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Bio-nanocomposites Based on Compatibilized
Poly(Lactic Acid) Blend-reinforced Agave Cellulose
Nanocrystals
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Enhancing the mechanical, thermal, and degradation properties of a
poly(lactic acid) (PLA) blend without deteriorating its other useful features
was the goal of this work. The isolation of cellulose nanocrystals (CNCs)
from Agave angustifolia fibers was carried out, and the properties of the
bio-nanocomposites comprising these CNCs were evaluated, which
included PLA, natural rubber (NR), and liquid NR (LNR). Transmission
electron microscopy and zeta potential analysis confirmed the successful
isolation of CNCs from agave fibers after several chemical treatment
steps. The effects of different CNC loadings on the properties of the bio-
nanocomposites were investigated using tensile tests, thermal analysis,
morphological analysis, and water absorption tests. Bio-nanocomposites
containing 5 wt% and 7.5 wt% CNC had the optimal tensile modulus and
strength, respectively. Different levels of CNC did not noticeably affect the
thermal stability of the bio-nanocomposites, although the thermogram
curves increased slightly as CNC content increased. The addition of CNC
at different loadings affects the crystallization rate of PLA blend. The water
absorption capacity increased as CNC level increased, and 5 wt% CNC
gave rise to the highest water absorption. The four-component bio-
nanocomposites created in this study provided an alternative for producing
new green materials with tunable physical, mechanical, and thermal
properties.
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INTRODUCTION

The use of synthetic plastic products in daily life has resulted in enormous plastic
waste and unacceptable environmental contamination. Because of this important issue, the
use of biodegradable polymers or renewable polymers that are environmentally friendly is
being extensively explored. Poly(lactic acid) (PLA) is one such bio-based plastic that has
received a lot of attention due to its excellent mechanical properties that are comparable to
synthetic plastics, such as polyethylene terephthalate. For example, blending of PLA with
natural rubber (NR) has been studied extensively (Jaratrotkamjorn et al. 2012; Bijarimi et
al. 2013; Si et al. 2018). The addition of NR improves the toughness, thermal stability,
biodegradability, and nucleation properties of PLA, and it preserves its green properties
(Bitinis et al. 2011; Jaratrotkamjorn et al. 2012). However, the PLA/NR blend requires a
compatibilizer to enhance the tensile properties and adhesion of the blend (Ock et al. 2016;
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Pongsathit and Pattamaprom 2018). Liquid NR (LNR) is one such compatibilizer that
successfully increases the tensile and other properties of this blend, and it maintains its
green features (Rosli et al. 2016). LNR has the same microstructure as NR, except it has
the additional reactive groups of —OH, -OOH, and C=0 at the end of its chains (Abdullah
1994; Rosli et al. 2016). LNR can sufficiently cause stress transfer in the composites due
to its spherical domains, thus preventing the failure of the material (Mathew et al. 2010).

The potential of the PLA/NR-compatibilized LNR blend can be further exploited
by introducing new natural reinforcing materials. Cellulose has been used as a
reinforcement material in PLA and NR for decades to reduce the cost of the end materials,
reduce density, and improve biodegradability as well as a viable route to extend its
application while maintaining the “greenness” (Bras et al. 2010; Frone et al. 2011; Visakh
et al. 2012). Cellulose is a semi-crystalline polymer comprised of D-glucopyranosyl
repeating units that are linked together by hydrogen bonds to form a fibril. Previously,
cellulose isolated from the Agave angustifolia plant (Fig. 1) has been used as a
reinforcement material for PLA/NR compatibilized LNR blends (Rosli et al. 2019a).
Agave cellulose successfully improves the tensile strength, tensile modulus, thermal
stability, and degradability of PLA/NR/LNR biocomposites. Therefore, attempts have been
made to further increase the utility of agave cellulose as a reinforcing material using
chemical treatments.

