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Abstract: The thermal, thermo-mechanical and flammability properties of kenaf core hybrid polymer
nanocomposites reinforced with unbleached and bleached nanocrystalline cellulose (NCC) were stud-
ied. The studied chemical composition found that unbleached NCC (NCC-UB) had 90% more lignin
content compared to bleached NCC (NCC-B). Nanocelluloses were incorporated within polypropy-
lene (PP) as the matrix, together with kenaf core as a main reinforcement and maleic anhydride
grafted polypropylene (MAPP) as a coupling agent via a melt mixing compounding process. The
result showed that the thermal stability of the nanocomposites was generally affected by the presence
of lignin in NCC-UB and sulfate group on the surface of NCC-B. The residual lignin in NCC-UB
appeared to overcome the poor thermal stability of the composites that was caused by sulfation
during the hydrolysis process. The lignin helped to promote the late degradation of the nanocom-
posites, with the melting temperature occurring at a relatively higher temperature of 219.1 °C for
PP/NCC-UB, compared to 185.9 °C for PP/NCC-B. Between the two types of nanocomposites,
PP/NCC-B had notably lower thermo-mechanical properties, which can be attributed to the poor
bonding and dispersion properties of the NCC-B in the nanocomposites blend. The PP/NCC-UB
showed better thermal properties due to the effect of residual lignin, which acted as a compatibilizer
between NCC-UB and polymer matrix, thus improved the bonding properties. The residual lignin in
PP /NCC-UB helped to promote char formation and slowed down the burning process, thus increas-
ing the flame resistance of the nanocomposites. Overall, the residual lignin on the surface of NCC-UB
appeared to aid better stability on the thermal and flammability properties of the nanocomposites.

Keywords: lignin; sulfation; compatibilizer; thermal stability; bleaching; hybrid nanocomposites

1. Introduction

Recently, natural fibers applications are expected to become increasingly prevalent,
mainly due to the increment of environmental issues, which entail the reduction in the
applications of petroleum-based products [1-3]. Used petroleum-based polymers require
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hundreds of years to fully decompose [4,5]. This problem led to continuous global de-
mand on improving living standards, which create the new development of technology
based on renewable products [6]. Thus, natural fibers” substitution as reinforcement over
synthetic fibers in composite materials were seen to help in promoting environmental
sustainability [7-10]. These so-called biocomposites can be easily decomposed due to their
biodegradability properties [11-16]. Besides, the natural fibers were chosen due to its
advantages such as being more economical, as well as environmentally friendly with com-
parably good performance in mechanical properties, making them the most recommended
substitution material over glass fiber [17-20]. The other advantages include low density,
renewability, biodegradability, non-toxicity, good insulation property and low machine
wear [13,21]. However, the common disadvantages of natural fibers are their hydrophilic
nature, which leads to lower interfacial bonding and surface adhesion with the matrix,
which has been reported by many researchers [22-28]. This behavior leads to the deteriora-
tion of the properties of the biocomposites. Therefore, chemical modification to improve the
surface properties of the fibers and matrix are seen to be necessary. Apart from the success
of natural fibers to enhance the mechanical properties of the composites, the production of
new natural fiber-based materials has opened up a strong opportunity, especially in the
industrial sector. Nanocellulose is one of the products extracted from natural fibers, which
possesses high performance with tailored mechanical and physical properties, making
it the most attractive renewable material for advanced applications [29]. Nanocellulose
is generally referring to cellulosic extracts with a diameter of <100 nm [30-33]. Mean-
while, cellulose is the main constituent in the lignocellulosic fibers, which is structurally
organized into fibrils and surrounded by a matrix of lignin and hemicellulose [34-36].
The extraction of cellulose produces different types of nanocellulose: (i) nanocrystalline
cellulose (NCC) [37]; and (ii) cellulose nanofibrils (NFC) [38]. NCC contains near-perfect
crystallinity, which is usually produced via an acid hydrolysis process under controlled
time and temperature [39]. To achieve a perfect nano-whisker-like NCC, the isolation of
cellulose from lignin and hemicellulose usually has to take place; this is to ensure that the
hydrolysis process was not hindered by the existence of amorphous materials.

