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ARTICLE INFO ABSTRACT

TEMPO-oxidize nanocellulose (TONC) suspension has been obtained from total chlorine free (TCF) oil palm
empty-fruit-bunches (OPEFB) pulp using 4-acetamido-TEMPO (2,2,6,6-tetramethyl piperidin-1-oxyl) mediated
oxidation with sodium hypochlorite and sodium bromide in water at 25 °C and pH 10. TONC suspension with
varied content from 0.5 to 6% (w/w) reinforced polyvinyl alcohol (PVA) polymer based nanocomposite films
were prepared by the casting method. The structural interaction between the TONC and PVA was characterized
by the Fourier transform infrared (FT-IR) spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, X-ray
diffraction (XRD) and scanning electron microscopy (SEM). It was found that the 4% (w/w) TONC content
reinforced nanocomposite exhibited the highest tensile strength and modulus with an increase of 122% and
291% respectively, compared to PVA while the elongation at break decreased about 42.7%. Thermal stability of
PVA based nanocomposite films was improved after incorporation of TONC. Incorporation of TONC in PVA film
increases its crystallinity due to strongly linking between the hydroxyl groups of materials however considerable
decreases beyond 2 wt% loading are observed. TONC incorporation beyond 2wt% also reduces the melting
temperature peaks and enthalpy of nanocomposite films. FT-IR spectra, NMR and SEM indicate that there is
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interaction between the TONC and PVA.

1. Introduction

Nanocellulose has been considered a most abundant and in-
expensive biopolymer with a wide variety of applications in different
areas (Brinchia, Cotana, Fortunati, & Kenny, 2013). The promising
applications of nanocellulose have been biodegradability, sustain-
ability, high biocompatibility and most significant for the reinforce-
ment polymeric matrix into nanocomposite materials (Ferraz et al.,
2012; Korhonen, Kettunen, Ras, & Ikkala, 2011; Mulligan, 2005;
Siqueira, Bras, & Dufresne, 2009). It has vast significance in medical,
food, pharmaceutical industries, nanotechnology and also in several
materials that are widely used commercially (Khan, Hug, Khan, Riedl, &
Lacroix, 2014; Yan et al., 2014). Due to less cost and environmentally
safe property, it can be also replace synthetic or petrochemical-based
materials in many applications (Brinchi et al., 2013). Earlier, nano-
cellulose has been isolated from various kinds of cellulosic sources as
cotton, wood, plant, animals, bacteria, algae and oil palm biomass

* Corresponding authors.

(OPB) (Hassan, Bras, Hassan, Silard, & Mauret, 2014; Wanrosli,
Rohaizu, & Ghazali, 2011). At a conservative estimate, for every tons of
palm oil produced from a fresh fruit bunch, approximately 1 tons of
empty fruit bunch (EFB), 0.7 tons of palm fibers, 0.3 tons of palm ker-
nels and 0.3 tons of palm shells are generated, which amounts to a total
palm biomass of 2.3 tons (Chang, 2014). These residues represent an
abundant, inexpensive and readily available source of renewable lig-
nocellulosic biomass which can be exploited for use in various appli-
cations such as reinforcement in nanocomposites.

Nowadays, nanomaterials are used in packaging industries like food
stuff due to degradability and enhance to the quality of new bio-based
packaging materials such as edible and biodegradable films from re-
newable resources (Sorrentino, Gorrasi, & Vittoria, 2007; Tharanathan,
2003). It has potentiality for the preparation of composite films because
its biodegradability considered as a promising solution to the en-
vironmental pollution of synthetic polymer packaging (Su, Huang,
Yuan, Wang, & Li, 2010). Until now biodegradable films has been used
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for packaging extremely limited due to weak barrier and mechanical
properties shown by natural polymers. Hence, the natural polymers as
cellulose was chemically modified using the TEMPO oxidation and
frequently reinforced with a matrix as poly(vinyl alcohol) for their
improvement of various properties and applications in further circum-
stances (Lin, Bruzzese, & Dufresne, 2012; Ng et al., 2015).

