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Abstract

The present study aimed to investigate the influence of incorporating cellulose nanocrystals in a polyvinyl alcohol (PVA)
matrix to achieve the enhanced mechanical properties. Cellulose nanocrystals (CNC) were extracted from waste corncob
through sulfuric acid hydrolysis. The maximized yield of CNC (41.8%) was observed at the parameters, 65 mass %, 45 °C,
and 60 min for sulfuric acid concentration, reaction temperature, and hydrolysis time, respectively. FTIR showed that CNC
had evidence with various functional groups. SEM morphology showed that the prepared CNC had needle-shaped and an
average length of 170.3 nm. The crystallinity index characterized by XRD for CNCs (79.3%) was found to be higher than the
extracted cellulose (76.4%). In addition, the thermal stability using TGA analysis showed that the degradation temperature
of the CNC reached around 327 °C, which was higher than that of the raw corncob and extracted corncob cellulose. Further,
an investigation was performed on PVA/CNC nanocomposite films that were prepared by solution casting technique using
different loadings of resultant CNC (2, 4, and 6 mass%) as nanofillers. By doing so, the tensile strength, elongation, and
elastic modulus of polyvinyl alcohol films incorporated with CNC nanofillers were found to be improved significantly.
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1 Introduction

Ecofriendly bio-composites have a tremendous potential to
perform as futuristic novel products that could address for
remediation of several environmental issues. In this context,
an expanding array of applications of cellulose nanocrystals
(CNC) in bio-composite preparation gains recent interest
as an emerging alternative to other polymeric composites
[1]. Accordingly, engineered bio-composites reinforced

< Getahun Esubalew Demewoz
getahune52 @gmail.com

Department of Chemical Engineering, Debre Berhan
University, Debre Berhan, Ethiopia

School of Mechanical Engineering, Vellore Institute
of Technology, Vellore, India

Centre for Natural Products and Functional Foods, Karpagam
Academy of Higher Education, Coimbatore, Tamil Nadu,
India 641 021

Department of Biotechnology, Faculty of Engineering,
Karpagam Academy of Higher Education, Coimbatore,
Tamil Nadu, India 641 021

Published online: 11 September 2024

with CNC are currently being developed to address diverse
demands for eco-friendly and economical commodity prod-
ucts with high performance and durability characteristics
toward sustainable prominence [2]. In this line, lignocel-
lulose materials are the most abundant biomass found in
almost all the plant-derived materials, particularly, from
agricultural residues and municipal solid wastes that can
be used as resources for cellulose [3]. As one of the pre-
dominate agro-industrial residues, corncob is found to be
an abundant agro-residue worldwide that could be exploited
for multitudinous applications including cellulose extraction.
In general, corncob has a chemical composition of 45% cel-
lulose, 35% hemicellulose, and 15% lignin with other minor
components. Chemically purified cellulose derived from
corncob is a homo-polysaccharide composed with -1-4
glucopyranose unit, showing semi-crystalline behavior. It
is insoluble in water and common organic solvents, however,
extensively used as a cellulose suspension solution in water.
Attractively, the characteristics attributes of cellulose, such
as low density, favorable mechanical properties, biodegra-
dability, and availability from renewable resources, have
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become remarkable to contribute a rising concerns for this
material [4].

Thus far, many researchers have investigated the rein-
forcement of polymer with nanocellulose materials by virtue
of their specific properties related to their lower density,
renewability, high strength, biodegradability, transparency,
and other properties that cannot be seen in other materi-
als. Among the polymers, polyvinyl alcohol (PVA) has
been widely used in research studies for the preparation of
blends and composites like chitosan, nitrocellulose, starch,
or lignocellulosic fillers [5]. PVA is a recognized synthetic
polymer that is favorable to biological systems. Its attributes,
including being water-soluble, semi-crystalline, completely
biodegradable, non-toxic, and biocompatible, as well as hav-
ing great optical clarity, make it useful in a wide range of
biomedical applications [6]. It is anticipated that the par-
tially hydrolyzed PVA’s hydroxyl groups will engage with
the CNC’s hydrophilic surfaces to form strong hydrogen
bonds [7]. Moreover, the biodegradability of PVA enables
the production of green nanocomposites when cellulosic
materials are incorporated as fillers. Keeping this in view,
in this study, amelioration of desirable mechanical properties
of PVA by incorporation of highly reactive CNCs isolated
from corncobs was examined. Accordingly, designing the
hybrid polymer of nanocomposite by thermally-induced
phase separation (freeze drying) process and evaluating the
material aspects of CNCs/PVA composites has been car-
ried out.

2 Materials and methods

The chemicals used for the study were sulfuric acid
(H,SO,, 98%), sodium hydroxide (NaOH), 97%), sodium
chlorite (NaClO,, 80%), distilled water, toluene (99%),
ethanol (97%), glycerol, polyvinyl alcohol (PVA) pow-
der (CH,CHOH), glacial acetic acid (99.5%), chloroform
(99%), and hydrogen peroxide (H,0,) were purchased from
Alkane PLC, Addis Ababa. All the chemicals used in exper-
iments were of analytical grade and used without further
purification.