Lignin, on the other hand, is one of the main components of cell walls that constituted
in the lignocellulosic materials. Lignin is a complex chemical compound, a cross-linked
polymer which gives strength to wood. It is formed by photosynthesis and represented
approximately around 10-35% of lignocellulosic biomass [30,40,41]. In general, during
the production of nanocellulose, lignin is usually delignified via the pulping process
and multistage bleaching process to separate it from the fiber completely. Similar to the
production of paper, the elimination of lignin and other amorphous component is crucial.
In 1998, the papermaking industry contributed to massive isolated lignin by-product
production, in which 99% were either burned or disposed of in the water stream. Since
then, researchers have to focus on a large number of studies on utilizing waste lignin other
than being used as fuel [40,41]. According to Rosa et al. [35], recent investigation has shown
that the lignin can impart a positive effect on the thermal and mechanical properties as it
blends in composites. According to Chen et al. [40], lignin has interesting properties, such
as being renewable, non-toxic and biodegradable, which validate it into a value-added
product. Furthermore, lignin could play a role as a dispersant to improve the dispersion
of cellulose whiskers in the composite’s constituents [35,42,43]. Lignin can also withstand
high-temperature degradation from 100 °C up to 900 °C, as lignin comprises aromatic rings
with various branches, and the activity of chemical bond in lignin covered an extremely
wide range [42]. In addition to other polymers such as bio-based polyurethane [43] and
bio-epoxy [44] used as a flame retardant in composites, lignin was also seen as potential
candidate for flame retardant materials. The aromatic chemical structure in lignin also
stimulates the formation of a high char yield after decomposition, which can help protect
the underlying substrate from further decomposition and improve flame retardancy [45,46].

According to Zheng, Li and Ek [45], lignin was studied as a flame retardant in plastics,
namely polypropylene (PP), which produced a protecting layer and enhanced its fire retar-
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dancy. Besides that, a lignin-containing cellulose nanofibril (LCNF)-reinforced starch film
was prepared by Zhang et al. [47]. The result showed that the LCNF increased the water
barrier, thermal and mechanical properties of the starch film. Another study conducted by
Yetis et al. [48] on the acetylation of lignin-containing microfibrillated cellulose (Ac-MFLC)
reinforced polylactic acid showed that Ac-MFLC significantly improved the crystallization
rate of PLA. Bionanocomposites exhibited superior mechanical performance and thermal
properties. Following this trend, Ballner et al. [49] utilized polystyrene with LCNE, fol-
lowed by hot-pressing and obtained bionanocomposites with increased Charpy impact
bending strength, compared to neat polystyrene. On the other hand, Nair et al. [50] inves-
tigated the effect of lignin on the mechanical, thermal and barrier properties of cellulose
nanofibril-reinforced epoxy composite. The yielded bionanocomposites displayed high
barrier, thermal and mechanical properties. The tensile strength of LCNF-reinforced epoxy
composites increased from 65 MPa to 134 MPa, with the reinforcement of 23% of lignin
content. This enhancement might be attributed to the improved compatibility between the
LCNF and the epoxy matrix caused by the presence of residual lignin.

As the residual lignin in NCC might provide some advantages to the properties of
the nanocomposite, it is worth investigating whether the complete bleaching of NCC is
necessary. Based on a literature survey, none of the previous reports have dealt with the
effects of the bleached and unbleached NCC on the thermal and flammability properties of
polypropylene (PP) reinforced kenaf core hybrid polymer bionanocomposites. Therefore, in
this study, the improvement of kenaf core reinforced polymer composites were observed by
hybridizing the composites with NCC-UB and NCC generated from kenaf core. The NCC
produced from kenaf core varied in the lignin content by controlling its bleaching process.
The bleached and unbleached NCC were predicted to have a different lignin content and
effect on the properties of kenaf core hybrid polymer nanocomposites, especially on the
thermal, thermo-mechanical and flammability properties, and these were investigated.

2. Materials and Method
2.1. Materials

PP resin was supplied by Titan Petcham Sdn. Bhd. (Pasir Gudang, Johor, Malaysia),
and maleic-anhydride grafted polypropylene (MAPP) was provided by Sigma Aldrich,
Darmstadt, Germany. All the chemicals, namely sodium hydroxide (NaOH), anthraquinone
(AQ), hydrogen peroxide (H,O;), sodium chlorite (NaClO,), acid acetic (CH3CO,H),
acetone and ethanol used for the pre-treatment process, were provided by Sigma Aldrich
(Darmstadt, Germany) and SYSTERM (Shah Alam, Selangor, Malaysia). In this study, for
hybridization purposes, two types of fiber sizes were used, namely kenaf core and Kenaf
NCC. Kenaf core was supplied in powder form by the National Kenaf and Tobacco Board
(LKTN), Kelantan, Malaysia. NCC extracted from the kenaf core was obtained from the
Malaysian Palm Oil Board (MPOB), Kajang Selangor, Malaysia.

2.2. Pulping of Kenaf

200 g of kenaf core chips with a size of 2-3 cm long were placed in a twin digester with
0.1% anthraquinone (AQ) and 20% sodium hydroxide (NaOH). The ratio of the kenaf core
chips cooking liquid was set to 1:10, to make sure the fibers were completely soaked during
the cooking process. The cooking process was carried out at a temperature of 170 °C for
90 min.

