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The objective of this study has been to investigate the chemical structure, thermal and mechanical properties of
nanocomposite films, which were produced by combining cellulose nanofibrils (CNFs) and cellulose nanocrystals
(CNCs) with different ratios of boric acid (BA) and polyvinyl alcohol (PVA) as a matrix. Nanocomposites reinforced
with BA had B-O-B, and B-O-C ether bonds, while the addition of PVA did not influence the chemical bonds of the
films. Furthermore, the addition of BA to CNF and CNC films enhanced the thermal resistance of the films at high
temperatures, but the addition of PVA declined the thermal properties of these films. Considering the mechanical
properties of nanocomposite films, it was determined that adding PVA to CNF and CNC films had a positive impact,
unlike BA. Consequently, it was concluded that each BA and PVA have their advantages and can be preferred for

specific industrial applications.
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INTRODUCTION

The production of novel materials from
renewable resources has grown since the early
2000s due to conventional polymers’
environmental drawbacks. At the same time,
agricultural residues are abundant, and they create
an alternative to acquiring added-value products
owing to their relatively high cellulose content.!
Sunflower is among the world’s most commonly
grown agricultural plants due to its oil and seed.
The global production of sunflowers reached 56
million tons, while in Tiirkiye, it amounted to 2.1
million tons in 2019. Being one of the most
cultivated agricultural crops in Tirkiye, the
cultivation area of sunflower increased by 8.3%,
compared to the previous season, and reached
about 780 thousand hectares. In addition, 3-7 tons
of dry matter per ha of sunflower biomass are
obtained annually, which makes these
lignocellulosic residues a primary low-cost
resource for value-added products, such as
different kinds of board, paper, or nanomaterials.>

Cellulose, the most abundant natural polymer
on Earth, with about 10''-10'? tons produced
annually,® exhibits great potential and value in
manufacturing eco-friendly materials. For many

years, cellulose fibers and their derivatives have
been used in the pulp, paper, food, textile,
biomedical industries and others.* Nanocellulose,
a nano-structured cellulose, can be obtained from
various lignocellulosic fibers, and it has attracted
the attention of researchers in recent years due to
its superior properties. Nanocellulose can be
obtained from numerous cellulose sources, such
as wood, annual plants, agricultural wastes,
bacteria, efc. Nevertheless, wood pulp and
agricultural residues have been generally
preferred in producing nanocellulose.’
Nanocellulose has outstanding properties, such as
advanced mechanical strength with low density
(1.5~1.6 g/cm?), high surface area (30600 m?%/g),
high modulus (100~130 GPa), extremely low
coefficient of thermal expansion (0.1 ppm/K),
superior  optical properties, as well as
biodegradability and biocompatibility.® Therefore,
it has been evaluated for use in composites,
coatings, the automotive industry, producing
biomedical equipment, energy storage, packaging,
paper, water purification, cosmetics, etc.””%’
Nanocellulose is usually classified into two main
categories: cellulose nanofibrils (CNFs) and
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cellulose nanocrystals (CNCs), depending on the
production process and material properties.>
Cellulose nanofibrils (CNFs), which are produced
with a high-shear mechanical treatment, such as
high-pressure homogenization, microfluidization,
or grinding, have a strong network structure due
to their larger dimensions (10-100 nm in
diameter, 1-10 um in length) and the presence of
a large number of hydroxyl groups, so they
present improved mechanical properties, good
thermal stability, excellent biocompatibility, and
biodegradability. Meanwhile, cellulose
nanocrystals (CNCs), which are obtained via
strong acid hydrolysis, exhibit a rod-like structure
(5-30 nm in diameter and 100-500 nm in length)
with a large specific surface area, better
photochemical characteristics, higher crystallinity,
and desirable mechanical properties.'%!!12

