvoluted (DATG) from CAW, CPC and CNF dTG analysis

Due to the symmetrical profile of the CNF-dTG curve, the sample
has chemical and dimensional homogeneity, since the DATG provides
two distinct curves, in T, at 310 °C, which can be attributed to the
amorphous structure of the remaining cellulose in the process of
purification, and another more stable thermally, at 338 °C, attributed
to the crystalline cellulose.

DdATG for CPC provided three distinct curves, with peaks
at 261 °C, 316 °C and 336 °C, these curves can be attributed to
hemicellulose, amorphous fraction and the crystalline fraction
of cellulose, respectively. In CPC the curve of the greater area is
relative to the amorphous fraction of the cellulose which means that
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this sample has low crystallinity. In CAW it was possible to obtain
three DATG curves with T,,, at 258, 331 and 367 °C, these curves
can be attributed to thermal degradation of hemicellulose, cellulose
and an oily fraction, respectively.*** In the CAW sample, at the peak
attributed to cellulose, it is not possible to distinguish the amorphous
phase from crystalline due to heterogeneity of this system, since
there are several other components in this mixture that influence the
cellulose pyrolysis in this temperature range.

The crystallinity estimation of the samples was calculated by the
ratio of the peak area (DdTG) assigned to the crystalline phase and
the sum of the peak areas, the results are shown in Table 1. In CNF
the area of the DATG curve at 338 °C predominates, i.e., CNF is the
sample with the highest crystallinity.

Table 1. Temperature of higher pyrolysis conversion rate (T,,,), X-ray di-
ffraction peaks and relative areas of the DATG curves and the diffractometric
profiles of CPC and CNF samples

DATG Sepc! % T, /°C Senp /% T, /°C
Curve 1 10.68 261 -
Curve 2 63.24 316 22.46 310
Curve 3 26.08 336 71.54 338
XRD Sepc (%) 20 Senr (%) 20
Plan 101 34.50 11 - -
Plan 110 17.21 16 20.55 16
Plan 200 48.29 2 79.45 2

The CNF crystallinity was determined from two different analyzes
that provided similar results, the crystallinity calculated from the
thermogravimetric analysis was 77.54% and X-ray diffraction was
79.45%, thus, confirming the high crystallinity of the CNE. These results
are in agreement with those reported in several studies, which reported
similar crystallinity with fibers obtained from other raw materials.”

In both analyzes an increase of the CNF crystallinity in relation to
CPC was observed, however, it was not possible to obtain a correlation
between the results of CPC crystallinity by DdTG and XRD due to
heterogeneity of the sample composition.

For systems containing cellulosic polymers, a proposal is to
evaluate the temperature range in which the DATG is calculated
(AT, — temperature variation of the base peak), taking in to account
the area of this curve, which is related to the quantity of a determined
phase in the sample.* Thus, calculating the ratio (P) between AT,
and the relative area of the DTG (S) it is possible to evaluate the
chemical and/or dimensional homogeneity of the component, and it
can be verified that the smaller this values more homogeneous will be
the phase. The range can be calculated by the difference between offset
(T 4.0 and onset (T,,,,,) temperature of the DATG curve, according
to equations 1 and 2.

ATh = End.rel - ’I:m.&ez (1)
AT,
P=—2" 2
5 (2)
Table 2 presents the T, T 4., ATb and P values of DATG curves

related to cellulose samples, showing that the CNF DdTG has a lower
P value, thus confirming its homogeneity.