Fig. 1. Agave angustifolia plants

Agave angustifolia fibers mainly consist of cellulose with a 67% a-cellulose content
(Rosli et al. 2013), making it a suitable cellulose source. The utility of agave cellulose can
be improved by chemical or mechanical treatments that cause its disintegration to produce
nano-sized cellulose particles, which are also referred to as nanofibrillated cellulose (NFC)
or cellulose nanocrystals (CNCs) (Trache et al. 2017; Collazo-Bigliardi et al. 2018). It is
expected that nanocomposites with CNC reinforcement will exhibit enhanced mechanical
strength and biodegradability and reduce the final product weight. A cellulose nanocrystal
is an individual crystal that possesses high strength, high crystallinity, a large surface area,
and a high aspect ratio. Due to these excellent features, superior interaction can be achieved
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between agave CNC and PLA/NR/LNR blended matrices, which enhances the properties
of the nanocomposites (Thomas et al. 2015; Indarti et al. 2016).

A previous study by Bitinis et al. (2013) reported the use of CNC extracted from
commercial microcrystalline cellulose in a PLA/NR blend. However, the study only
examined the use of 3 wt% CNC in PLA/NR nanocomposites, and the effect of LNR as a
compatibilizer in PLA/NR reinforced with CNC nanocomposite was not explored. This
study aimed to investigate the use of CNC isolated from Agave angustifolia in the
fabrication of PLA/NR-compatibilized LNR-based nanocomposites. Various agave CNC
contents were incorporated into the PLA blend, and the mechanical, thermal, and water
absorption features of the resulting bio-nanocomposites were assessed.

EXPERIMENTAL

Materials

Poly(lactic acid) grade 2003D and NR grade SMR-L were purchased from
NatureWorks (Minnetonka, Minnesota, USA) and the Malaysian Rubber Board (Petaling
Jaya, Malaysia), respectively. The chemical reagents used for the preparation of LNR, such
as toluene, rose Bengal, and methylene blue were purchased from Sigma-Aldrich (St.
Louis, Missouri, USA), and methanol was purchased from Classic Chemicals Sdn. Bhd.
(Shah Alam, Malaysia). Agave angustifolia leaves were collected from Selangor, Malaysia.
Materials used in the extraction of CNCs, such as sodium chlorite (NaClOz) and glacial
acetic acid (99%), were purchased from Sigma-Aldrich (St. Louis, Missouri, USA),
sulfuric acid (H2SOs4, 98%) was purchased from Univar Solutions (Downers Grove,
Illinois, USA), and sodium hydroxide (NaOH) was purchased from Classic Chemicals Sdn.
Bhd. (Shah Alam, Malaysia).

Synthesis of LNRs

The preparation of LNRs has been previously described (Abdullah 1994; Rosli et
al. 2016). Natural rubber was swelled in toluene for 24 h. After it had expanded entirely, it
was mechanically stirred at 80 °C. The process was conducted under visible light and was
deemed complete after the dye was completely invisible in the irradiation medium. After
irradiation in toluene medium was complete, the NR became LNR viscous liquid. To obtain
LNR in liquid form, the gel portion of LNR was separated through centrifugation at 5,000
rpm for 5 min.

Isolation of CNCs

The CNCs were isolated from the agave fibers as previously described (Sheltami et
al. 2012). The long fibers were retted in water for 4 d until the green color turned white.
Following this, the fibers were cut into pieces 5 cm long, ground with a grinder, and sieved
at a range from 250 pum to 500 um. The fibers were then treated with alkali by incubating
them for 2 h at 80 °C to 100 °C in 4% NaOH. Then, they were bleached for 4 h with 1.7
w/v% NaClO:2 at 80 °C to 100°C. The alkali and bleaching treatments were repeated twice,
and after each treatment, the fibers were washed with distilled water. Subsequently, the
bleached agave fibers were subjected to acid hydrolysis by stirring them for 30 min at 45
°C in 60 wt% H2SOa4. The hydrolysis reaction was stopped by the addition of ice cubes to
the hydrolyzed cellulose. Next, the hydrolyzed cellulose was washed several times, and it
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was then centrifuged at 10,000 rpm for 5 min after each washing cycle. Finally, the
hydrolyzed CNCs were dialyzed against distilled water until they reached a neutral pH.