2.1 Sample collection and preparation

The corncobs were collected from a local field in west Goj-
jam, Ethiopia. They were washed with deionized water to
remove unwanted particles, like dust, and aerosol parts.
Then, the washed corncobs were dried in an oven dryer at the
temperature of 50 °C for 24 h; further, they were milled with
a blender to pass through a 35-mesh screen. After that, the
obtained powder having a particle size of less than 150 um
was kept safe in a plastic (polyethylene) bag and stored in
a desiccator until use [8]. Then sample was dewaxed in a
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Soxhlet apparatus using a mixture of toluene (400 mL) and
ethanol (200 mL) solvents with a ratio of 2:1 (v/v) for 6 h
at a temperature of 70 °C in a water bath to remove wax,
phenolic pigments, and oils. Further, the powder was washed
with distilled water. Subsequently, the dewaxed powder was
dried in an oven at 50 °C for 24 h to determine the number of
extractives and to prepare for the next steps. Here, no color
change occurs between the waxed powder and the corncob
powder [9].

2.2 Extraction of cellulose

The cellulose extraction from corncobs which consists of
breaking up the cobs as a primary step, followed by the non-
cellulosic components in corncobs, was removed to isolate
cellulose by incorporating procedures documented by Lu
and Hsieh [10]. Owing to remove extractives and impurities,
it required the following pretreatments to isolate its cellu-
losic component before acid hydrolysis.

In this respect, dewaxing and alkali bleaching treatments
are usually implemented for removing hemicellulose and
lignin. Then, during acid hydrolysis, amorphous domains
of cellulose are preferentially hydrolyzed, because crystal-
line regions have a higher resistance to acid attack [11]. The
dewaxed corncob (40 g) was treated with a sodium hydrox-
ide aqueous solution of 4% (w/w) at the liquid-to-solid mass
ratio of 20:1 for 2 h at 80 °C temperature and 500 rpm under
mechanical stirring [8]. It was done to remove lignin and
hemicellulose from corncob and to purify the cellulose [12].
Then, the alkaline-treated suspension was vacuum-filtered
and washed several times with distilled water until the alkali
was completely removed. The alkali treatment was repeated
four times and dried at 50 °C for 24 h in an air-circulating
oven, followed by a bleaching process which was under-
taken for whitening the color [13]. After alkaline treatment,
the dried sample was bleached with a solution made up of
equal parts (v:v) of acetate buffer (27 g NaOH and 75 mL
glacial acetic acid (CH;COOH)), diluted to 1 L of distilled
water) and aqueous sodium chlorite (1.7 wt.% NaClO, in
water). Herein, the ratio of powder to liquid was 1:20 (g/
mL) [11]. For bleaching, 40 g of an alkaline-treated cellulose
powder sample with powder to liquid ratio of 1:20 (g/mL)
was employed. During this step, the solution was treated at
70 °C for 4 h in a water bath under continuous mechanical
stirring at an agitation speed of 600 rpm to single out lignin
and any organic residues. The suspension was vacuum-fil-
tered, and the solid was repeatedly washed with distilled
water until the yellow color disappeared [11]. After ensuring
the pH of the fibers became neutral, the resultant samples
subsequently dried at 50 °C for 12 h in an air-circulating
oven [14]. This procedure was repeated three times using
the same conditions followed by the material, corncob cel-
lulose, as resulted. The corncob cellulose was sealed in a
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plastic (polyethylene) bag for characterization purposes, and
the others are used for acid hydrolysis to prepare cellulose
nanocrystals.

2.3 Preparation of cellulose nanocrystals

The corncob cellulose was milled and sieved before hydrol-
ysis and used for the extraction of nanocrystals by acid
hydrolysis. In the acid hydrolysis, the diffusion of acid into
the amorphous regions and subsequent cleavage of glyco-
sidic bonds took place [15]. The three most important fac-
tors, reaction temperature (°C), reaction time (min), and acid
concentration (wt.%), were selected for optimizing the acid
hydrolysis. The mixture was stirred mechanically continu-
ously until the hydrolysis was completed [16].

After complete hydrolysis of amorphous cellulose, the
suspension was diluted with distilled water made up ten
times its volume (1500 mL) to the reaction mixture just after
termination time to quench the hydrolysis reaction. Then,
the diluted suspensions were cooled to room temperature.
The suspension was transferred to a 15 mL centrifuge tube
followed by centrifuging at 6000 rpm for 15 min to remove
excess sulfuric acids [17].

The cellulose nanocrystal was rewashed with distilled
water and re-centrifuged three times until the pH value of
the suspension reaches above five [18]. Further, the suspen-
sion was collected and again diluted with distilled water. The
removal of remaining acid, non-reactive salts, and soluble
sugars was undertaken by neutralizing the raw product to
dialyze against distilled water using a cellulose membrane
for 4 days. The suspension of CNCs was sonicated at 25 kHz
for 15 min using an ultrasonication instrument [8] to get
aqueous homogenized dispersion and labeled as the CNCs
suspension. Herein, a few drops of chloroform were added
to the freshly prepared suspension to prevent degradation of
the cellulose nanocrystals and stored in a refrigerator at 4 °C
for characterization. The dimension, surface morphology,
crystallinity index, and thermal stability were measured to
determine the relationship between the manufacturing pro-
cess conditions and the resulting properties [18].

2.4 PVA/CNC nanocomposite film preparation

Solvent casting was used to make the CNC/PVA composite
films. The PVA powder was mixed with distilled water
with a ratio of 1:10. The powder was slowly added to the
cold water to avoid the formation of lumps, as it became
sticky and the tendency to form lumps increases as temper-
ature rises. The desired amount of glycerol concentration
was added and stirred vigorously for 1 h until a homogene-
ous solution was obtained. To this solution, 30% glycerol
was added as a plasticizer to avoid sticking the film to the
Petri dish during drying. The mixture was transferred to a

water bath heated to 70 ‘C and mixed by mechanical agita-
tion for 2 h till the polymer had completely dissolved and a
clear jelly-like solution was obtained. Further, the solution
was sonicated for 10 min for homogenization [19].