Many comprehensive studies have focused on
using nanocellulose as a reinforcement agent in
producing  bio-based nanocomposites,  for
improving  the  properties of  polymer
nanocomposites. It has been approved that the
reinforcement with nanocellulose has improved
some properties, such as mechanical strength,
thermal stability, water and oil barrier resistance,
optical transparency, and gas permeability."
Unlike inorganic fillers, due to its perfect
characteristics, nanocellulose can be extensively
used as an organic filler in starch, epoxy resin,
waterborne epoxy resin, polyurethane, polyester,
rubber, polyolefin, natural polymers, and other
polymer composites. Because nonpolar matrixes
are poor in interfacial compatibility and indicate
weak interaction with polar nanocellulose,
different methods, e.g., the modification of either
fillers or matrixes or some production processes,
have been aimed at improving the compatibility
between filler and matrix. In the meantime, owing
to the abundance of hydroxyl groups on the
surface of nanocellulose, polar nanocellulose
demonstrates much better compatibility and
adhesion with polar matrixes. Therefore, studies
in recent years have focused on the classification
of various nanocellulose-filled nanocomposites.
Different processes have also been discussed for
better  dispersion and  compatibility  of
nanocellulose in matrixes of various types.!*!16

In this study, we primarily aimed to investigate
the effects of boric acid (BA) and polyvinyl
alcohol (PVA) on the thermal properties and
mechanical properties, respectively, of
nanocomposite films produced with cellulose
nanofibrils (CNFs) and cellulose nanocrystals
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(CNCs) obtained from sunflower stalks. We also
intended to elucidate the interactions of different
nanocellulose types with different matrix types in
terms of chemical bonds. For this reason, tensile
tests were performed to determine mechanical
properties, FTIR analysis — to examine chemical
bonds, and TGA analysis — to investigate the
thermal behaviour of the nanocomposite films.

EXPERIMENTAL
Materials

In the production of nanocomposite films,
polyvinyl alcohol (PVA) and boric acid (BA) were
used as matrix materials. PVA and BA were supplied
by Akbel Chemistry Company, Tiirkiye, and Tekkim
Chemistry Company, Tiirkiye, respectively. PVA had
89,000-98,000 My, 99+% hydrolyzed, and its viscosity
was 20-28 mPa-s. The degree of purity of boric acid
was >99.5%. The investigations were carried out in the
laboratories of the Department of Forest Industrial
Engineering and Mehmet Hakan Akyildiz Central
Research Laboratory, Kastamonu University, Tiirkiye;
the Chemical Analysis and Spectroscopy Laboratory
(CASL) and other laboratories of the Department of
Forest Biomaterials, North Carolina State University,
USA; as well as the Wood Mechanics and Technology
Laboratory of the Department of Forest Industrial
Engineering, Diizce University, Tiirkiye.

Methods
Production of nanocomposite films

The production and characterization of CNFs and
CNCs from bleached sunflower stalk pulp were
described in detail in the study of Durmaz and Ates.?
Briefly, the grinding process for mechanical
disintegration was conducted in CNF production,
whereas sulphuric acid hydrolysis was applied as a
chemical method in CNC production. The casting
method was used in the production of nanocomposite
films. The concentrations of CNF and CNC
suspensions were 1% and 1.67%, respectively, and
these suspensions were treated in an ultrasonic bath for
15 minutes to separate agglomerated nanoparticles.
Subsequently, PVA or BA with dimensions in the
range of 100-500 um was added to the nanocellulose
suspension in various ratios. These matrixes were
dissolved in the suspension for 15-30 min. In the final
phase, new suspensions, weighing 80 g total, were
processed again in an ultrasonic bath for 15 minutes,
and they were made ready for casting in a Teflon
mould with a 12 cm diameter and 4 mm thickness.
Nanocomposite films were dried in an oven at 60 °C
for 1-2 days. The films with PVA or BA took longer to
dry than pure nanocellulose films. Besides, at least five
films were produced for each sample group with a
similar composition.
The solid contents of nanocomposite films produced
with CNF, CNC, BA, and PVA were listed in Table 1,



as were the contents of the suspensions, and their
corresponding codes between parentheses.