Polyvinyl alcohol (PVA) is a semi-crystalline, fully biodegradable,
non-toxic, biocompatible and water soluble synthetic polymer which is
mainly composed of C—C and has excellent composite film casting
property for packaging materials (Chiellini, Cinelli, Imam, & Mao,
2001; Zhang, Burgar, Lourbakos, & Beh, 2004). It has potential ability
to interact with the hydrophilic surfaces of the biomaterials due to the
strong hydrogen bonding and established in suitable combinations with
cellulose or nanocellulose for produce green nanocomposites (Lee et al.,
2012). It is incorporated into nanocellulose finds various significant
applications in the field of pharmaceuticals, medicine and packaging
(Rahman, Afrin, & Haque, 2014).

In the present work, the nanocellulose crystals (TONC) were iso-
lated using the TEMPO-oxidized process from OPEFB cellulose, which
was prepared via a chlorine-free bleaching sequence (Leh, Rosli,
Zainuddin, & Tanaka, 2008; Rosli, Leh, Zainuddin, & Tanaka, 2003).
Usually, the C6 hydroxyls groups oxidized into carboxylate groups by
the TEMPO treatment is shown in Fig. 1 (Isogai, Saito, & Fukuzumi,
2011). The TONC/PVA composite films were prepared by mixing TONC
and PVA in distill water with various content ratios and subsequently
cast in petri dishes, followed by drying of the mixtures. The structural,
physical-chemical and mechanical properties were characterized and
evaluated by scanning electron microscopy (SEM), field emission
scanning electron microscopy (FESEM), Fourier transform infrared
(FTIR) spectroscopy, nuclear magnetic resonance (*C NMR), x-ray
diffraction analysis (XRD), differential scanning calorimetry (DSC) and
tensile testing.

2. Experimental
2.1. Materials

Oil palm empty fruit bunches (OPEFB) were obtained for use in this
study from a local palm oil mill in Perak, Malaysia. Before pulping, the
OPEFB was cut to approximately 2 inches long, which was then soaked
and washed with distilled water to remove dirt and unwanted materials
and air dried to average moisture content of 12.5% and stored in
polyethylene bags. The chemicals used for pulping, bleaching, oxida-
tion and composites such as sodium hydroxide (NaOH), magnesium
sulfate (MgS04), hydrogen peroxide (H20,), hydrochloric acid (HCI), 4-
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Fig. 1. Regioselective oxidation of cellulose by TEMPO-mediated oxidation (Isogai et al.,
2011).
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sodium hypochlorite (NaClO), sodium chlorite (NaClO,) 99.8%, sodium
bromide (NaBr, 99.0%), acetic acid (CH3COOH) 99.8%, ethanol, and
polyvinyl alcohol (98%) were obtained from E. Merck (Germany).

2.2. Methods

2.2.1. Preparation of OPEFB-TCF cellulose

OPEFB-TCF cellulose was prepared using the environmentally be-
nign process as described by Wanrosli et al. (Wanrosli, Zainuddin, &
Lee, 2004). Basically, it involves water pre-hydrolysis of the OPEFB
fibers, followed by soda-anthraquinone pulping. The unbleached pulp
was then bleached using a TCF sequence of oxygen (O), ozone (Z) and
peroxide (P).