Then, the CNC suspension was slowly added into the
stirred PVA solution in a dropwise manner once the pol-
ymer fully dissolved. The mixing continued for another
hour, followed by a 15-min sonication. The solution was
transferred to Petri dishes and kept at 35 °C for 24 h to
form nanocomposite film by casting. In order to study the
effect of varying nanocellulose amounts on the composite,
four sets of nanocellulose suspension were considered. In
this regard, various amounts of CNC suspensions (2%,
4%, and 6% by mass) were added to the PVA solution
under constant manual stirring until the solution became
viscous. The ultrasonication operation was then performed
for 15 min in water using a sonicator to obtain a homog-
enous mixture and avoid nanocellulose agglomeration in
the PVA matrix. Then, the solutions were kept for 24 h to
obtain bubble-free solutions before casting on the Petri
dish. Different films were cast on the Petri dish according
to their perspective ratio and left for 7 days to obtain dry
films.

The cooled mixture was poured into petri dishes and
the water was allowed to evaporate under laminar air flow
at room temperature for 2 days. Films were cast into a
petri dish plate with controlled leveling to get uniform
thickness. The films were heat-treated in an oven at 50
°C for 3 days. The dried films were carefully peeled from
the plates and cut to a specified size. They were stored
in desiccators for 5 days at 0-51% RH for each test. The
films were de-molded and stored in an environmentally
controlled room at 23 “C with the required RH for 2 days
before being undertaken for examination.

2.5 Yield of cellulose nanocrystals

The yield of cellulose nanocrystals depends on the param-
eters, temperature, hydrolysis time, and acid concentration.
The acid hydrolysis was able to hydrolyze the cellulose
chains to separate the crystalline part from the amorphous
part, and it was used to remove the amorphous regions of
the cellulose and release cellulose nanocrystals from the
cellulose substrate. The yield of cellulose nanocrystals has
been determined from Eq. (1).

W
Yield (%) = \7; x 100 (1)

where W, represents the dried mass of CNCs obtained after
hydrolysis, and W, represents the dried mass of cellulose
obtained before hydrolysis.
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2.6 Physicochemical and molecular
characterization

2.6.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (FEI-INSPECT-F50) was
performed to observe the morphology and surface structure
by scanning the ruptured surface of corncob, alkali-treated
corncob, corncob cellulose, and cellulose nanocrystals.
It was used to study the effects of various treatments like
alkali treatment of sodium hydroxide (NaOH), and bleaching
(NaClO,) on the morphology of the samples [20]. The influ-
ence of the alkali treatment of sodium hydroxide (NaOH)
and bleaching (NaClO,) was evaluated through surface
morphology and structure of the cellulose nanocrystals. The
operation principle for SEM to cross-sectional morphology
of the sample was done under vacuum at an accelerating
voltage of 2 kV and 8984 magnification [16].

The SEM micrographs provide helpful information about
the distribution pattern of the reinforced nanocellulose phase
in the PVA matrix such as the morphology of the dispersed
polymer matrix, homogenous dispersion, and tendency of
agglomeration [21]. It also reveals the bonding network
between the PVA matrix and the nanocellulose and whether
arigid percolation-reinforced network was formed or not. In
order to determine the morphology and uniform dispersion
of nanocellulose in the PVA matrix, the SEM measurement
was conducted on PVA/nanocellulose composite film of 6
mass % CNC loading. The morphology of the PVA with
6% CNC composite film was analyzed with the standard
procedure of morphology [22].

2.6.2 Particle size determination

The dynamic light scattering (DLS) technique (Malvern,
Zetasizer Nano ZS, US) was employed to measure the size
of corncob cellulose and cellulose nanocrystal [23]. Malvern
Zeta sizer nano (ZE3600) was used to measure particle size,
zeta potential, and molecular weight of cellulose nanocrys-
tals. According to ASTM E2834-12 (2018), standard guide
for measurement of the particle size distribution of nano-
materials in suspension by nanoparticle tracking analysis
(NTA) was carried out [24]. For this purpose, the cellulose
nanocrystal suspension was diluted with distilled water, and
the measurement was conducted at 25 ‘C with a calibration
time of 80 s. Three measurements were recorded, and the
average value was considered.

2.6.3 Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (Thermo SCIEN-

TIFIC iS50 ABX) was used to investigate changes that occur
in the chemical structure of raw corncob after chemical
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treatments (alkaline, bleaching) and acid hydrolysis. The
change of the functional groups of raw corncobs, alkali-
treated corncob, corncob cellulose, and cellulose nanocrys-
tals (CNCs) was investigated using Fourier transform infra-
red spectroscopy (FTIR) equipped with KBr beam splitter.
This technique was used to identify the changes in the func-
tional group in samples induced by various treatments as a
result of chemical modification [20], where the spectra are
performed at room temperature in the range of 500 to 4000
cm™! with the resolution of 4 cm™.