Preparation of Bio-nanocomposites

Cellulose nanocrystals were obtained from toluene solvent with the solvent
exchange technique. Toluene was mixed with the CNC suspension in a centrifuge tube,
and the CNCs were pelleted by centrifugation at 5,000 rpm for 5 min. This process was
repeated three times, after which all of the water had been removed from the tubes. The
CNCs in toluene were prepared at a variety of concentrations (2.5 wt%, 5 wt%, 7.5 wt%,
and 10 wt%), mixed with LNR, and briefly sonicated. Melt compounding of the
nanocomposites was conducted at 175 °C using a Haake Rheocord internal mixer (Thermo
Fisher Scientific, Waltham, MA, USA). First, the premixed CNCs in LNR were allowed
to stand in the mixer for 2 min, after which the NR was added, and the rotor was rotated at
60 rpm. Finally, the PLA was added and further mixed for 5 min. Lastly, the nanocomposite
was pelletized, dried, and molded using a LABTECH LP 50 (Labtech Engineering
Company Ltd., Samutprakarn, Thailand) hydraulic press. The pelletized sample was
initially hot compressed for 10 min at 175 °C and then immediately cold compressed for
15 min.

Characterization

A Philips CM12 (Hillsboro, OR, USA) transmission electron microscope (TEM)
was used to determine the dimensions and morphology of the agave CNCs. The suspension
of CNCs was diluted and dropped onto the surface of a copper grid covered with a thin
carbon film. The surface of the copper grid was stained with 2 wt% uranyl acetate after the
excess water on the copper grid surface was removed using filter paper. The stained copper
grid was air-dried, and the sample was observed using an accelerating voltage of 80 kV.

A Litesizer 500 device was used to investigate the zeta potential of CNC in neutral
water. Calculation based on the electrophoretic mobility of the suspension was used, where
it was converted to zeta potential.

The glass transition temperature (Tg), crystallization temperature (Tc), and melting
temperature (Tm) of the bio-nanocomposites were determined by differential scanning
calorimetry (DSC) analysis using the Mettler Toledo DSC 882e. Samples were weighed
and heated at room temperature to 200 °C at a heating rate of 10 °Cmin with a nitrogen
gas flow rate of 10 mLmin™.

Thermogravimetric analysis (TGA) was conducted on the CNC and the bio-
nanocomposite samples. The homogenized CNC suspension was frozen in a freezer and
then freeze-dried to produce a solid CNC form. The CNC in solid form and the bio-
nanocomposites were weighed and subjected to TGA analysis using a Mettler Toledo
(Columbus, OH, USA) thermogravimetric analyzer (TGA/SDTA851e). All the samples
were placed in an aluminum pan and tested from room temperature up to 600 °C. The
analysis was done under a nitrogen gas environment with a heating rate of 10 °C min™.

The tensile test for the PLA/NR/LNR/CNC nanocomposites was performed at 16
°C. The PLA/NR/LNR/CNC bio-nanocomposites were first cut to have dimensions of 70
mm x 15 mm x 3 mm in length, width, and thickness, respectively. A universal testing
machine model 5566 (Instron, Norwood, MA, USA) was used to perform the tensile test
at standard test parameters: a gauge length of 40 mm, a cross-head speed of 10 mm/min,
and a load cell of 10 kN. The tensile property values were reported as the average of five
tested samples.