2.2.2. Preparation of TEMPO-oxidized nanocellulose (TONC)

OPEFB-TCF cellulose (10 g) was suspended in 1 L of distill water in a
beaker, containing TEMPO (0.230g), sodium bromide (0.5g), and
stirred for 5min. The reaction was initiated by setting the ultrasonic
water bath (model Branson 8510) at a frequency of 40 kHz and 320 W
power output with circulating cooling water used to maintain the
temperature at 25 °C. Additions of 60 mL sodium hypochlorite solution
in the reaction mixture drop by drop, during the 1h and continue
stirring at 500 rmp for 4 h with controlled pH at 10 = 0.2 by the ad-
dition of 0.5M NaOH/HCl. The stirring was stopped and 100 mL
ethanol was added to it. The oxidized slurry was neutralized by adding
0.5 M HCI, vacuum-filtered and thoroughly washed with distill water.
The pulp was suspended in 500 mL of distill water in a glass bottle,
40 mL of sodium chlorite (34 g/L) and acetic acid (5 M) solutions added
to it. The solution was kept in a water bath at 70 °C for 2 h, cooled at
room temperature and washed with distill water. TEMPO-oxidized pulp
was transferred in a beaker and sonicated (7 microtip limit) with 15s
interpose/min on ice bath and centrifuged at 3500 rmp for 1h to se-
parate the supernant containing TONC suspension from the un-
fibrillated and partially fibrillated fractions.

2.2.3. Preparation of TONC/PVA nanocomposite films

The solution of PVA (10 wt%) was prepared in distilled water and
poured into a round bottom flask equipped with a condenser for 1h
stirring at 90 °C. TONC suspension was added to it in various con-
centrations 0.5, 1, 2, 4 and 6% (w/w) respectively. The mixtures were
further stirred for 2 h and keep at room temperature for 0.5 h. The final
suspensions were cast in polypropylene petri dishes and placed in a
vacuum oven at the 50 °C for 48 h. The resulting films thus obtained
were kept in the desiccators until the characterization.

2.3. Characterization techniques

2.3.1. Tensile properties

Tensile properties (tensile strength, Young’s modulus and elonga-
tion at break) were performed on a TA-XT Plux Texture Analyzer. The
tensile deformation was determined at a crosshead speed of 10 mm/
min. The dimensions of the films according to the standard test method
€N 150 527-2, 1996 was as follows: length 60 mm, width 30 mm,
thickness 0.04 mm and load cell 30kg. The measurements were per-
formed at room temperature and calculated over five test samples,
expressing the results as the mean value.

2.3.2. Differential scanning calorimetry (DSC)

DSC analysis was performed with a DSC-60 Instrument (Shimadzu D
60). Approximately 10 mg sample of the films was heated from 30 °C to
400 °C at a heating rate of

10 °C/min under nitrogen atmosphere. The DSC curves were used to
determine the glass transition temperature, melting temperature and
melting enthalpy. The degree of crystallinity (Xc) was calculated by
using the following Eq. (1) (Frone, Berlioz, Chailan, & Panaitescu,
2013).
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Where, (Xc) is the degree of crystallinity, (w) is the mass content of PVA
in composite films, (AHm) is the enthalpy of melting (J g~ 1, (AHmo) is
the enthalpy of melting for 100% crystalline PVA considered to be
138.6J g~ (Peppas & Merrill, 1976).

2.3.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of the films were recorded on SMART
OMNI-TRANSMISSION (Nicolet IS10 model) instrument. The resulting
FTIR spectra were analyzed in functional groups occurred by the oxi-
dation and compared the effects of nanocellulose filling into PVA, based
on the intensity and shift of vibration bands. The films were cut around
3 cm and directly loaded for analyzed the observance of bands within
the range of 4000-400 cm ™.

2.3.4. 13C nuclear magnetic resonance spectroscopy (NMR)

The solid *C NMR spectra of the films were recorded on a Bruker
Avance III 400 MHz spectrometer. The chemical shifts are reported in
parts per million (d-scale) used tetra methyl silane (TMS) as an external
standard.

2.3.5. X-ray diffraction (XRD)

X-ray diffraction analyses were collected using a BRUKER AXS-D8
ADVANCE model Instrument. The generator operated at 40kV and
30mA. The films were scanned in steps of 0.0034° in a range of the
diffraction angle 26 = 10-40° with a Copper (CuKa) beam (wavelength
1.5406 A). Crystallinity index was calculated by Eq. (2) (Segal, Creely,
Martin, & Conrad, 1959).