2.6.4 X-ray diffraction (XRD)

X-ray diffraction (BTX-528) was used to study the crystal-
line structure of Corncob, alkali-treated corncob, corncob
cellulose, and cellulose nanocrystals (CNCs). Here, the
operating system (measurement Condition) was set at the
voltage of 30 kV and current of 40 mA by applying the
irradiation of Cu Kalfa (1.54), at room temperature using a
sampling pitch of 0.0200 (°) and preset time 0.40 (s) within
a 26 ranging from 10 to 60° and a scan rate of 3 ° min™' in
continuous scan mode [25]. The crystallinity index (Crl)
denotes the ratio of the crystalline constituents to the amor-
phous regions of the material and is calculated using Eq. (2).

Ly — 1
Crl = 200 am

Lo @
where I, is the peak intensity, and I, is the minimum
intensity.

The coherent volume of the material for each diffraction
peak in the crystal often correlates with the size of the crys-
tallite. Occasionally, it also relates to the bulk material’s or
polycrystalline thin film’s thickness, or to the size of the
grains in a sample of powder [7].

The Scherrer’s equation is used for the determination of
the size of particles of crystals in the form of powder, which
can be represented in Eq. (3).

kA
a PcosO 3)

in which, d is the mean size of the ordered (crystalline)
domains, k is a shape factor constant value of 0.9, f rep-
resents full-width half maximum of maximum (FWHM)
intensity in radians, A is constant radiation with the value of
0.1574 nm, and @ is the Braggs’ angle (°).

2.6.5 Analysis of solid-state.”>C NMR and X-ray
photoelectron spectroscopy (XPS)

The '*C MAS NMR spectrum was obtained using a solid-
state NMR spectrometer (Bruker, HRMAS, Germany)
operated at a 75.4 MHz frequency for '3C. A frequency
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of 300.0 MHz was set for 'H. For all experiments, a
broadband/'H dual frequency 4-mm angle spinning probe
head was utilized. The spectra were acquired at a spinning
speed and a temperature of 2.000 +0.002 kHz and 30 °C,
respectively. X-ray photoelectron spectroscopy (XPS) tech-
nique was executed for the elemental that was determined
using an X-ray photoelectron spectrometer [26]. A sample
of freeze-dried extracted CNCs sample was analyzed for Cls
and Ols spectra by collecting at pass energy of 20 eV with
a scan step of 0.1 eV.

2.7 Characterization of CNC/PVA nanocomposite
film

2.7.1 Water absorption test

The water absorption behavior of the composite films was
evaluated by immersing them in distilled water. For the
absorption test, the CNC/PVA composite film was dried in
an oven at 50 °C for 24 h. Then, the films were cooled in a
desiccator, and the weight of each film was taken immedi-
ately. The known weights (W) of the initial films were fully
immersed in distilled water at room temperature for 1 min.
The films were taken out of the immersion, and the excess
water on the surface of the films was removed by using fil-
ter paper, and then the final weight (W;) was measured and
recorded [27]. The percentage of water absorption was cal-
culated for each sample from the increase in initial weight
using the following formulas:

Wt — w0
T @

Water absorption (%) =
where w, represents the weight of samples after oven-dry,
and w; represents the weight of samples after exposed to
distilled water.

2.7.2 Mechanical properties of CNC/PVA nanocomposites

The effectiveness of reinforcing nanocellulose in the PVA
matrix was evaluated in terms of improvement in mechani-
cal properties. High surface area, aspect ratio, high tensile
strength, and Young’s modulus of nanocellulose are dedi-
cated to improving the mechanical properties of the matrix
and the effectiveness of reinforcing ability. The mechanical
properties of nanocomposites were studied from the interac-
tion between CNC and PVA matrix. These improvements in
mechanical properties such as tensile strength and elonga-
tion at break can be obtained from mechanical tests in rela-
tion to reinforcement. CNC/PVA composite films were used
as material for the mechanical tests. Tensile strength testing,
thickness gauge, cutting machine, and steel die of standard
dimension equipment were used.

2.7.3 Tensile strength

In order to determine the ultimate tensile strength of the
composites, the maximum continuously applied load is
divided by the cross-sectional area of the film. The tensile
stress may be calculated for any unidirectionally applied
load by the following equation.

6= —

-~ )
where 0, tensile stress; P, applied load; 7, average thickness
of the film; w, width of the test specimen.

2.7.4 Percent elongation at break (%)

Percent elongation at break is the maximum displacement
of the samples at breaks or rupture points multiplied by 100.
It can be obtained by dividing the difference between the
initial and final specimen length by the initial grip separa-
tion length and multiplying the result by a hundred. Percent
elongation at the break point was calculated by the following
equation.

LF—Li
Li

Percentage elongation at break (%) =

(6

where L, length at breaking point, and L;, initial length.

2.7.5 Modulus of elasticity

Young’s modulus is obtained by drawing a tangent to the
initial linear portion of the load extension curve, selecting
any point on this tangent, and dividing the tensile stress by
the corresponding strain. It is the slope of the stress—strain
curve at the elastic limit region and can be calculated using
the following equation.

_4sé

E =
Ae

7N
where E, Young’s modulus; Aé, stress difference of two
selected; Ag, strain difference between two selected points.

2.8 Thermogravimetric analysis (TGA)

The thermal stability of raw corncob, alkali-treated corn-
cob, corncob cellulose, and cellulose nanocrystals was
determined by thermogravimetric analysis using a thermo-
gravimetric analyzer [28]. In this present study, the range
of temperature for DTG and TGA was set as 30 and 100 C,
respectively. Using aluminum pans, a nitrogen environment
with a flow rate of 30 mL min~' and a sampling cycle 1500
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with a heating rate of 20 “C min~! and a temperature range
of 25 to 600 “C, sample mass between 5 and 7 mg, were set
as the analysis conditions for the TGA Q500 [10].