Rosli et al. (2021). “Bio-nanocomposite PLA & CNC,” BioResources 16(3), 5538-5555. 5541



PEER-REVIEWED ARTICLE b | oresources.com

The bio-nanocomposite and blend samples were cryogenically fractured using
liquid nitrogen. Then, the sample was dried in an oven and coated with platinum to prevent
charge accumulation on the sample surface. The morphology of the sample’s fractured
surface was viewed using field emission scanning electron microscopy (FESEM) model
Zeiss Supra 55VP at accelerating voltage of 3 kV and magnification of 1000 x.

The ability of the PLA/NR/LNR/CNC bio-nanocomposites to absorb water was
investigated following the ASTM D570 (1998) standard method (Rosli et al. 2019a). The
dried samples were weighed and immersed in distilled water at 24 °C. The sample was
patted dry and weighed at 1-day intervals. The ability of the PLA/NR/LNR/CNC
nanocomposites to absorb water was expressed as shown in Eq. 1,

% of Water absorption = (Wo — Wo) / Wo x 100 Q)

where wi and wo are the wet and dry weights of the sample (5 units), respectively. Cellulose
nanocrystals in toluene solvent were obtained through the solvent exchange technique.
Toluene was mixed with the CNC suspension in a centrifuge tube, and the CNCs were
pelleted by centrifugation at 5,000 rpm for 5 min. This process was done a total of 3 cycles.

RESULTS AND DISCUSSION

CNC Characterization

Typically, H2SO4 treatment is used to produce CNCs from cellulose (bleached
fibers). The amorphous domain of cellulose can be removed by cleaving the microfibrils
under the appropriate acid hydrolysis conditions. The cleaving of the cellulose microfibrils
also keeps the crystalline domains intact. Furthermore, it helps to disintegrate and
defibrillate the cellulose microfibrils. As a result, CNCs with nanometer dimensions and
high stability in water were produced (Fig. 2). The stable aqueous suspension obtained was
mainly due to the charged surface of the crystalline domain gained through the H2SO4
treatment. The charges between the CNC nanoparticles then induce electrostatic repulsion
forces resulting in a stable CNC suspension (Samir et al. 2004; Zainuddin et al. 2017). The
yield of cellulose extracted by this method is 97%. Alkali and bleaching treatments
significantly yield a higher amount of cellulose, since the treatment successfully eliminated
most hemicellulose and lignin content (Rosli et al. 2013). Other methods such as
organosolv and soda methods used to extract cellulose from Agave tequilana yields 67%
and 56 % cellulose, respectively (Hernandez et al. 2018).

Figure 2b confirms the success of the H2SO4 treatment of agave cellulose, as it is
shown to have been separated to form individual nanoparticles. The lengths (1), widths (d),
and aspect ratios (I/d) of 50 individual CNC particles are shown in Table 1. The length of
the agave CNCs ranged from 100 nm to 400 nm, with an average value of approximately
200 nm. Table 1 shows that the diameter and the aspect ratio of agave CNCs ranged from
10 nm to 25 nm and 10 to 15, respectively. Similar values were reported by Johar et al.
(2012) using CNCs isolated from rice husk fibers. A detailed morphology and properties
of fibers after different stages of preparation have been reported previously (Rosli et al.
2013). Upon each treatment, the diameter of the fibers reduced significantly, as well as the
surface of the fibers become smoother. As for crystalline properties, CNCs show 82.4% of
crystallinity index after hydrolysis treatments (Rosli et al. 2013).
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Fig. 2. (a) Photograph of the agave CNC suspension and (b) TEM micrograph of agave CNCs

Table 1. Properties of Agave angustifolia CNC

Diameter Aspect ratio Length (nm)  Zeta potential (mV)
Properties of CNC (nm) (I/d)
10to 25 10t0 15 100 to 400 -334