Characterization of nanocomposite films
Fourier transform infrared spectroscopy (FTIR)
analysis

Chemical bonds of all film samples were
determined by using an FTIR spectrometer (Perkin
Elmer Frontier, USA) with a Universal ATR sampling
accessory at the Chemical Analysis and Spectroscopy
Laboratory, Department of Forest Biomaterials, North
Carolina State University, USA. Each sample was
scanned twice between 4000 and 650 cm’
wavelengths, with a scanning resolution of 4 cm™.

Thermogravimetric analysis (TGA)

The thermal properties of all film samples were
analyzed with a TGA Q500, TA Instruments, USA, at
the Chemical Analysis and Spectroscopy Laboratory,
Department of Forest Biomaterials, North Carolina
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State University, USA, and with a TGA-DTA Hitachi
STA7300 at Mehmet Hakan Akyildiz Central Research
Laboratory, Kastamonu University, Tirkiye. TGA
analysis was conducted under air and nitrogen gas flow
at 30-600 °C, using a temperature ramp of 10 °C min™..

Mechanical properties

The mechanical properties of the produced film
samples were measured with Zwick/Roell Z1.0 1 kN
mechanical test equipment according to ASTM D882-
10, and as described in the study of Srivastava et al.'’
Test were performed on samples with 80 mm x 20 mm
dimensions, at a speed of 5 mm/min, at 25 mm gauge
length, and with a 1 kN load cell in the Wood
Mechanics and Technology Laboratory of the
Department of Forest Industrial Engineering, Diizce
University, Tiirkiye.

Table 1
Solid contents of nanocomposite films

CNF/BA CNC/BA CNF/PVA CNC/PVA

100% CNF/0% BA 100% CNC/0% BA 100% CNF/0% PVA 100% CNC/0% PVA
(FBO) (CBO) (FPO) (CP0)

67% CNF/33% BA 77% CNC/23% BA 67% CNF/33% PVA  77% CNC/23% PVA
(FB1) (CB1) (FP1) (CP1)

50% CNF/50% BA 63% CNC/37% BA 50% CNF/50% PVA  63% CNC/37% PVA
(FB2) (CB2) (FP2) (CP2)

40% CNF/60% BA 53% CNC/47% BA 40% CNF/60% PVA  53% CNC/47% PVA
(FB3) (CB3) (FP3) (CP3)

33% CNF/67% BA 45% CNC/55% BA 33% CNF/67% PVA  45% CNC/55% PVA
(FB4) (CB4) (FP4) (CP4)

RESULTS AND DISCUSSION found as 14.31 FNU and —38.18 mV for CNFs, as

All properties of CNFs and CNCs were
presented in detail in the study of Durmaz and
Ates.? In brief, it was determined by microscopic
analysis that CNFs and CNCs had an entangled
spaghetti-like structure and a rod-like shape, with
high purity. The average width and length of
CNCs were found as 13.91 + 3.09 nm and 60.44 +
21.06 nm, respectively. In addition, the average
width of CNFs was established as 15.03 + 3.68
nm. The crystallinity index of CNFs and CNCs
was confirmed as 82.64% and 83.09%,
respectively. It was proposed that although the
main thermal degradation stage of CNCs began at
a higher temperature than CNFs, the latter were
more stable than CNCs at high temperatures. The
chemical bonds in CNCs and CNFs were
investigated, and the bonds such as O-H, C—-H,
C—O—-C were determined. Besides, the turbidity
and zeta potential values of CNFs and CNCs were