NaOH—AQ pulping was chosen for this method to reduce the rate of degradation and
cause less damage to the cellulose chain. The AQ addition helps to impart a stabilization
effect on the cellulose macromolecules, and is able to block the active group of cellulose
and decrease the rate of oxidation [51].

2.3. Bleaching

The kenaf pulp was later purified through three-stage bleaching. Table 1 shows
the bleaching conditions employed in the study. Two types of pulp were prepared: (1)
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Unbleached pulps, denoted as UB; and (2) pulps that were subjected to all bleaching stages
(D1, followed by Ep, then D;) and indicated as B2.

Table 1. Bleaching condition for bleached kenaf core pulp.

Bleaching Stage Chemical Charge Reac(trl:irr\l;l" me Temf)oecr;lture Cons(,lll/i;ency
2% Sodium Chlorite
Dy 3% Acetic Acid 120 70 10
Ep 1.5% NaOH 1% H,0, 90 70 10
1.5% Sodium Chlorite
D, 3% Acetic Acid %0 60 10

2.4. Isolation of Unbleached and Bleached Nanocellulose

The unbleached and bleached pulps were proceeded with acid hydrolysis using 64%
of sulfuric acid (H»SOy4) for 60 min at 45 °C. Later, both unbleached and bleached pulps
were rinsed using multiple centrifugations until the solution became a cloudy suspension.
The process was continued with dialysis using cellulose membrane until the pH changed
from acidic to neutral. The suspensions were then sonicated for 30 min before they were
freeze-dried. The kenaf core NCC powder was kept in a cool and dry place for further
experiments. The unbleached and bleached NCC were denoted as NCC-UB and NCC-B,
respectively. Table 2 shows the acid hydrolysis conditions employed in the study, whilst
the schematic diagram of unbleached and bleached NCC was depicted in Figure 1.

Table 2. Acid hydrolysis conditions employed for the production of nanocrystalline cellulose (NCC)

from kenaf core.

Sample Acid Concentration (%)  Reaction Time (min) Temperature (°C)
NCC-UB 64% HySO4 60 45
NCC-B 64% HySO4 60 45

UNBLEACHED PULP (UB)

KENAF CORE . o -
PULPING PROCESS - ’ .
1:10, 170°C, 90MIN i -
= ACID HYDROLYSIS MULTIPLE CENTRIFUGATION
s i 64% H,504, 45°C 60 min UNTIL BECOME CLOUDY
SUSPENSION
BLEACHED PULP (B)
FREEZE DRY -

LA

e

SONICATION Wy

¥ o]

NCC-B DIALYSIS UNTIL pH7

em=!

Figure 1. The schematic diagram of unbleached and bleached NCC isolation.
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2.5. Fabrication of Kenaf Core Nanocellulose Hybrid Composites

Kenaf core nanocellulose hybrid composites were fabricated by incorporating two
types of filler, namely NCC-UB and NCC-B. Those two fillers were incorporated within
PP as the matrix and kenaf core as main reinforcement and MAPP as a coupling agent,
which were set to constant value of 40 wt. % and 1 wt. %, respectively. All these materials
were prepared via a melt mixing compounding process. The nanocomposites were mixed
using HAAKE Polydrive R600 (Massachusetts, United States), Germany internal mixer
at constant temperature and speed of 180 °C and 50 rpm, respectively. The compounded
samples were then crushed into small pieces using a crusher. The samples were then
pressed into the specific mold of 200 mm x 200 mm x 3 mm using a VECHNO VATION
(Indiana, United Sates), a 40-tonne hot press machine, at 180 °C for 8 min (3 min for melting
to take place and 5 min for curing). The compositions of each nanocomposite are listed in
Table 3.

Table 3. The composition and denotation of the kenaf core nanocomposites.

Sample NCC Matrix Kenaf Core MAPP
p wt % wt % wt % wt %
PP/ONCC 0 59 40 1
PP/NCC-UB 1 58 40 1
PP/NCC-B 1 58 40 1

2.6. Characterization of Kenaf Core Nanocellulose
2.6.1. Lignin Composition of Bleached and Unbleached Kenaf Core

The insoluble lignin in kenaf core pulps was evaluated according to TAPPI T222
om-02, whilst the kappa number was determined according to TAPPI 236 om-99 standard.

2.6.2. Morphological Analysis

The images of nanocrystalline cellulose from kenaf core were observed via TEM
machine brand JEOL JEM-2100, Tokyo, Japan. The TEM machine utilized an energetic
electron to provide morphologic, compositional and crystallographic information on the
sample at a maximum potential magnification of 1 nm. To have an enhancement in contrast,
especially for an ultra-thin sample like NCC, the samples were prepared via a post-staining
technique using uranyl acetate.