Crystallinity Index (%) = [(Iery — Iam)/Iery]l X 100 2)

where, I, is the maximum intensity of the crystalline fraction at 26
between 22° and 24°. L, is the intensity in the valley between the peaks
of the amorphous region at 26 = 18.

2.3.6. Scanning electron microscopy (SEM)

SEM was used to investigate the morphology of the films by using a
model Carl-Zeiss SMT Leo Supra 50 VP equipped with Oxford instru-
ment energy dispersive. The samples were sputter-coated with a layer
of gold using the sputtering technique.

3. Results and discussion

TEMPO-oxidized nanocellulose suspension (TONC) was isolated via
a chemical and mechanical process using 4-acetamido-TEMPO (2,2,6,6-
tetramethylpiperidin-1-oxyl)/NaBr/NaClO oxidation and ultrasonic
treatment from OPEFB-TCF cellulose. In our previous study we reported
the transmission electron microscopy images of TONC resembling rod-
like crystalline morphology shown in Fig. 2 with an average length and
width of 122 and 6 nm respectively (Rohaizu & Wanrosli, 2017). Sus-
pension containing TONC was then incorporated into the PVA solution
at various ratios of 0.5, 1, 2, 4 and 6% (w/w) for casting composite
films. Effect of adding TONC on mechanical, structural, morphological,
thermal stability and crystallinity was evaluated through tensile, FT-IR,
13¢C NMR, SEM, TGA, DSC and XRD respectively.

3.1. Tensile properties

Fig. 3(a-b) shows the tensile strength, Young’s modulus, and elon-
gation at break of TONC/PVA films at different TONC loadings. It was
observed that tensile strength increase significantly from 63.2 to
140.3 MPa while Young’s modulus increase from 1.01 to 3.95 GPa as
the TONC content increases from 0.5 to 4% (w/w), representing 122%
and 291% enhancement respectively compared to that of the PVA
(control sample) which is a common phenomenon in lignocellulosic
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Fig. 2. TEM of TEMPO-oxidized nanocrystalline cellulose.
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Fig. 3. Effect of TONC loadings on reinforced PVA-based composite films on (a) tensile
strength and Young’s modulus, (b) elongation at break.

fiber reinforced composites (Lee et al., 2009). This increase in the
tensile properties has been ascribed as possibly due to the formation of
a networked structure above percolation threshold resulting from in-
creased hydrogen bonding between these materials due to the large
surface area of the TONC (Azizi Samir, Alloin, & Dufresne, 2005;
Siqueira et al., 2009). The phenomenal increase of Young’s modulus has
also been reported by Zimmermann et al. using cellulose fibrils isolated
from sulphite pulp (Zimmermann, Pohler, & Geiger, 2004).

At higher TONC loadings (6%), both of the mechanical properties
start to experience a slight drop, which can be attributed to non-
homogenous dispersion of the TONC in PVA matrix resulting from ag-
gregation of the nanocellulose that decreases the tensile strength and
Young’s modulus (Lu, Wang, & Drzal, 2008). The elongation at break of
the PVA based composites continuously decrease with the addition of
TONC (Fig. 3b) reaching the lowest value at a 6% TONC addition with a
reduction of 42.7%. Hugq et al. also reported a decrease in elongation at
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Fig. 4. DSC curves of TONC content reinforced PVA-based composite films.

break with the addition of nanocellulose in alginate based films (Huq
et al., 2012). Overall addition of TONC below 6% to the PVA con-
siderably results enhancements in tensile strength and modulus, as it is
relatively rigid and stiffer material, thus they consequently alter or
divert the applied stress resulting reduction in early or pre-fracture of
the nanocomposite. Moreover, the presence of the rigid nanoparticles in
the polymer matrix decreases the deformability of the interface be-
tween the two materials that will lead to a reduced segment mobility as
a result of that the composite becomes more stiffer and harder hence
shows lower elongation at break also.