1.02 FNU and —39.06 mV for CNCs, respectively.

Chemical structure of nanocomposite films

The FTIR results of different types of
nanocomposite films are presented in Figure 1. It
was observed that the vibrations that form some
bonds in 100% CNF and 100% CNC films
disappeared proportionally with the increase in
the boric acid (BA) ratio in the films. On the other
hand, when the bond structures were examined
with the addition of boric acid to CNF and CNC
suspensions, it was observed that some new peaks
appeared in the FTIR spectra. The peak detected
at 3338 cm™ in 100% CNF and 100% CNC films
indicates free O—H strain in —OH groups, as in the
work conducted by Jahan et al.'®* The peaks
between 3332-3191 cm™! and around 1370 cm™! in
CNF/BA films are attributed to the hydroxyl
groups of boric acid and B-O-B strain vibrations,
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respectively. Zhang et al."® investigated the
surface chemistry of modified poplar wood flour
in a study that used boric acid as a modification
material, and they also found similar results. The
weak absorption vibrations observed at 1055 cm’!
and 1029 cm™ in some CNF/BA and CNC/BA
films are thought to be caused by B-O—C strain,
similar to the results in the study of Rouhi et al.?
The peak around 2900 cm' in CNF/BA films
reflects C-H strain. Gadhave et al*' also
determined this type of bond in the same vibration
in their study, in which they added boric acid
(BA) to the microcrystalline cellulose
(MCC)/polyvinyl alcohol (PVA) blend. In
addition, it was stated that the peaks in the range
of 1422-1407 c¢cm™! in CNF/BA and CNC/BA
nanocomposite films occur due to asymmetric B—
O-C strain, as in the work conducted with
poly(vinyl alcohol)-borax hybrid foams by Han et
al®?

When the results of nanocomposite films with
PVA were investigated, it was seen that PVA
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added to CNF and CNC suspensions in different
ratios inhibited some bond types of 100% CNF
and 100% CNC films in the FTIR spectrum. The
reason for this is the weak intensity of the peaks
detected in 100% CNF and 100% CNC films, and
the high permeability of the PVA matrix. The
increase in PVA ratios did not change the
chemical bonds determined in the FTIR spectra of
CNF/PVA and CNC/PVA films; it only affected
permeability intensities. Thereby, it was
concluded that the chemical bonds of these films
were not affected by the change in the PVA ratio.
The peak detected at 3338 cm™! in 100% CNF and
100% CNC films represents the free O—H strain
vibration in —OH groups, similar to the results in
the work of Jahan et al.'® The peaks observed
between 3286 and 3176 cm™ in CNF/PVA and
CNC/PVA films are attributed to typical O-H
strain  vibrations from intramolecular and
intermolecular hydrogen bonds between hydroxyl
groups of PVA and nanocellulose, as well as
within PVA itself.
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Figure 1: FTIR spectra of nanocomposite films (CNF: cellulose nanofibril, CNC: cellulose nanocrystal, BA: boric acid,
PVA: polyvinyl alcohol)

Besides, the peaks determined between 2935—
2898 cm™ are caused by C-H strains of alkyl
groups. Mandal and Chakrabarty®® also found a
similar strain in their work, in which they
produced nanocomposites based on poly(vinyl
alcohol) and nanocellulose obtained from
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sugarcane bagasse. The vibrations emerging in the
range of 1733-1713 c¢cm™ in all CNF/PVA and
CNC/PVA films indicated C=0 and —C-O strains.
Similar  results were encountered  in
phosphorylated nanocellulose fibrils (CNF)
obtained from bleached softwood kraft pulp/PVA



nanocomposite membranes produced by Niazi et
al*

The peaks detected in the ranges of 1452—-1428
cm’! and 1374-1316 cm! reflect the C—H bond,
similar to the results in the work of Jahan et al.'®
The peak found around 1083 cm™ in CNC/PVA
films is the C-O bond. Choo et al.*® also
confirmed these results in the FTIR analysis of
their PV A-chitosan/TEMPO-CNF bio-
nanocomposite films. The vibrations that occurred
around 834 ¢cm! in all CNF/PVA and CNC/PVA
films were revealed upon the addition of PVA,
which supports the interaction of nanocelluloses
with the PVA matrix. Peresin et al.*® reported
similar findings.