2.7. Characterization of Kenaf Core Nanocellulose Hybrid Composites
2.7.1. Thermogravimetric Analysis (TGA)

The thermal composition and thermal stability of the NCC at different lignin content
were done using a TGA /SDTA 851 brand Mettler Toledo (Ohio, United States) thermo-
gravimetric analyzer. The tested temperature range was from 50-700 °C, with a heating
rate of 10 °C/min under nitrogen atmosphere.

2.7.2. Differential Scanning Calorimetry (DSC)

The DSC test was performed using Perkin Elmer Instrument (Massachusetts, United
States). The temperature range was from 50-300 °C with a heating rate of 10 °C/min. The
fractional crystallinity was calculated according to Equation (1)

X, = (AHf)/(AHfo W) x 100 1)

where AHf is the heat of fusion of the sample, AHfo is the heat of fusion of 100% crystalline
PP =207]/g, and W is the mass fraction of PP in the composites.

2.7.3. Dynamic Mechanical Analysis (DMA)

The DMA test was carried out using Perkin Elmer DMA (Massachusetts, United
States) with a temperature range of —50 to 150 °C. The heating rate was set to10 °C/min,
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and the frequency was 1 Hz. In this test, the ASTM D7028 standard was followed, and the
dimension of the sample was 3 mm X 127 mm x 63 mm.

2.7.4. Flammability Testing

The flammability test was carried out according to UL94 Horizontal Burning testing
using ASTM 635 standard to determine the tendency of the sample to extinguish or spread
the flame once the sample was ignited. Sample with 3 mm x 127 mm X 63 mm dimension
was subjected to flame tilted at 45° for 30 s, or until it reached the first mark. The sample
was left to be burned after the removal of the flame up to the second mark. The burning
time between the first and second mark was recorded, and the burning rate was calculated
according to Equation (2)

Horizontal Burning Rate (mm/sec) = 60 L/t 2)

where L = length of the sample burnt within the 75 mm range of the sample, while t = time
taken in seconds for the sample to burn within a 75 mm range of the sample.

3. Results and Discussion
3.1. Chemical and Morphological Properties of Unbleached and Bleached Kenaf Core NCC

The lignin content and kappa number of raw kenaf core, unbleached and bleached
kenaf core are listed in Table 4. As expected, the raw kenaf core showed the highest lignin
content, as the fiber was not subjected to any chemical treatment. The amount of lignin in
raw kenaf core was 33.7%, which was aligned with the findings reported by Hatakeyama
and Hatakeyama [52], who reported that the amount of lignin of woody materials varied
from 12% to 39%. The percentage of lignin was significantly decreased for unbleached
kenaf core. The decrement of lignin content might be attributed to the pulping process
done upon kenaf core pulp, in which a major amount of lignin, wax and oil covering the
fiber cell and hemicellulose were removed [22-24]. The amount of lignin for unbleached
kenaf core was further decreased to 0.3% after the completion of the bleaching process
(bleached kenaf core). The value of the kappa number was observed to correlate well with
the lignin content, where it decreased with decreasing lignin content.

Table 4. The lignin composition and the particle size of unbleached and bleached NCC.

Sample Lignin Content (%) Kappa No
Raw KC 33.7 36.7
Unbleached KC (UB) 11.5 322
Bleached KC (B) 0.3 2.0

The kenaf core pulps were then subjected to an acid hydrolysis process to yield two
types of NCC, and the images of both NCC were depicted in Figure 2. The TEM images of
the unbleached and bleached kenaf core NCC were obtained on a 200 nm scale. Generally,
both unbleached and bleached NCCs showed a needle-like or rod-like structure with a
diameter of ~37 nm and ~70 nm, respectively. According to Sharma et al. [30], Zainuddin
et al. [53] and Brinchi et al. [54], the diameter of NCC usually falls within the range of
5-70 nm. Both NCC-UB and NCC-B in this study fell within this range. In addition, the
length of the obtained NCC-UB was observed to appear averagely longer, in the vicinity of
400-600 nm, compared to that of NCC-B with the value of 200-300 nm. Different extent of
dispersion was observed from both Figure 2a,b, where unbleached NCC (NCC-UB) showed
lower dispersion, while bleached NCC (NCC-B) was seen to disperse evenly. The findings
could be attributed to the fact that most of the NCC-B had individual fibrils resulting from
the complete bleaching process. On the contrary, nanowhiskers in NCC-UB were still intact
due to the presence of lignin component, which resulted from the absence of the bleaching
process. High lignin content was known to hinder the defibrillation of the fiber, and thus
lead to the formation of nanocellulose bundles, as shown in Figure 2a [55].
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Figure 2. The TEM images of (a) unbleached NCC (NCC-UB) and (b) bleached kenaf core NCC (NCC-B).