3 Results and discussion
3.1 Yield of cellulose nanocrystals

The maximum yield of cellulose nanocrystal from corn-
cobs (41.8%) was obtained at the interaction parameters of
temperature of 45 ‘C, hydrolysis time of 60 min, and acid
concentration of 65 wt.%. Under this condition of parameter
interaction, the predicted yield of CNC by using experimen-
tal design was obtained at 41.50%. These values were con-
sistent with the literature data [29]. The reduced yield of
cellulose nanocrystals by using high concentrations of acid
may be related to the hydrolysis process in which cellulose
can be degraded to its constituent glucose. Acid hydrolysis
hydrolyzed the cellulose chains to separate the crystalline
portion from the amorphous portion [13].

3.2 Surface morphology of cellulose nanocrystals
and CNC/PVA nanocomposite

In order to understand the surface morphology, the SEM
micrograph for CNCs and for PVA/6%CNC composite film
morphology of the nanocellulose/PVA was examined. Fig-
ure S1(a) shows the scanning electron microscopy images of
cellulose nanocrystals after the corncob cellulose was hydro-
lyzed by sulfuric acid treatment. The rod shape of cellulose
nanocrystal resulted due to sulfuric acid and hydrolysis time
being so high, which affected the crystalline part of cellulose
after destroying the amorphous region [9]. The features of
the CNC showed that there was a reduction in the fibril-
lar structure size and intermittent breakdown in the fibrillar
structure into individualizing fibrils. These outcomes were
aligned with the findings of Zhang et al. [24]. The results
of the morphological investigation by SEM were consist-
ent with other reports in the literature, where CNCs were
extracted from different sources [10].

The uniform distribution of cellulose nanocrystals
within the host matrix is shown by SEM analysis (Fig-
ure S1b). For the PVA/6% CNC composite film analyzed
by SEM, the distribution pattern of the nanocellulose in
the continuous phase PVA matrix showed uniform distri-
bution. As can be seen from Figure S1, the nanocellulose
was uniformly distributed in the PVA matrix, but there
were some white-dotted structures observed over the sur-
face of the composite. These white dots could possibly
arise from bubbles generated during PVA nanocompos-
ite film production. During the mixing process of PVA
with nanocellulose suspension and casting on a Petri dish,
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bubbles were generated. During homogenization with
ultrasonication, some bubbles were left in the solution
and appeared on the film during the casting process which
affect the morphology and mechanical properties of the
composite. Also, these white dots could be generated dur-
ing SEM analysis that can possibly form surface charging
of the film. The results of the morphological investigation
by SEM were consistent with other reports in the litera-
ture, where PVA/6% CNC composite film was extracted
from different sources [1].

3.3 Particle size analysis

The measurement was conducted at room temperature,
and the particle size distribution of cellulose nanocrystals
was analyzed from dynamic light scattering (DLS) tech-
nique [30]. Table 1 presents the observation from particle
size analysis of cellulose nanocrystals in terms of intensity.
Figure S2 depicts the intensity of particle size distribution
of CNC particles which resulted under the condition of the
optimized yield at a desirable parameter interaction of acid
concentration and reaction time, and the temperature was an
average particle size (diameter) of 170.3 nm at a measure-
ment position of 0.85 mm and a count rate of 9.4 (kcps).
This average particle size was a good result; showing the
extraction of CNCs from corncob is possible since cellulose
nanocrystals have a length in the range of 100-1000 nm and
a width between 2 and 15 nm [11] depending on the cellu-
lose source and the chemical treatment applied. Compared
to corncob cellulose particle size (1963 nm), the particle size
of CNC (170.3 nm) was much smaller; this was because the
average particle size (diameter) of CNC depends on hydroly-
sis parameters that affect the yield.

According to size distribution by intensity data, CNC
particles smaller than 170.3 nm were responsible for 100%
of the intensity with 24.63 standard deviations.

As shown in Table 2 and Figure S3, size distribution by
volume for cellulose nanocrystals has one peak 125.4 nm
(diameter) size that is accountable for 100% of vol-
ume, and the CNC particles have an average diameter of
170.3 nm with a standard deviation (249.9 nm) diameter.

Table 1 Particle size of cellulose nanocrystals by intensity

Size % intensity: Standard
(d. nm): dev (d. nm)
Z-average 170.3 Peak 1: 119.5 100.0 24.63
(d.nm)
Pdl 0.552 Peak 2: 0.000 0.0 0.000
Intercept 0.823 Peak 3: 0.000 0.0 0.000
Result quality Good
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Table 2 Particle size of CNC in terms of volume

Size (d.nm): % volume: Standard

dev (d.nm)

Z-average(d. 170.3 Peak 1: 125.4 100.0 249.9
nm)
Pdl 0.552 Peak 2: 0.000 0.0 0.000
Intercept 0.823 Peak 3: 0.000 0.0 0.000
Result Good

quality
Fig. 1 FTIR spectra of (A) 300

raw corncob, (B) alkali-treated

3.4 FTIR analysis

The functional groups found in raw corncob, alkaline-treated
corncob, corncob cellulose, and CNCs were investigated
using FTIR spectroscopy.