Thermal properties of nanocomposite films

The TGA results for nanocomposite films are
presented in Figure 2. It was observed that
CNF/BA nanocomposite films produced with the
addition of BA started to degrade at lower
temperatures (between approximately 120-130
°C) compared to 100% CNF film. On the other
hand, it was determined that CNF/BA
nanocomposites remained more durable at high
temperatures (between 450-500 °C) and their
weight losses were lesser. Two-stage degradation
is seen for BA-added CNF films in Figure 2. The
first degradation started at about 130 °C and
proceeded to 200 °C, as well as minimum weight
loss in this interval was about 10% in FB1 film,
while the maximum weight loss was determined
to be approximately 30% in FB4 nanocomposite.
The second degradation of CNF films with added
BA initiated at 200 °C and continued to about 400
°C. Afterward, the degradation continued with a
decreasing trend and ended at around 500 °C. As
a result, the amount of residual material was
25.03% for FBO film, 44.06% for FB1 film,
47.40% for FB2 film, 48.17% for FB3 film, and
48.30% for FB4 film. In a similar study, Uddin et
al.?” investigated the flame retardancy and thermal
properties of nanocomposite films produced by
using CNF, chitosan, and BA in ratios of 1%, 3%,
5%, 10%, 20%, and 30%. As a result of TGA, it
was observed that the highest thermal resistance
was in pure chitosan with 30% BA addition and
chitosan-CNF films, and the amounts of residual
material in these films at 600 °C were found to be
50% for both film types.

In Figure 2, it was observed that CNC/BA
films started to degrade at lower temperatures
(between approximately 120-130 °C) compared
to 100% CNC film. However, it was determined

Composites

that CNC/BA nanocomposite films were more
resistant at high temperatures (between 450-500
°C) and their weight losses were lower due to the
chemical effect of BA. It was confirmed that BA
used as a matrix decreased the starting
temperatures of the thermal degradation reactions
in the films. In contrast, it increased the thermal
resistance of the films at high temperatures. The
amounts of residual material were 18.44% for
CBO film, 45.43% for CBI1 film, 47.72% for CB2
film, 53.78% for CB3 film, and 56.54% for CB4
film. Zhang et al."” produced composite materials
by combining with polyamide pure wood powders
and wood powders treated with boric acid in their
study, and investigated the thermal properties of
chemically modified lignocellulosic materials
used in composite production. While the amount
of residual material released due to the burning of
pure wood powders was found to be
approximately 20%, this ratio was determined to
be approximately 40% for the amount of residual
material released due to the burning of wood
powders modified with BA.

It can be seen from Figure 2 that the thermal
degradation of 100% CNF and PVA-added CNF
nanocomposites started at the same temperature
(approximately 250 °C). In addition, the thermal
degradation of PVA-added films continued at
almost the same temperatures as pure CNF film
samples, despite different PVA contents, and
ended between 450—500 °C. The point that draws
attention here is that the thermal resistance of pure
CNF film is higher than the thermal resistance of
CNF/PVA nanocomposite films. In other words,
the addition of PVA decreased the thermal
properties of 100% CNF film due to the chemical
structure of PVA. The amounts of residual
material in the nanocomposites were found as
25.03% for FPO; 17.80% for FP1; 16.87% for
FP2; 13.41% for FP3 and 13.17% for FP4. In a
similar study, Lee et al.?® investigated the thermal
properties of films produced using CNF, CNC,
dialdehyde-CNF, dialdehyde-CNC, and PVA.
They found that the thermal resistances of
PV A/dialdehyde-CNF and PV A/dialdehyde-CNC
films were higher than those of PVA/CNF and
PVA/CNC films. It was observed that the weight
loss of PVA/CNF film was higher than that of
pure PVA film, while PVA/CNC film had a
similar weight loss to that of the pure PVA film.

In Figure 2, the primary degradation of 100%
CNC film is recorded between 290420 °C. It was
determined that the thermal degradation of PVA-
added CNC nanocomposites started at lower
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temperatures  (between 200-300 °C), but
continued up to  higher temperatures
(approximately 480 °C) depending on the PVA
content. Besides, since CNC-based
nanocomposite films with 47% and 55% PVA
started to degrade at higher temperatures, their
thermal properties were found to be better than
the thermal properties of CNC films with 23%
and 37% PVA ratios. However, it was observed
that adding PVA at different ratios slightly
diminished the thermal properties of CNC films.
Similar results were encountered in the study of
Niazi et al** The researchers reported that the
thermal properties of the films they produced by
combining phosphorylated CNCs were reduced
with the addition of PVA. The residual material
amounts were calculated as 18.44% for CPO film,
15.97% for CP1 film, 8.40% for CP2 film, 6.04%
for CP3 film, and 5.62% for CP4 film,
respectively.