3.2. Thermal Properties of Kenaf Core Hybrid Nanocomposites
3.2.1. Thermogravimetric Analysis (TGA)

The thermal degradation curves of kenaf core hybrid nanocomposites, with the ad-
dition of unbleached and bleached NCC, were depicted in Figure 3 and Table 5. The
degradation of the nanocomposites usually occurs in multiple stages, comprising the
evaporation of water at the first stage, followed by the decomposition of the nanocom-
posites [56]. The early thermal degradation stage in this study occurred at 100-111.2 °C,
which contributed to 5% of the total weight loss. This phenomenon corresponded to the
evaporation of water molecules [13,28-30]. It includes three types of water in fiber, namely
free water, loosely-bonded water and chemically-bonded water, which were lost due to
the overlapping of three different processes, as recorded by the thermogravimetric curve,
as shown in Figure 3a [57]. The second degradation of the nanocomposites was started
in the range of 198.9-200.1 °C. It was attributed to the degradation of the lignocellulosic
component, mainly hemicellulose in kenaf core, and some that remained in unbleached
NCC. Hemicellulose can be easily decomposed at a temperature between 220-315 °C due
to its random and amorphous structure, which were very easy to remove from the main
stem and degrade at low temperatures [58]. The final degradation that was initiated at
around 333.8-367.5 °C was contributed by the cellulose degradation in both kenaf core
and NCC. Unlike hemicellulose, cellulose comprises long polymer glucose, good structure
order and is very strong, and hence has high thermal stability.

Table 5. The thermal properties for kenaf core nanocomposites reinforced bleached and un-
bleached NCC.

PP/ONCC PP/NCC-UB PP/NCC-B

Onset 1st stage (°C) 102.3 111.2 101.4

Onset 2nd stage (°C) 199.2 200.1 198.9
2nd stage main

degradation 313.0 3111 311.1

temperature (°C)

Onset 3rd stage (°C) 348.0 367.5 333.8
3rd stage main

degradation 447.2 450.1 411.9

temperature (°C)
Residue (%) 9.04 10.23 3.49
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Figure 3. The (a) thermogravimetric analysis (TGA); and (b) DTG graphs for kenaf core nanocomposites reinforced bleached

and unbleached NCC.

Apart from the above findings, the types of NCC added in the kenaf core composites
did show variation in the thermal degradation curves. Generally, the degradation temper-
ature of the composites was shifted to a lower temperature once added with NCC. This
can be related to the unstable sulfate groups that existed from the extracted nanocellulose
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after the sulfuric acid hydrolysis process [59]. According to Gan et al. [56], the presence of
the sulfated group on the nanocellulose outer surface was caused by the replacement of
the hydroxyl group with the sulfated group during the hydrolysis process. The sulfated
group acted as a catalyst in degrading the nanocellulose in facilitating the breakdown of
nanocellulose when the temperature reached 200 °C, thus lowering its thermal stability.
From the observation of TGA and DTG curves in Figure 3, PP/NCC-B showed a significant
impact with lower degradation temperature compared to PP/0NCC and PP/NCC-UB.
The DTG curve of PP/NCC-B showed that the main degradation of the nanocomposites
occurred at a lower temperature in the vicinity of 411.9 °C, whilst the degradation of
both PP/0NCC and PP/NCC-UB took place at a higher temperature, which was around
450.1 °C.

The above results can be attributed to the effect of the chemical composition of the
NCC. The NCC-B contained almost 99% cellulose. This might be due to the effect of
sulfation during the hydrolysis process. The higher the sulfation area, the more accessible
the cellulose to degradation that lowers the decomposition temperature [56]. On the
other hand, unbleached NCC (NCC-UB) contained almost 33% lignin, which assisted in
hindering the replacement of the hydroxyl group with sulfate groups, thus lowering the
sulfation effect. Furthermore, lignin can also protect the NCC from early decomposition,
as reported by Yang et al. [42]; lignin was the most difficult substance to decompose, as
it happened slowly under ambient temperature to 900 °C. The results suggested that the
remaining lignin in NCC-UB helped to neutralize the sulfation effect imparted from the
sulfate groups as a by-product of the acid hydrolysis process, thus sustaining the thermal
stability of the nanocomposites. This effect was also attributed to the higher remaining
residue of PP/NCC-UB (~16%), which was slightly higher than PP/0ONCC (~15%) up to
900 °C. The remaining residue of PP/NCC-B, however, was observed to be the lowest, at
around 5%, caused by the high degradation activities due to the sulfation effect.