Figure 1 presents the FTIR spectrum of corncob cel-
lulose, raw corncob, corncob treated with alkali, and the
resulting CNC. Table 3 provides the FTIR results and cor-
responding functional groups present in the samples. Herein,
broad bands at 3405 and 3436 cm™! were seen in the samples
of raw corncob and alkaline-treated corncob, respectively,
as shown in Fig. 1. These peaks are connected to the hydro-
gen bond O—H stretching vibration, indicating the fiber’s
hydrophilic inclination [12]. The peak was observed only

corncob, (C) corncob cellulose, D
and (D) CNC
1639 1427
c
£
@
3]
£ :
E
7]
g A
-
[
0 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumbers [cm 'll
Table 3 The FTIR results and corresponding functional groups are present in the samples
Material/func-  Peak values
tional group
Raw corncob 610 910 1163 1427 1639 2368 3430 3734
Functional C-Br stretch O-H bend C-H wag C—C stretch N-H bend 0=C=0 O-H water OH
group (alkyl halides) Carboxylic (-CH,X) (in-ring) Primary amines  stretch- stretch, Stretch
acids Alkyl halides Aromatics ing alcohols
Alkali-treated 618 1636 1671 2897 3404
corncob
Functional C-Br stretch C=C alkene C=0 amide -C-H stretch N-H stretch
group (alkyl halides)
Corncob cel- 490 1115 1635 3436
lulose
Functional Negligible C-F N-H bend O-H stretch,
group region Primary amines  alcohols
CNC 619 1048 1635 2915 3405
Functional C-Br stretch C-F N-H bend -C-H stretch N-H stretch
group (alkyl halides) Primary amines
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in the spectrum of raw corncob at 2915 em™! which was in
the range.

3.5 XRD, XPS, and '*C NMR analysis

The X-ray diffraction patterns were obtained to determine
the crystalline index of the raw corncob, alkali-treated corn-
cob, corncob cellulose, and cellulose nanocrystals. The crys-
tallinity index (CrI) refers to the ratio of the crystalline to the
amorphous regions of cellulose [3]. Cellulose has a crystal-
line structure, unlike hemicellulose and lignin. The cellulose
crystallinity is due to the interactions between hydrogen and
van der Waals forces between adjacent molecules. X-ray dif-
fraction (Fig. 2) was used to determine if there were changes
in material crystallinity after different chemical treatments.
This indicates that the content of cellulose and the degree of
crystallinity was increased, and the crystallinity of cellulose
was affected by chemical treatments [12].

As shown in Fig. 2, since the amorphous portions of
the raw corncob were eliminated by alkaline, bleaching,
and acid hydrolysis processes, cellulose nanocrystals
have a large and sharp peak. All samples had a peak at
about 260 =22°. Table 4 provides the crystallinity index of
corncob, alkaline-treated corncob, corncob cellulose, and
CNC. For raw corncob, alkaline-treated corncob, corn-
cob cellulose, and cellulose nanocrystals, the crystallinity

10 20 30 40 50 60
26(degree)

index (Crl) determined by Eq. (2) were found to be 57.88,
58, 73, and 80, respectively. When compared to raw corn-
cobs, the alkali-treated sample showed the higher Crl
value that can be explained by the chemicals involved in
the alkali and bleaching treatments applied throughout the
purification process. The cellulose nanocrystals’ Crl value
was higher than that of corncob cellulose because of the
partial removal of the para-crystalline domains during the
acid hydrolysis. It was found that the acid treatment caused
the cellulose nanocrystals to have narrower, sharper peaks
because these nanostructures have greater crystallinity
than raw fibers. [5].

After alkali treatments and elimination of hemicel-
lulose and lignin present in raw corncob and following
acidic hydrolysis by sulfuric acid, amorphous regions in
cellulose structure were removed, and the crystallinity
index was enhanced. After acidic hydrolysis, the crystal-
linity index was increased from 57.88 to 79.31%. The
increase in the crystallinity index for the raw corncob
was due to the removal of hemicellulose and lignin, which
exist in amorphous regions. This value is consistent in
studies using acidic hydrolysis, and the crystallinity index
was between 64 and 91%; however, in most cases, it was
around 70% [31]. The crystallinity degree depends on
the source of the raw materials, the purification time of
the sample, and hydrolysis conditions [32]. According

Table 4 Crystallinity index

. Samples 26 (amorphous) (°) 20 (002) (%) Crl (%)

of corncob, alkaline-treated

corncob, corncob cellulose, and Degree Intensity (I,,,) Degree Intensity (Iy,)

CNC
Raw corncob 34 310 20.15 736.41 57.88
Alkaline-treated corncob 19.12 603.08 22.31 1536.27 58
Corncob cellulose 17.86 445.04 22.42 1887.87 73
CNC 17.86 598.72 22.75 2893.5 80
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Fig.3 XPS spectra of CNC (a)
and high-resolution XPS spectra
of Cls for CNC (b)