The electrokinetic character governing the stability of a CNC dispersion in an
aqueous medium was studied using zeta potential measurements. The CNC suspension in
neutral water showed a negative value of zeta potential at -33.4 mV, as shown in Fig. 3.
The negative value is due to the presence of a large number of negatively charged sulfate
groups on the surface of CNC and the increase in the surface charge of the particles
(Kargarzadeh et al. 2012). These effects are the main reasons for the high dispersion
stability in CNCs obtained from the H2SOa4 hydrolysis method.
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Fig. 3. Zeta potential distribution of agave CNC
The thermogravimetric analysis determined the suitability of the agave CNCs for

use in high-temperature applications. Figure 4 shows the thermal stability properties of the
agave CNCs over a temperature range of 35 to 600 °C. The TG curves showed a three-
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stage degradation process for the agave CNC, and the first step was related to the
evaporation of moisture absorbed by the CNCs. The weight loss measured at 165 to 285
°C in the second stage was associated with the decomposition of sulfated regions. The
amorphous part of the sulfated group made it highly accessible, which resulted in
tremendous weight loss at low temperatures.
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Fig. 4. The TGA and derivative thermogravimetric (DTG) thermograms of agave CNCs

The last degradation step occurred at 300 to 460 °C and was attributed to the
decomposition of unsulfated crystals (De Morais Teixeira et al. 2011). Previously, it has
been reported that agave cellulose starts to degrade at 260 to 398 °C (Rosli et al. 2013).
Many factors can affect the low stability of agave CNCs, such as the presence of sulfate
groups and the dimensions of the CNCs. The presence of sulfate groups causes a
dehydration reaction to occur, and the negative charge on the outer surface of the CNCs
directly reduces the thermal stability of the CNCs (Roman and Winter 2004; Fahma et al.
2010; Kassab et al. 2019). Concerning dimensions, the small nano-scale and crystallite size
caused a reduction in thermal stability by increasing the aspect ratio and surface area of the
CNCs. The high surface areas increased heat exposure and partially disrupted the crystal
structure of cellulose (Liu et al. 2016). Furthermore, the presence of sulfate groups resulted
in high residue content (> 20 wt%) for agave CNCs at 600 °C, at which temperature the
sulfate acts as a flame retardant and causes char formation (Roman and Winter 2004).

Tensile Properties of the Bio-nanocomposites

The evaluation of the tensile strength as a function of CNC loading and stress-strain
curves of PLA/NR/LNR bio-nanocomposites are shown in Figs. 5 and 6, respectively. As
indicated, the addition of 2.5 wt% CNCs caused a slight decrease in the tensile strength,
whereas the addition of 7.5 wt% CNCs increased the tensile strength of the nanocomposite.
However, the tensile strength decreased beyond the optimum loading. At low CNC loading
(2.5 wt%), the CNC insufficiently reinforced the PLA/NR/LNR blend due to a high-stress
concentration. This causes a phenomenon called the dilution effect, in which bond
breakage occurs between the CNC and the PLA/NR/LNR blend (De and White 1996; Rosli
et al. 2016). Kargarzadeh et al. (2015) reported a similar phenomenon with the addition of
a low kenaf CNC content in the polyester/liquid epoxidized NR blend. In addition, this
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phenomenon was also observed in cellulose reinforced NR, PLA, and PLA/NR/LNR
biocomposites (Ismail et al. 2003; Shah et al. 2008; Rosli et al. 2016). Interestingly, agave
CNCs showed a good ability to maintain the tensile strength of the PLA/NR/LNR blend at
low fiber contents compared with previous studies using agave cellulose (Rosli et al. 2016).
A slight decrement of about 1.2% was noticed with the incorporation of 2.5 wt% agave
CNC, and the tensile strength was remarkably reduced up to 12.5% with the addition of
2.5 wt% agave cellulose.