3.2. Thermal properties

DSC curves of the TONC reinforced PVA-based composite films are
presented in Fig. 4. Thermal stability data and calculated degree of
crystallinity (Xc) of the composites are reported in Table 1. Fig. 4
clearly shows that the incorporation of TONC in PVA composite films
increases the glass transition temperature (Tg) while reduces the
melting temperatures (Tm). These composites exhibited the initial de-
composition around 100 °C, which could be due to the result of water
evaporation. The endotherms exhibited in the range of 200-350 °C
which is indicating two melting peaks (Tm; and Tm,) for treated and
untreated TONC into PVA composites. The original melting tempera-
ture is considered at low melting temperature peak (Tm;) in the range
of 200-250 °C. It can be also expect that the other melting temperature
peak (Tm,) exceeding the 300 °C which is indicated degradation of

Table 1
DSC results of PVA and composite films with various TONC contents.

Sample Tg (°C) Tm; (°C) Tm, (°C) AHm (J g_l) Xc (%)
PVA 49.22 225.64 330.79 59.26 42.75
0.5% TONC/PVA 50.52 220.85 320.45 50.22 36.41
1% TONC/PVA 51.34 222.83 331.92 50.67 36.92
2% TONC/PVA 50.95 222.64 330.09 61.89 45.56
4% TONC/PVA 52.01 219.25 326.90 25.47 19.14
6% TONC/PVA 50.20 217.60 326.07 23.92 18.35

Tg is the glass transition temperature, Tm; and Tm, is the melting temperature peaks,
AHm is the melting enthalpy and Xc is the calculated crystallinity of the samples.
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cellulose by blending of components for casting composite films. The
endothermic peak around 230 °C exhibited to the melting temperature
of PVA composite (Park, Park, & Ruckenstein, 2001). It can be observed
that PVA after the addition of 2% (w/w) TONC content exhibited the
primary enhancement in melting enthalpy (AHm) of 61.89J¢~ ! and
crystallinity 45.56%, respectively.

Moreover, PVA exhibited the lower thermal stability after the ad-
dition of 0.5, 1, 4 and 6% (w/w) TONC contents. However, the melting
temperature slightly decreased around 8 °C as compared to PVA (con-
trol sample) because of hydrogen bonding between these materials.
Orts et al. also reported the melting temperature decreases with the
increase of biopolymer content (Orts et al., 2007).

The DSC (Table 1) also clarify that the trend of overall melting
temperature peaks (Tm; and Tm,) and AH,, is quite similar to that of y..
Furthermore melting point of the nanocomposites films does not de-
pend on the TONC contents loading up to 2wt%, also y. is nearly
constant with TONC contents up to 2wt%. But the incorporation of
TONC filler beyond 2 wt% greatly reduces the values of melting tem-
perature peaks, AH,, and crystallinity.

Recently researchers in their study elaborated the thermal proper-
ties of the incorporated cellulose nanocrystals (CNCs) in PVA compo-
sites, where increasing the CNCs loading beyond 8% hinder the PVA
polymer chains regular rearrangements which lowered the crystal-
lization of PVA (Voronova, Surov, Guseinov, Barannikov, & Zakharov,
2015). From Table 1, it is also evident that Xc (%) of PVA shows in-
crement from 0% to 2% TONC contents addition, as it does not inter-
rupt the regular packing of molecule chain of PVA, while the further
addition of TONC beyond 2% a considerable reduction in Xc (%) are
observed owing to existence of couplet of factors like agglomeration of
TONC at higher concentration, hydrophilic properties of both TONC
and PVA, crystallinity of PVA and the consequent decrease in AHy;, until
6% TONC contents. The statements are in agreement to other reported
work (Sun, Lu, Liu, Zhang, & Zhang, 2014; Zhang et al., 2014).