Mechanical properties of nanocomposite films
For the same dry material content, the
thicknesses of film samples prepared with CNF
and CNC suspensions and different matrix types
were determined, and average values are shown in
Figure 3. The thickness of pure CNF and pure
CNC films was found to be lower than that of
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nanocomposite films gradually increased in
parallel with the increase in BA and PV A ratios.

By mechanical tests, the tensile strength, modulus
of elasticity, and elongation at break of CNF-
based films were determined. In Figure 4, the
tensile strength of 100% CNF films was at its
lowest level at 64.87 N/mm? and increased with
the addition of PVA. However, increasing PVA
concentration harmed the tensile strength of the
films and caused it to decrease gradually.
Compared to the 100% CNF film, the maximum
tensile strength of film FP1 was found to be 85.07
N/mm?, which means a 31.13% increase. The
highest value in CNF/BA nanocomposites
belonged to the 100% CNF film, and the tensile
strength of CNF/BA nanocomposite films
decreased considerably with the addition of BA.
The highest tensile strength value in CNF/BA
nanocomposites was 13.88 N/mm? in film FB2. It
was concluded that the addition of BA negatively
affected the tensile strength of CNF films.
Contrary to the addition of PVA, adding BA to
the nanocomposite film suspension is most likely
producing aggregation issues, because it spreads
more homogeneously in CNF nanocomposites.
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Figure 2: TGA curves of nanocomposite films (CNF: cellulose nanofibril, CNC: cellulose nanocrystal, BA: boric acid,
PVA: polyvinyl alcohol)
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Figure 4: Tensile strength of nanocomposite films

Huang et al.?® produced nanocomposite films
by combining CNFs obtained from cassava plant
wastes with polylactic acid and examined their
mechanical properties. At 1% CNF concentration,
the greatest tensile strength was determined as
172 MPa; however, at 2% CNF, the tensile
strength of nanocomposites decreased to roughly
100 MPa, falling below the tensile strength of
pure polylactic acid films. Pavalaydon et al.*°
obtained cellulose nanocrystal (CNC) from
bagasse and coir and used it as a reinforcement
agent in PVA-based composites. When the
mechanical properties of these films were
examined, it was seen that the tensile strength and
Young’s Modulus of CNC/PVA films were
higher than those of pure PVA films. The highest
tensile strength was determined as 38.2 + 0.6 MPa
in 0.5% coir CNC/PVA composite, while the
highest Young’s Modulus was found as 26.4 MPa
in 2% sugarcane bagasse CNC/PVA film.

Regarding the tensile strength of CNC-based
nanocomposite films, the tensile strength of the
pure CNC film was determined to be lower than
that of reinforced PVA, and the lowest value was
found as 17.37 N/mm?. The tensile strength of
CNC-based nanocomposites first increased and
then tended to reduce with the addition of PVA.
The maximum tensile strength in this group was