The improvement of the agave CNC reinforced PLA/NR/LNRs up to 4 and 11% at
loadings of 5 wt% and 7.5 wt% CNC was attributed to the high aspect ratios and surface
areas of the CNCs. A high surface area results in effective stress transfer between CNCs
and the PLA/NR/LNR blend, which increases the tensile strength (Fu et al. 2008). This led
to better reinforcement of CNCs in the PLA/NR/LNR blend. Another reason for the high
tensile strength was the good interfacial adhesion between the CNCs and the PLA/NR/LNR
blend due to a chemical interaction between the CNCs and the PLA and LNR matrix. The
study of Rosli et al. (2019a) has demonstrated the interaction between Agave angustifolia
cellulose with PLA and LNR. Owing to similar FTIR spectra of Agave angustifolia CNC
and cellulose, it can be concluded that similar interactions occur between CNC with PLA
and LNR. Chemical interactions occur between hydroxyl groups of cellulose with hydroxyl
and carbonyl groups of PLA. In addition, chemical interactions also occur between the
hydroxyl group of cellulose with the carbonyl group of LNR (Rosli et al. 2019a). To get a
clearer picture, Fig. 7 shows a schematic diagram of the interface between the components
in a bio-nanocomposite. An improvement in tensile strength following the incorporation of
CNCs into a starch matrix was reported by Kargarzadeh et al. (2017), who found that CNCs
had a good interaction with starch, and CNC networks formed within the nanocomposite
films.
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Fig. 5. Tensile strength of PLA/NR/LNR/CNC bio-nanocomposites

However, the tensile strength of the PLA/NR/LNR/CNC nanocomposite decreased
with the addition of CNCs beyond the optimum level. The three-dimensional network
formed by the intra- and intermolecular hydrogen bonds between CNCs may have also
negatively affected the tensile strength of the nanocomposite. The three-dimensional CNC
network may have caused the formation of CNC agglomerates in the system, which likely
resulted in the non-homogeneous dispersion of the CNCs. Furthermore, the decrease of
tensile strength at this loading was likely due to the aggregation of CNCs in the matrix
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phase. Because the aggregation and agglomeration of CNCs hindered the fiber dispersion,
the efficiency of stress transfer from the CNCs to PLA/NR/LNR blend also suffered, which
reduced the tensile strength.
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Fig. 6. Stress-strain curves of PLA/NR/LNR blend and bio-nanocomposites

The Young’s moduli of different PLA/NR/LNR/CNC nanocomposites are shown
in Fig. 5(b). A slightly similar trend to that of tensile strength was observed for Young’s
modulus, which decreased with the addition of 2.5 wt% CNCs, gradually increased up to
5 Wt% CNC, and then dropped at 7.5 wt% CNC loading. However, Young’s modulus value
recorded for the PLA/NR/LNR/7.5 wt% CNC bio-nanocomposite was still higher than that
of the PLA/NR/LNR blend alone. Again, the dilution effect of the matrix and the
aggregation and agglomeration of CNCs negatively impacted both tensile strength and
Young’s modulus. The increase in Young’s modulus was likely due to the highly
crystalline nature of the CNCs, which increased the stiffness of the nanocomposites. As
stiffness increases, the dissipation energy from the PLA/NR/LNR blend matrix also
decreases, which increases Young’s modulus (Tronc et al. 2007).
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One-way ANOVA analysis of tensile properties data of different CNC loading with
a significant level of 0.05 is shown in Table 2. The p-value below 0.05, indicated by all
three tensile properties, shows that the statistical difference between data was significant
with a 95% confidence level. In addition to the p-value, the high F value than F critical also
indicates that the effect of CNC addition on changes in tensile properties was significant
(Chen et al. 2019).

Table 2. One-way ANOVA Test on the Effect of CNC Loading on Tensile
Properties

Tensile properties p-value F-value F-critical
Tensile strength 0.011 10.865 5.192
Young modulus 0.006 14.499 5.192
Elongation at break 0.019 8.472 5.192

Morphological Properties

The morphology of the cryo-fractured surface of the PLA/NR/LNR blends and bio-
nanocomposites is shown in Fig. 8. The micrograph in Fig. 8(a) shows that the fractured
surface of the PLA/NR/LNR blend exhibited a smoother surface structure than other
micrographs. Phase separation of PLA/NR blend resulted in the loss of NR droplets on the
surface of the fractured matrix. The addition of CNC caused a change in the NR droplet
size, as shown in Fig. 8(b — d). Nevertheless, the distribution of NR droplets on the surface
of all bio-nanocomposites was almost the same as the blend.