3.2.2. Differential Scanning Calorimetry (DSC)

The DSC curves of the nanocomposites are presented in Figure 4, and information on
the DSC analysis was listed in Table 6. As observed from the graph in Figure 4, all samples
shared comparable values at the first endothermic peaks at around 165 °C. According to
Phiri, Khoathane and Sadiku [60], the melting peak of polymer PP occurred at around
160 °C, and was increased to 162 °C when added with 15 and 30% of natural fiber filler. The
PP/ONCC showed a slightly higher value at 165 °C, which might correspond to the higher
addition of kenaf core filler (40%), which increased the interaction between matrix and
filler, and led to a restriction in the polymer chain of the composites. The value was seen to
be comparable with nanocomposites added with unbleached NCC (PP/NCC-UB), while
the value was observed to slightly decrease when the composite was added with bleached
NCC (PP/NCC-B). A more noticeable effect on the type of NCC in the nanocomposites
on its thermal properties can be observed through the second peaks of the DSC curves.
PP /NCC-UB peaks occurred at a later temperature around 219 °C compared to PP/NCC-B,
which took place at 185 °C. These results were in good agreement with the above discussion,
where the effect of the sulfate group on the surface of NCC due to the post effect of acid
hydrolysis process decreased the nanocomposites” thermal stability, especially the one
added with NCC-B [35,56].
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Figure 4. The DSC graph of kenaf core nanocomposites reinforced bleached and unbleached NCC.

Table 6. The important differential scanning calorimetry (DSC) values of kenaf core nanocomposites reinforced bleached

and unbleached NCC.
Sample Enthe(ljl/pg)r, AHy Crystallinity, X (%) 1st Endothermic Peak (°C)  2nd Endothermic Peak (°C)
PP/0ONCC 87.14 71.35 165.05 -
PP/NCC-UB 71.07 59.19 165.62 219.13
PP/NCC-B 61.67 51.36 163.93 185.77

Also included in Table 6 are the value of enthalpy of fusion, AHy and the value of
fractional crystallinity of the composites with and without NCC loading. Both values were
observed to decrease for samples with added NCC. It was suggested that the addition of
NCC impeded the movement of the molecular chain of the composites, thus reducing the
regular arrangement. The presence of NCC caused the molecular chain to be less likely
to diffuse into the crystal nucleus, and lowered the crystal growth rate that subsequently
decreased the crystallinity [61]. Instead of being the sufficient nucleating agent, the surface
of NCC was partially attached to the sulfate group as a by-product of the acid hydrolysis
process, and limited the nucleation of the PP matrix, which decreased the crystallinity of
the nanocomposites.

3.2.3. Dynamic Mechanical Analysis (DMA)

The thermomechanical properties of the kenaf core hybrid nanocomposites were
determined via DMA. The storage modulus or dynamic modulus is typically related to
Young’s Modulus, which is also associated with the stiffness of a material. Generally,
from the storage modulus E’ value of the nanocomposites shown in Figure 5, one can see
that the curves for all samples were broader at the low temperature, and decreased as
the temperature increased. This occurrence represented the orientation of the component,
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where it was tightly packed at the frozen state, and became loose and increased in mobility
as the temperature was increased [62].

— PP/ONCC
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-50 -25 0 25 50 75 100 125 150
Temperature (°C)

Figure 5. The storage modulus of kenaf core nanocomposites reinforced bleached and unbleached NCC.

The high storage modulus of PP/0NCC was attributed to the high stiffness or tough-
ness properties of PP/ONCC, which imparted from the addition of 1 wt.% of the MAPP
coupling agent, which helped enhance the compatibility and surface adhesion between the
polymer matrix and fiber filler component of the sample [35,37]. Meanwhile, the addition
of NCC-UB in the nanocomposites did not significantly impact the storage modulus prop-
erties. On the other hand, the addition of NCC-B markedly decreased the intensity of the
modulus, especially at temperatures lower than 100 °C.