determined to be 62.22 N/mm?, with film CP2
having a 258.20% increase over the pure CNC
film. With the addition of BA, tensile strengths of
CNC-based nanocomposite films diminished
gradually inversely to the increase in BA ratio,
and the minimum tensile strength was found as
1.27 N/mm? with a decrease of 92.68% for CB4
nanocomposites compared to the pure CNC film.
It was concluded that BA addition negatively
affected the tensile strengths of CNC-based films.
The reason for this is that PVA disperses more
homogeneously in the CNC suspension, contrary
to BA, which causes agglomeration problems.
Ogunsona and Mekonnen®' investigated the
mechanical properties of CNC/PVA
nanocomposites in their study. PVA films with
3% CNC showed a 125% increase in tensile
strength over that of the pure PVA film, whereas
films with 10% CNC added to the pure PVA film
showed a 321% increase in tensile strength. In
another study, Bacha et al.*? researched the
mechanical characteristics of PVA films
reinforced with CNC in different ratios. They
found that the tensile strength of composite films
increased up to the addition of 5% CNC, and then
these tensile strength values declined as CNC
concentration increased up to 10%. For adding
5% CNC, the maximum tensile strength of these
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films was confirmed as 40.6 + 0.73 MPa.
Moreover, maximum elongation at break was
found as 45.7 + 0.53 % in the composite film with
the addition of 2% CNC. Rao et al.** examined
the mechanical properties of coir cellulose
nanocrystals (CNC)/oxalic acid (OA)/polyvinyl
alcohol (PVA) composite films. With the addition
of 3% CNC, the maximum tensile strength and
Young's modulus of CNC/PVA films were found
as 100.1 MPa and 4272.0 MPa, respectively.
Moreover, the highest tensile strength and
Young's modulus of OA/PVA films were
determined as 125.7 MPa and 4402.3 MPa,
respectively, in 30% OA/PVA composites.
Considering the maximum tensile strength and
Young's modulus of CNC/OA/PVA films, these
values were established as 132.4 MPa and 4427.1
MPa, respectively, in 3% CNC/30% OA/PVA
composite films.

The modulus of elasticity values of CNF-based
films are presented in Figure 5. With the addition
of PVA, the modulus of elasticity of CNF-based
nanocomposites first of all increased considerably
and then gradually decreased. The highest
modulus of elasticity was found as 12890.55
N/mm?, with an increase of 88.57% in
nanocomposite film FP1, compared to the 100%
CNF film. In contrast, the lowest modulus of
elasticity was established as 6619.24 N/mm? in
nanocomposite film FP4. Adding BA in different
ratios to CNF films significantly reduced the
modulus of elasticity of all films in this group.
The modulus of elasticity of CNF/BA
nanocomposites gradually lessened with an
increase in the concentration of BA matrix. It
reduced by 91.71% compared to that of the pure
CNF film, and the minimum modulus of elasticity
for film sample FB4 was found as 566.23 N/mm?.
In Figure 5, it was revealed that PVA and BA
matrixes added to the film suspensions in
increasing ratios made the structures of the

18000

nanocomposite films fragile and considerably
reduced their modulus of elasticity. Uddin et al.*’
determined the highest tensile strength as 325
MPa in chitosan/boric acid films with 20% BA
content for chitosan/CNF/boric acid
nanocomposite films. On the other hand, in
chitosan/CNF/BA films, the tensile strengths of
the films increased first with an increase in BA
content and reached their highest level with about
275 MPa at 5% BA content. However, the tensile
strength of the films decreased gradually at higher
BA content (10%, 20%, and 30%) (225 MPa for
10% BA, 200 MPa for 20% BA, and 125 MPa for
30% BA).

The modulus of elasticity of CNC-based
nanocomposite films was demonstrated in the
same figure. When the modulus of elasticity of
CNC/PVA films was examined, it was observed
that the addition of PVA decreased the modulus
of elasticity of the films. In this group, minimum
modulus of elasticity was found as 2513.21
N/mm? for film CP4. A similar situation was seen
in CNC/BA nanocomposite films. With an
increase in BA concentration, the modulus of
elasticity of these films lessened up to 348.61
N/mm? with a reduction of 93.96% compared to
the 100% CNC film (for film CB4). When the
modulus of elasticity value of the films was
examined, it was seen that PVA and BA matrixes
added to CNC-based films in increasing ratios
made the structures of these films fragile and
reduced their modulus of elasticity. When the
mechanical  properties of the produced
nanocomposites were examined in the study of
Lani et al.,** the tensile strength of the CNC-free
(pure PVA/starch film) film was found as 3.8
MPa. After adding CNC, this value reached the
highest level (7.1 MPa) at 10% CNC content, but
decreased to 5 MPa and 4.5 MPa, respectively,
with a decrease in 15% and 20% CNC content.
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Figure 5: Modulus of elasticity of nanocomposite films
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Figure 6: Elongation at break of nanocomposite films