Table 5 Peak data list for
cellulose nanocrystals

250000 o 35000
Name Area % (a) (b)
200000 H 30000
0O1s 39.85
= 25000 1
51500004 (15 60.15 <
& & 20000
& ¢ 2
% 100000 | 5 15000 1
= % 10000
50000 | &
5000 +
0 A 04
1200 1000 800 600 400 200 0 290 288 286 284 282
Bending Energy (ev) Intensity (a.u)
Peak no 20 (°) d(A) /11 FWHM (°) Intensity Integrated intensity
(counts) (counts)
1 12.4843 7.08448 6 1.68000 95 9614
2 15.3938 5.75140 27 2.23200 449 37,127
3 16.5310 5.35822 24 2.14280 399 35,354
4 20.3219 4.36644 33 1.60000 546 52,367
5 22.6665 3.91980 100 2.00700 1662 161,652
6 25.1907 3.53245 4 1.00000 73 8736
7 34.7082 2.58251 6 2.06000 94 10,890
8 37.8021 2.37795 4 0.70670 67 3898
9 44.0081 2.05593 16 0.56400 262 7620
10 64.3689 1.44617 12 0.56140 199 5818
11 77.4730 1.23102 13 0.55070 210 5761

to Fig. 3, Table 5 displays the 11 peaks and the crystal-
lite size for cellulose nanocrystals that were determined

using Eq. (3).

Fig.4 NMR measurement for a
freeze-dried sample of resultant
CNC

As anticipated, in the XPS survey spectrum, two distinct
peaks of carbon (about 286 eV) and oxygen (about 532 eV)
were found for the CNC sample (Fig. 3). As displayed in
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Fig.5 TGA profiles for 100
the composite films of )
PVA/0%CNC, PVA/2%CNC,
PVA/4%CNC, and
PVA/6%CNC 80
~ 60 4
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Fig. 3a, the high-resolution carbon spectra of the Cls signals
for CNC have been broken down into three different types
of component peaks (C1, C—C and C-H; C2, C-0O; and C3,
C=0 and O-C-0). As per the previous documentation,
CNC showed three peaks at around 284.8 eV, 286.4 eV, and
288.1 eV, which correspond to C1, C2, and C3. The area of
peaks can be used to compute the relative amounts of each
C1s component; the findings are displayed in the inset table.
The acquired results from NMR measurement for freeze-
dried sample of resultant CNC are shown in Fig. 4. It was
observed that the CNC sample displayed a standard NMR
spectrum. The region between 61.972 and 66.071 ppm can
be assigned to C6 which could be categorized as the pri-
mary alcohol group. The following resonance peaks, which

Temperature ("C)

were rather large and fell between 75.98 and 76.082 ppm,
were ascribed to the ring carbons C2, C3, and C5, which
were not connected by the glycosidic bond. The ring carbon,
C4 and C1, were represented by the areas between 86 and
107 ppm and the acute resonance at 90.084 and 105.34 ppm,
respectively. The outcomes of the XPS measurements were
validated by the NMR data.

3.6 Thermal stability analysis

Thermogravimetric analysis (TGA) is an important method
for understanding the thermal stability of polymer bio nano-
composites [33, 34]. TGA was used to investigate the ther-
mal degradation behavior of PVA films loaded with different

Fig.6 DTG curves for films 0.5
obtained from the composites,
PVA/0%CNC, PVA/2%CNC,

PVA/4%CNC and PVA/6%CNC 0.0

-0.54

DTG (%)

-1.04

-1.54 s
—— PVAOUCNC —— PVAMRCNC
 PVARUCNC —— PVAG%CNC
-2.0 : g . ) ‘ 1
100 200 300 400 500
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Table 6 Pyrolysis temperature characteristics of composite samples

Composite Onset Offset Mass loss (%) Residual
temperature temperature mass (%)
0 §©)

PVA/0%CNC 234.5 284.4 83.42 16.58

PVA/2%CNC 349.4 384.2 77.53 22.47

PVA/4%CNC 333.4 359.7 78.21 21.79

PVA/6%CNC 333.2 359.2 77.26 22.74

Table 7 Water absorption test

Composite Water absorption capacity

Neat PVA

PVA/2 mass % CNC
PVA/4 mass % CNC
PVA/6 mass % CNC

82.8289+0.56

48.42324+0.62
38.43587+0.76
25.32975+0.82

mass % of CNC. Accordingly, TGA continuously measures
the mass of a sample as a function of temperature.

The obtained TGA and DTG curves are shown in Figs. 5
and 6, respectively. Table 6 presents the pyrolysis tempera-
ture characteristics of CNC composite samples. The TGA
curves for both films showed that three mass loss regions
occur in the range of 30 to 180 °C during the first stage of
degradation. This is related to the evaporation of absorbed
water, 10.86% for pure PVA and 7.4% For PVA composites.
The second range was from 200 to 370 °C and is due to
degradation of PVA due to degradation of the intermolecular
hydrogen bonds of PVA due to dehydration reactions on the
polymer chains and degradation of the backbone. The third
region is above 400 °C, indicating charring of the organic

material. As can be seen, the DTG curve for the pure PVA
film reached the maximum peak at a temperature of 290
°C, while the nanocellulose-enhanced PVA film reached
the maximum peak at 275 °C. After tempering, the ther-
mal decomposition temperature of the PVA film shifted to
a lower temperature. Residual char was higher in PVA com-
posite films than in pure PVA. This indicated a decrease in
the thermal stability of his PVA after incorporating nano-
cellulose particles. This was due to the lower thermal sta-
bility of CNC compared to PVA polymers. Nanocellulose
extracted with sulfuric acid is less stable than those extracted
by other methods due to the formation of sulfate groups on
the nanocellulose during the acid hydrolysis process and the
thermal decomposition of the sulfate groups begins at low
temperatures.

3.7 Water absorption test result

Table 7 and Fig. 7 below summarize the percentage water
absorption capacity of the composites obtained by immers-
ing in distilled water for one minute.