The occurrence might be associated with poor NCC dispersion and agglomeration in
the polymer, and with the addition of 1 wt.% of the MAPP coupling, this was insufficient
to help to improve the bonding properties. According to Gan et al. [56], low nanocellulose
loading did not show any changes to the dynamic mechanical properties of nanocom-
posites. Therefore, higher loadings are needed to improve the properties. However, the
storage modulus of nanocomposites added with NCC-B was the lowest compared to that
PP/NCC-UB. This was caused by the agglomeration of high crystalline NCC-B that im-
parted brittleness properties, thus lowering the storage modulus. This occurrence was
supported by the images of the fracture surface on the flexural tested sample for both
PP/NCC-UB and PP/NCC-B in Figure 6. The morphological properties of PP/NCC-UB
showed a very clear surface, with no sign of cracks otherwise. The formation of cracks
can be attributed to the high brittleness explained by the low storage modulus value of
the sample.
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Figure 6. The morphology properties of the flexural fracture surface of: (a) PP/NCC-UB; and (b) PP/NCC-B.
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The loss modulus is known as the viscous response of material over temperature, and
the results are depicted in Figure 7. The loss modulus of PP/0ONCC showed the highest
value, indicating higher viscosity due to superior molecular bonding between the PP matrix
and kenaf core filler, with the help of 1 wt.% of MAPP, which increased the stiffness and
imposed restriction of molecular movement [38,39]. The addition of NCC was supposed
to improve the rigidity of the nanocomposites and enhance the strength; however, the
addition of NCC-UB and NCC-B showed the opposite results. These results might be
attributed to the NCCs’ agglomeration, and increased the mobility of the molecules in the
nanocomposites component. The addition of NCC-UB in the PP/NCC-UB nanocomposites,
on the other hand, showed a better loss of modulus value compared to PP/NCC-B. This
observation might be associated with the residual lignin on the surface of the NCC-UB that
helped to give a compatibilizing effect and impart better adhesion between the NCC and
PP matrix. This finding was in line with Rozman et al. [63], who stated that lignin contains
both polar hydroxyl group and non-polar hydrocarbon and benzene rings, which play a
vital role in enhancing the compatibility between the NCC and PP matrix.

1=——PPI/ONCC \
1— — PPINCC-UB \
PP/NCC-B \
I ! I ! I T I T I T I T I f 1
50 25 0 25 50 75 100 125 150

Temperature (°C)

Figure 7. The loss modulus of kenaf core nanocomposites for reinforced bleached and unbleached NCC.
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The graphs also showed the appearance of two major peaks at around 10 °C and 80 °C.
The peak at 10 °C corresponded to the 3-transition, representing the glass rubber transition
attributed to molecular motion related to the unrestricted amorphous PP, which can be
affected by the degree of particle dispersion [64]. Sample PP/NCC-UB and PP/NCC-B
showed a lower loss modulus peak at 10 °C, compared to the PP/0ONCC sample, which
reflected its degree of particle dispersion in nanocomposites.

The tan delta (tan 6) of the kenaf core polymer nanocomposites were depicted in
Figure 8. Guo et al. [65] reported in their study that the tan 5 curve of PP represented three
relaxations located at around —80 °C (y), 10 °C () and 100 °C («). Most studies usually
focused on the finding on B-relaxation of PP, which corresponded to the glass rubber
transition of the amorphous portion and the temperature at the maximum peak assigned
to the glass transition temperature (Tg). In this study, all samples shared the same value of
Tg at 15 °C, which was higher than the Tg of PP, indicating that kenaf core fiber and NCC
addition helped to confine the movement of the macromolecular segment [66]. Meanwhile,
the second higher peak of tan  at 90 °C in Figure 8 corresponded to a-transition related to
PP crystalline fractions [13,41].

—PP/ONCC

1 —--ppiINcc-uB  a-relaxation = 90°C
. PP/NCC-B ;

-50 -25 0 25 50 75 100 125 150

Temperature (°C)

Figure 8. The tan delta graph of kenaf core nanocomposites for reinforced bleached and unbleached NCC.

Other than that, tan 6 also provides information on the damping properties of the
samples. As observed from Figure 8, all samples showed a comparable value of tan 9,
except after the a-relaxation temperature. The tan § values of PP/NCC-B showed a marked
decrement after 90 °C; an indication of low damping value reflecting the agglomeration
effect of NCC-B in the nanocomposites and imparting high stiffness, as well as restricting
the chain mobility [67].

3.3. Flammability Properties of Kenaf Core Hybrid Nanocomposites

The flammability test of the kenaf core hybrid nanocomposites was carried out via the
UL94 horizontal burning test (UL94-HB). The burning rate of the samples was depicted
in Figure 9, where the low burning rate indicated better flame retardancy properties. The
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mixed trend of the burning rate was observed for all samples. Despite different burning rates
recorded, all samples were observed to be accompanied by a flame or glow, and formed drip
of samples as they burned, as shown in Figure 10 for PP/0NCC (Figure 10a), unbleached
NCC (NCC-UB) (Figure 10b) and bleached kenaf core NCC (NCC-B) (Figure 10c) after a
flammability test.

36 -

32 -
- }
24 ] ][
jz i \ﬁ

12

Burning Rate (mm/sec)

0 T T T T I
PP/ONCC PP/NCC-UB PP/NCC-B3
Composites

Figure 9. The burning rate of kenaf core nanocomposites for reinforced bleached and un-
bleached NCC.