3.3. FT-IR analysis

FT-IR is an important technique that has been used in determining
chemical structural changes of nanocellulose composites that occur
during processing. Fig. 5a—c shows a representation of the FT-IR spectra
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Fig. 5. FTIR spectra of (a) TONC, (b) PVA, and (c) 2% (w/w) TONC content reinforced PVA-based composite film.

of TONC, PVA TONC/PVA composite films. Abroad and wide stretching
peak appearing at 3100-3600 cm ™! is assigned to the OH group. The
additional peak at around 2900-3100cm ™' assigned to overlapping
symmetric and asymmetric C—H stretching vibration of the aliphatic
chain in the spectrum (Han, Guenier, Salmieri, & Lacroix, 2008). In
Fig. 5a, TONC exhibited a sharp asymmetric stretching peak at
1757 cm ™! which is designated to the hydroxyl group of OPEFB cel-
lulose, which has been substituted by a carboxylate group (C=0) using
the oxidation process. The absorption peaks at around 1100 cm ™! as-
signed to C—O stretching, 1450 and 898 cm ~ ! attributes to the H—O—H
stretching vibration of absorbed water molecules and C—H stretching
vibration of cellulose respectively. It is clearly revealed in the stretching
vibration peaks at 1633, 1410, 1180 and 1057 cm ~ ! associated to PVA
in the spectrum (Fig. 5b). The other peaks at 850 and 615cm ™! as-
signed out of plane vibrations of O—H and C—H in PVA (Morimune,
Nishino, & Goto, 2012). The slight differences can be observed after 2%
(w/w) TONC addition into PVA. Indeed, the intensity and width of
vibrations decreased after addition of TONC (Fig. 5c). The O—H peak
slightly shifted at 3300-3550 cm ™' and other peaks at 1720, 1620,
1450, and 1100 cm ™! had their intensity decreased with TONC con-
centration. However, some matrix after the addition of nanocellulose
content shows the intensity of appropriate peaks increased (Khan et al.,
2010). The strong peak of TONC at 1720 cm ™! was assigned to the
carboxylate group, while the C=0O peak for TONC/PVA composite
shifted around 1850 cm " to indicating the hydrogen bonding between
C=0 of TONC and OH of PVA. This indicates that the interaction be-
tween the TONC and PVA.

3.4. 13C NMR analysis

Solid-state '>C NMR spectra of TONC, PVA and TONC/PVA com-
posite films are shown in Fig. 6. The six carbon peaks of TONC appeared
at 103.0 (C-1), 81.3 (C-2), 72.6 (C-3), 86.7 (C-4), 63.2 (C-5) and 173.0
(C-6) ppm, while an intense peak at position C-6 due to the carboxylate
group confirms the TEMPO oxidation of cellulose in Fig. 6a (Saito,
Shibata, Isogai, Suguri, & Sumikawa, 2005). The carbon C-1 has a
higher chemical shift as compared to C-2, C-3, C-4 and C-5 in the region
50-120 ppm. because it is extensively attached with oxygen atoms than
other carbons in TONC. Fig. 6b exhibited three broad and separated

carbon peaks for PVA whereas one peak appears at 43.1 ppm due to
methylene carbon and other two peaks at 62.8 and 69.1 ppm assigned
to carbon as attached to OH group. The TONC/PVA composite spectra
assigned to the almost similar carbon peaks as TONC and PVA in
Fig. 6¢c. While, three carbon peaks appeared in 43.0, 63.0 and 69.4 ppm
attributed to PVA and other three peaks at 87.2, 102.7 and 171.8 ppm
attributed to TONC carbons as C-4, C-1 and C-6 (C=O0) respectively.
Remaining three peaks of TONC as C-2, C-3, C-5 not appear in the
spectrum (Fig. 6¢) due to the splitting of the peaks or lower content of
TONC used in PVA matrix for casting the composite film. The splitting
of the peaks attributes to the intramolecular hydrogen bonding between
OH groups (Horii, Masuda, & Kaji, 1997).