Figure 7 shows that increasing in loading of nanocellu-
lose in the PVA matrix decreases water intake capacity. This
could be due to nanocellulose forming rigid network bond
that resists water absorption to enter freely into composite
molecules. Therefore, as the mass percentage of nanocel-
lulose increases in the PVA matrix, rigidity also increases,
resulting in water intake decrease.

3.8 Mechanical properties
The average values of tensile stress, tensile strain, Young’s

modulus, and elongations at the break of the prepared films
are presented below.

Fig.7 Comparative study on 100
percentage water absorption Water Absorption )
between CNC reinforced PVA Capacity (%) Water absorptlon
films and neat PVA films 00 / for neat PVA (%)
c\= 80 " ]
=1 PVA/5% CNC —*
S » PVA
] /
4
2 /
< 7, 0, \f
= 60 1 PVA/2% CNC / PG N0
z PVA/3% CNC
PVA/4% CNC
50 +
40 v v v v v v
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Table 8 Results obtained for tensile strength of different PVA/CNC
combinations

Composite Maximum tensile strength (MPa)
Neat PVA 335

PVA/2 mass % CNC 40

PVA/4 mass % CNC 53.34

PVA/6 mass % CNC 37.3

3.8.1 Tensile strength

PVA and CNCs with five different ratios based on mass per-
centage have been undertaken, and each specimen was used
for examination [35]. From load-deformation, the correspond-
ing stress—strain curves of the reinforced PVA nanocomposite
films under tensile loading are given in Table 8 and Fig. 8.
Engineering stress/strain was obtained by taking the load and
deformation of a given specimen as primary output from the
experiment that defined the curve of stress—strain.

Table 9 Elongation at break (%) result

Composite Elongation @break (%)
Neat PVA 358

PVA/2 mass % CNC 192.525

PVA/4 mass % CNC 147

PVA/6 mass % CNC 302

3.8.2 Elongation at break

Percent elongation at break was calculated by dividing the
extension at the moment of rupture of each specimen by the
initial grip separation of the specimen and multiplying by
100. As shown in Table 9 and Fig. 9, elongations at break
were obtained from the average of each five test specimens
for all formulations of composites.

Fig.8 Comparative study on 60
tensile strength of PVA compos-
ite films and tensile strength of
neat PVA film
50 1
= 04 pPva
S 4
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Fig.9 Comparative study on
elongation at break (%) of PVA
composite films and elongation
at break of neat PVA film
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Table 10 Modulus of elasticity of different combinations of PVA/

CNC composites

Composite Young’s modulus (GPa)
Neat PVA 0.990

PVA/2 mass % CNC 1.2242

PVA/4 mass % CNC 1.4043

PVA/6 mass % CNC 1.6548

Fig. 10 The elongation at break
and tensile strength of the PVA/
CNC composite films as a func-
tion of the CNC content

3.8.3 Modulus of elasticity

The Young’s modulus is the slope of the linear elastic deforma-
tion of the stress—strain curve. It shall be calculated by draw-
ing a tangent to the initial linear portion of the load-extension
curve, selecting any point on this tangent, and dividing the ten-
sile stress by the corresponding strain [36]. Table 10 presents
the results obtained for the modulus of elasticity value of dif-
ferent combinations of PVA/CNC composites.

o 58 Tensile Strength 400
—+—Elongation at break (%) FVA/4% CNC
L 350
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L 300 _
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= ¥ ° 250 F
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3.8.4 Comparison of cellulose nanocrystal reinforcement
in PVA

The results showed that the increase in the nanocellulose
loading in the PVA matrix reduces percent elongation at
break for all filler cases. As clearly shown in Fig. 10, neat
PVA film has a high percent elongation at break compared to
PVA reinforced with nanocellulose filler. For 2% loading of
nanocellulose in the matrix, elongation at break was reduced
by 32.3%. Similarly, for 2%, 4%, and 6t% mass loading, the
nanocomposite has shown reduced value of percent elonga-
tion 50.5%, 56.7%, and 24.9%, respectively.

4 Conclusion

In this study, the valorization of corncobs with respect to
cellulose nanocrystal (CNC) production and its effect on
the reinforcement of PVC for preparing bio-nanocomposite
films with good thermal and mechanical properties have
been investigated. CNCs were successfully extracted from
waste corncobs through the sulfuric acid hydrolysis method
and characterized by different techniques. Further, CNCs
were implemented to reinforce with polyvinyl alcohol by
the solvent casting technique. The effect of reinforcement
of CNCs in the PVA matrix on its mechanical properties,
water intake capacity, thermal stability, and biodegradability
was examined. This work implied that the properties of PVA
in terms of tensile strength, elongation at break, and water
absorption capacity were improved significantly due to good
compatibility between the PVA matrix and extracted CNCs.
The particle size analyzer revealed that extracted CNCs
from corncob had an average length of around 170.3 nm.
By adding 6 mass % CNC, there was a 17.9% increment
of maximum tensile stress, a 67.15% increase of Young’s
modulus, and a 56.7% decrement in percent elongation at
break. Thermo gravimetric test of the nanocomposite rein-
forced by 6 mass% CNC showed thermal stability that can
withstand up to 500 °C temperature. The study showed that
the nanocellulose extracted from the corncob can be a good
source to use as a reinforcing agent of the PVA matrix to
prepare a futuristic bio-based eco-friendly material.
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