From the graph in Figure 9, the burning rate was observed to drop from 20.90 +
2.14 mm/sec to 15.95 £+ 1.04 mm/sec when kenaf core composites (PP/ONCC) were
added to unbleached NCC (PP/NCC-UB). In contrast, the sample with bleached NCC
(PP/NCC-B) was seen to have the highest burning rate, with a value of 28.79 + 2.40
mm/sec, indicating lower flame retardancy. The burning properties of the composites with
the addition of natural fibers can be affected by the amount of cellulosic materials added in
the systems. Natural fibers are expected to act as combustion sources in composites. How-
ever, with the presence of coupling agent that helps to increase the bonding and promote
a more uniform and homogenous blend of fibers in the polymer matrix, restricting the
flow-ability of PP and reducing the dripping effect of the composites, fire retardancy of the
samples could be improved [42,43]. According to Subasinghe, Das and Bhattacharyya [68],
kenaf composites formed a more stable layer of char in a fully burnt state. Good distribu-
tion of kenaf fibers helped to create a barrier between burnt and unburnt materials and
inhibited the fire growth, as well as reducing volatiles and oxygen content present in the
fire boundary.

The burning rate was decreased once added with unbleached NCC (NCC-UB), and
the reduction was attributed to the residual lignin that existed on NCC surface. The
NCC-UB contained 11.5% of lignin content with a kappa number of 32.2; more than 90%
higher than that of bleached NCC (NCC-B). Although the amount of lignin for the whole
nanocomposites system was considered to be very small, the high surface area possessed
by NCC helped to impart the effect of lignin to the nanocomposites. Lignin was known to
have an aromatic chemical structure that forms char after the decomposition [19,44]. The
formation of char is crucial in gauging the flammability properties [69]. The formation of
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the char layer can help to improve flame retardancy by protecting the underlying substrate
for further decomposition and slowing down the burning rate.

PP/ONCC

PP/NCC-UB

PP/NCC-B .

(©)
Figure 10. The images of (a) PP/ONCC, (b) PP/NCC-UB and (c) PP/NCC-B.

On the contrary, the burning rate of the PP/NCC-B was observed to have the highest
value compared to PP/ONCC and PP/NCC-UB. The failure related to the homogeneity
of the filler in the polymer matrix and the existence of sulphate by-products grafted on
the NCC surface might explain the unsatisfactory properties. The difference in the surface
energy of nanocellulose, together with their intrinsic tendency to agglomeration, led to
poor interfacial adhesion and inhomogeneous dispersion of nanocellulose, thus reducing
its properties [58]. It is suggested that only 1 wt.% of MAPP in the system was incapable of
improving the bonding between NCC-B and polymer matrixes. Meanwhile, the presence
of the sulfate group affected NCC-B more severely compared to NCC-UB, which might
be due to the existence of lignin. The sulfate group might act as a catalyst to reduce its
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thermal stability, and also be responsible for decreasing its resistance to early ignition, thus
increasing the burning rate properties [27,45].

4. Conclusions

Kenaf core hybrid polymer nanocomposites were prepared with the addition of
bleached and unbleached NCC. The content of lignin of each NCC was analyzed during its
production, and the unbleached NCC (NCC-UB) showed higher lignin content, which was
more than 90% than that of bleached NCC (NCC-B). The thermal stability of the kenaf core
hybrid nanocomposites was generally affected by the sulfation of NCC and the amount of
lignin content in NCC. The results showed that the residual lignin, particularly in NCC-UB
(11.5% lignin content), helped to overcome the replacement of the hydroxyl group with
the sulfate group that hindered the early degradation and shifted the main degradation
temperature to a higher temperature, from 411.9 °C to 450.1 °C. Meanwhile, the thermo-
mechanical properties of nanocomposites showed no significant improvement after the
addition of both NCC. However, PP/NCC-UB showed slightly better thermo-mechanical
properties compared to PP/NCC-B, which was attributed to the effect of lignin that can act
as a compatibilizing agent to improve the bonding between matrix and NCC. The existence
of lignin in NCC-UB helps to improve the flammability properties of the nanocomposites.
The flammability rate behavior of NCC-UB hybrid nanocomposites decreased by 28.79 m/s,
compared to NCC nanocomposites, which was 15.95 m/s. The remaining lignin on the
surface of NCC-UB helped to produce the char layer, and slowed down the burning process.
Therefore, in conclusion, the residual lignin presence on the surface of NCC-UB did help to
impart good thermal and flammability properties. Even though NCC-UB was also exposed
to the sulfation effect as a product of the acid hydrolysis process, lignin helped to overcome
the effect by preventing the sulfated group replacement on the surface of NCC. Lignin also
assisted to provide a compatibilizing effect by slightly improving the bonding between
the NCC-UB and polymer matrix, which aided to retain the thermo-mechanical properties
close to the control sample.
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