Fig. 8. FESEM micrographs of the cryogenically fractured surface of (a) PLA/NR/LNR blend,
(b) PLA/NR/LNR/2.5CNC, (c) PLA/NR/LNR/7.5CNC, and (d) PLA/NR/LNR/10CNC
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The minimum size of NR droplets for all samples was the same at 0.2 pum. In
comparison, the maximum size of NR droplets on the blend increased from 4.7 umto 11.3,
8, and 8 um representing bio-nanocomposites with additions of 2.5, 7.5, and 10 wt%,
respectively. According to Bitinis et al. (2013), the affinity between CNC and PLA phase
is higher than NR due to the polarity of the CNC, which ultimately causes a change in the
NR droplet sizes. The dilution effect at the low CNC addition (2.5 wt%) also contributed
to the large NR droplet size in this bio-nanocomposite loading. The large NR droplet size
at this CNC loading (2.5 wt%) resulted in decreased tensile properties, as discussed in the
previous section. The morphological analysis also revealed the agglomeration of CNC that
occurred with the addition of 10 wt% of CNC, as circled in Fig. 8(d). Meanwhile, the
increase in tensile properties of bio-nanocomposite at 7.5 wt% CNC may have been due to
the good interface, as shown in Fig. 8(c). The micrograph of 7.5 wt% CNC bio-
nanocomposite showed a morphology similar to that of the PLA/NR/LNR blend, but with
the addition of a web-like structure on the surface of the fractured sample. This may refer
to the good interaction between CNC with PLA and LNR on this composition.

Thermal Properties of Bio-nanocomposites

Figure 9 shows the DSC curves for PLA/NR/LNR bio-nanocomposites with
detailed data mentioned in Table 3. It can be observed that the addition of CNC had a
significant effect on the Ty value of PLA in PLA/NR/LNR blends. Ty of PLA slightly
decreased with 2.5 wt% CNC and increased with the subsequent addition of CNC, with the
maximum value recorded by bio-nanocomposites at 5 wt% CNC. The Tg4 values showed a
similar trend to Young’s modulus described in the previous section. In addition, the
addition of CNC also had a significant effect on the Tc of PLA in PLA/NR/LNR blends.
The addition of CNC affected the Tc, where it decreased with 2.5 wt% CNC and was not
visible at the addition of 5 and 7.5 wt% of CNC. Low T. refers to the low ability of PLA
to crystallize and produce a less perfect crystal structure (Zhang et al. 2013). However, the
Tc reappeared with the addition of 10 wt% CNC. Next, the value of the first Tm at the lower
temperature refers to the rearrangement of the crystal during heating due to the nucleation
effect, whereas the second Tm represents the melting point of PLA.
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Fig. 9. DSC thermogram of PLA/NR/LNR bio-nanocomposite
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Table 3. DSC Data for the Bio-nanocomposites of PLA/NR/LNR/CNC

Samples T4(°C) T (°C) Tm1 (°C) Tm2 (°C)
PLA/NR/LNR 36.9 80.3 148.1 153.4
PLA/NR/LNR/2.5CNC 35.7 72.9 148.1 153.2
PLA/NR/LNR/5CNC 42.0 - - 153.1
PLA/NR/LNR/7.5CNC 37.9 - - 152.6
PLA/NR/LNR/10CNC 37.8 78.0 147.1 152.6