When the elongation values at break of
CNF/PVA films were analyzed, the lowest
elongation at break value was found as 0.72% for
nanocomposite FP1, and the highest elongation
value was found as 2.14% for nanocomposite FP4
(Fig. 6). Adding PVA in high ratios increased the
elongation at break of the films. The opposite
situation was observed with the addition of BA to
CNF films. Maximum elongation was found as
2.72% for film FB1, whereas minimum
elongation at break was determined as 0.78% for
film FB4. Chen et al.*® produced starch-based
nanocomposite films with CNF obtained from
different annual plants and examined their
mechanical properties. The maximum tensile
strengths were determined as 12.43 MPa for
bamboo-CNF at 4% concentration, 10.67 MPa for
cotton fiber-CNF at 6% concentration, and 7.67
MPa for sisal-CNF at 8% concentration.
Minimum elongation at break values were
confirmed as 22.33% for bamboo-CNF at 6%
concentration, 23% for cotton-CNF at 10%
concentration, and 26.79% for sisal-CNF at 6%
concentration.

The addition of PVA to pure CNC films made
a positive contribution to the elongation value of
the films and as the added PVA ratio increased,
the elongation at break values of CNC/PVA films
also increased. The nanocomposite CP4 had the
largest elongation at break percentage, increasing
by 968% as compared to the 100% CNC film.
The elongation at break of CNC/BA films
increased initially with the increase in added BA
content and then showed a decreasing trend.
Nonetheless, the elongation values of all CNC/BA
nanocomposite films were higher than those of
100% CNC films. The maximum value of
elongation at break, which was attained as 0.45%
for film CB2, increased by 80% when compared
to the value of 100% CNC film. According to

Figure 6, it can be deduced that the addition of
high ratios of BA to CNC-based films reduced the
mechanical properties by causing agglomeration
problems in the films. De Almeida et al’®
determined in their study that the highest
elongation at break was 62.37% in 1% CNC-
added film in standard corn  starch
nanocomposites. In comparison, the highest
clongation at break was found in waxed corn
starch nanocomposites as 133.39% in the control
sample without CNC. In a different study, Zhang
et al’” investigated some mechanical features of
different types of PVA-based composite films. In
the study, it was confirmed that the native (lignin—
cellulose nanocrystals) L-CNCs/PVA film
showed a higher Young’s modulus and a higher
maximum stress at break than the purified
(lignin—cellulose nanocrystals) L—-CNCs/PVA
film and pure PVA. Young’s modulus of purified
L-CNCs/PVA film diminished, whereas Young’s
modulus of native L-CNCs/PVA film increased
with the addition of L-CNCs to pure PVA. In
addition, Young’s modulus of the native L—
CNCs/PVA film was found to have a maximum
value of 3023 MPa. On the other hand, it was seen
that native L-CNCs/PVA films had a lower
elongation at break (%) than pure PVA and
purified L-CNCs/PVA films. Elongation at break
was found at about 130% for the pure PVA film,
while these values were determined at
approximately 70% and 250% for native L-
CNCs/PVA and purified L-CNCs/PVA films,
respectively.

CONCLUSION

In this research, the properties of
nanocomposite films produced with different
types of suspensions were examined. Polyvinyl
alcohol (PVA) and boric acid (BA) in different
ratios were used as matrix agents in cellulose
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nanofibril (CNF) and cellulose nanocrystal (CNC)
suspensions. FTIR analysis confirmed the
chemical bonds that emerge with the addition of
PVA and BA, such as B-O-B, B-O-C for BA,
and C=0, -C-O for PVA, respectively. In
addition, it was found that the thermal stability of
nanocomposite films with BA was better than that
of pure nanocellulose films and nanocomposite
films with PVA. When the mechanical
characteristics of nanocomposite films were
examined, it was seen that nanocellulose/PVA
films had higher tensile strength, modulus of
elasticity, and elongation at break than
nanocellulose/BA  films. Depending on the
intended application, both BA and PVA can be
preferred for producing nanocomposite films.
These films can be evaluated for industrial
applications, such as surface coating, food
packaging, electronics, and biomedical materials.
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