Nanofibers as reinforcement of the polymeric Polymer
Network of PVA

Figure 7 presents the stress-strain curves of PVA and its
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Table 2. Chemical and dimensional homogeneity parameters obtained by
DdATG curves of CAW, CPC and CNF samples

DATG Ty /°C Ty /°C AT,/°C P
CAW 270 393 123 132.6
crPC 311 361 50 191.7
CNF 307 370 63 81.2

nanocomposites under tensile tests. Tensile characteristics as, tensile
strength, elastic modulus and elongation break, of the samples, have
also been presented in Table 3.
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Figure 7. Stress-strain curves of PVA and nanocomposites PVA:CNF(2.5%),
PVA:CNF(5%) and PVA:CNF(10%)

Table 3. Tensile properties of pure PVA films and nanocomposites
PVA:CNF(2.5%), PVA:CNF(5%) and PVA:CNF(10%)

Sample Elastic modulus/MPa  Tensile strength/MPa
PVA 228 +£35 17.03 +1.28
PVA:CNF(2.5%) 648 £ 152 3495+2.15
PVA:CNF(5%) 708 £ 114 3845+7.12
PVA:CNF(10%) 517+132 14.89 £ 6.55

These results showed that occurs an improvement in the tensile
modulus of PVA in films that have 2.5% and 5% in mass of CNF. This
increase in tensile properties values occurs due to hydrogen bonds
formed between cellulose nanofibers and PVA, which contributes
to the dispersion of nanofibers in the polymer network, further was
observed that an increase in the CNF content up to 2.5% also increased
the stiffness of the composites.

Besides, an increase in the concentration of the nanofibers up
to 5% also increased the stiffness of the composites comparing to
the PVA, higher dispersion of the tensile strength values obtained
because from this concentration it is probable that phase segregation
starts due to CNF saturation in PVA. In samples of PVA:CNF (10%),
a relative decrease of the tensile modulus is observed compared to
pure PVA samples, however, this value is lower than that observed
in the other composites.

This fact may be related to components saturation, resulting
in phase segregation and, hence, heterogeneity of the sample, thus
affecting their mechanical properties.

Qua and coworkers* produced PVA/cellulose nanofiber
composites using nanofiber from flax fiber and microcrystalline
cellulose (MCC). They reported that the inclusion of 5% of cellulose
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nanofiber resulted in an increase in the strength of the composites,
from 141.8 MPa for PVA to 152.17 MPa for MCC composites.

Incorporation of CNF in the polymer network did not significantly
affect the elongation break results, only in the sample PVA:CNF (5%)
showed an increase in this property. The introduction of CNF in PVA
systems decreases the elongation break, however, the characteristics
of the nanofibers used are different, since in this work was observed
long length fibers.*

Differences in the reinforcing effects of nanofibers obtained from
CAW, used in this work, could be ascribed to (i) different processing
technique and conditions for isolation of the fibers and also (ii) the
fact that cellulose nanofibers from different plants have different
characteristics.*

Considering the results, it is clear that the best composition for
the composite was PVA:CNF (2.5%) because even presenting lower
properties than the PVA:CNF (5%), this composition showed the
best mechanical property improvement with the smaller amount of
nanofibers.

CONCLUSIONS

This work showed the possibility of obtaining cellulose
nanofibers with high crystallinity from the agro-industrial residue
from the extraction of cassava starch. The production of cellulose
nanofibers from this residue is a possibility to add value and generate
a destination for the waste that is abundant in the food industry.
Usual treatments used in manufacturing of CNF generally lead to
the formation of cellulose II due to the aggressiveness of the acid
hydrolysis, as observed by the XRD and FTIR analysis, there is no
evidence of the transition to cellulose II from cellulose I, as there is
no evidence of cellulose sulphation which does not affect the thermal
stability of the material produced.

XRD and TGA analysis corroborate each other and demonstrate
that the treatment applied generated material with a crystallinity of
80%, approximately. Electron microscopy images demonstrate a
material with nanometric dimensions relative to the fiber radius but it
was not possible to define the length of the fibers due to the difficulty
in defining the limits of a specific fiber, however, it is evident that the
obtained fiber has high length.

The nanofibers used as a mechanical reinforcement in a polymer
network of PVA which generated satisfactory results about the increase
of the resistance of the material when used in certain amounts, thus,
showing that the material is viable for tentative application as thougher,
biocompatible and biodegradable food packing composite film.
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