3.5. X-ray diffraction (XRD) analysis

The structure and crystallinity of TONC, PVA and TONC/PVA
composite films were studied using XRD. The XRD patterns have been
compared in Fig. 7a—c. It is evident that TONC peaks appeared at
20 = 23.2° and 29.8°, which confirms the crystalline structure of TONC.
However, a sharp peak around at 26 = 22.7° is characteristic of crys-
talline cellulose (Zhao et al., 2013). Usually, the crystallinity of cellu-
lose is increased after the chemical modification due to removal of
hemicellulose and lignin cellulose (Cherian et al., 2008). TONC content
was incorporated into PVA for producing composite films, because PVA
has semi-crystallinity and cross-linkage property (Guo et al., 2010). The
diffractogram of PVA film exhibited two sharp peaks at 19.5° and 29.3°
in crystalline region, in which main peak at 20 = 19.5° characterizing
to PVA crystalline phase. TONC/PVA composite film exhibited a crys-
talline structure, whereas the peaks at 26 = 18.8° and 21.8° assigned to
cross-linking the cellulose and PVA, and a sharp peak at 26 = 29.0°
assigned to crystalline region. This indicated that 2% (w/w) TONC
content had pronounced effects on cross-linking density and crystal-
linity of PVA. The crystallinity of TONC/PVA composite film increased
than PVA film due to strongly linking between the hydroxyl groups of
materials. Researchers in their work reported that when both polymer
matrix and the filler phase are hydrophilic, strong molecular interac-
tions (hydrogen bonding or van der Waals forces) found between them.
As in this study PVA is a semi-crystalline polymer bearing plenty of
hydroxyl groups providing inter and intra-molecular hydrogen bonding
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Fig. 8. SEM surface morphology of (a)TONC film, and (c¢) 2% (w/w) TONC content reinforced PVA-based composite film at 100 X magnification, (b) Cross section of TONC film at 300 X,
and (d) 2% (w/w) TONC content reinforced PVA-based composite film at 500 X magnification.

between TONC are expected (Voronova et al., 2015).

The crystallinity percentage of TONC, PVA, and 2%TONC/PVA
composite film was calculated and observed as 81.7%, 56% and 68.4%,
respectively. Relatively similar work has been reported where nano-
composite films consisting of poly (lactic acid) and NCC are being
fabricated by solvent casting (Hermansson, 2012).

3.6. Morphological studies

Scanning electron microscopy (SEM) was carried out for the surface
and cross section morphology investigation in TONC and TONC/PVA
composite film. The surface morphology of TONC film observed as
rough and slightly protruded, however cross section clearly reveals that
closely packed and nano-layered phenomenon (Fig. 8a—b). PVA-based
composites generally improve the properties after the addition of na-
nocellulose (Lee et al., 2009). It has homogenous, smooth, dense sur-
face and other valuable structural properties. Considerable changes in
morphology by the addition of TONC ascribed the intermolecular hy-
drogen bonding between the PVA chain and free TONC hydroxyl group.
Hence, TONC/PVA composite film (Fig. 8c-d) also exhibited homo-
geneous, increasingly rough surface and compact structure in cross
section morphology.

4. Conclusions

Nanocellulose was obtained by TEMPO oxidation of OPEFB-TCF
pulp and its composite films with various concentrations were prepared
by the reinforcement into a PVA matrix. FTIR and '3C NMR demon-
strate the structural changes and hydrogen bonding between film
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components. The tensile strength and Young’s modulus of composite
film increased considerably with increasing of TONC concentration,
while the elongation at break decreased. Among the composite films,
2% (w/w) TONC film considerably enhanced the thermal stability as
melting enthalpy (AHm = 61.89) and crystallinity (Xc = 45.56). The
crystallinity percentage was also improved in XRD pattern and calcu-
lated as 81.7%, 56%, and 68.4% for TONC, PVA and 2%TONC/PVA
film respectively. SEM images of TONC shows homogenous and smooth
surface however reinforcement of TONC in PVA composite film shows
rougher and compact structure in cross section morphology.
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