Thermal stability properties of the different PLA/NR/LNR/CNC nanocomposites
are shown in Fig. 10. The thermograms of the PLA/NR/LNR blend and the different bio-
nanocomposites both showed a single-stage decomposition. The PLA/NR/LNR/CNC bio-
nanocomposites showed slightly higher thermal degradability than the PLA/NR/LNR
blend alone. In addition, the thermal stability of the PLA/NR/LNR/CNC bio-
nanocomposites gradually increased as CNC loading increased. The initial degradation at
temperatures from 255 to 445 °C was attributed to the degradation of the PLA, NR, and
LNR matrices. The maximum degradation temperature of the PLA/NR/LNR blend shifted
to a higher temperature (from 355 to 362 °C) with the incorporation of the agave CNCs.
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Fig. 10. (a) TGA and (b) DTG curves of the different PLA/NR/LNR/CNC bio-nanocomposites
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Generally, the presence of the acidic sulfate group in the H2SO4-hydrolyzed CNCs
decreases the overall thermal degradability of nanocomposites (Bras et al. 2010; Fortunati
et al. 2013; Khoshkava and Kamal 2014). Previously, it was reported that the thermal
stability of PLA improves by up to 2.3 °C with the incorporation of 1 wt% of CNC, but
this is accompanied by a reduction in the maximum degradation rate from 2.66%/°C to
1.99%/°C (Lizundia et al. 2015). It has also been reported that the incorporation of 10 wt%
CNCs decreases the thermal stability of NR from 380 °C to 265 °C (Mariano et al. 2016).
In this case, the increase in the initial decomposition temperature of the
PLA/NR/LNR/CNC bio-nanocomposites could have been due to chemical interactions
between the CNCs and PLA and LNR. It has been shown through attenuated total
reflectance (ATR)-Fourier transform infrared analysis that chemical interaction between
cellulose and PLA and LNR occurs via hydrogen bonding (Rosli et al. 2016).

Water Absorption of Bio-nanocomposites

Water absorption properties and biodegradability are essential factors in the
practical application of newly fabricated biomaterials (Fortunati et al. 2012). The
biodegradability of PLA is dependent on its water absorption properties, as PLA
degradation occurs via a hydrolytic process (Rosli et al. 2018; Wan Ishak et al. 2020). In
addition, water facilitates the entry of microorganisms into the system. The presence of
microorganisms further increases the biodegradability because the matrix is consumed as
a carbon source for the growth of microorganisms. However, water resistance is also
essential, especially for uses such as packaging. Therefore, the water absorption
percentages of the PLA/NR/LNR/CNC bio-nanocomposites were investigated, and the
results are presented in Fig. 11.

As expected, the water absorption percentages of the blend and those of the
different bio-nanocomposites of PLA/NR/LNR exhibited similar patterns. Initially, the
water absorption increased rapidly, after which it slowed down to reach a plateau at
approximately 11 d. The presence of CNCs increased the water absorption percentage of
the different PLA/NR/LNR bio-nanocomposites. This behavior was more evident
following the addition of 5 wt% CNC, and it was likely due to an increase in the
hydrophilicity of the PLA/NR/LNR/CNC bio-nanocomposites, as CNCs could form a
three-dimensional network throughout them via hydrogen bonding. This phenomenon may
influence the water absorption capacity of the bio-nanocomposites (Hossain et al. 2012).
In addition, the OH groups in the CNCs can react with the —OH groups in the PLA, LNR,
and water, which increases the absorption capacity of the PLA/NR/LNR nanocomposites.

However, the water absorption capacity of the nanocomposites gradually decreased
with CNC loading greater than 5 wt%, but it was still higher than that of the blend alone.
This lower water absorption occurred due to an increase in crystalline regions in the bio-
nanocomposites. At low CNC content levels, increased hydrophilicity dominated over the
crystallinity effect, which increased water absorption capacity. However, at higher CNC
loadings, the crystallinity effect dominated over the hydrophilicity effect, which reduced
the water absorption capacity. The highly crystalline, tightly packed nature of CNCs
reduced the absorption of water, as the water molecules could not easily penetrate and react
with the —OH groups in the CNCs. Based on these water absorption data and previous
reports (Rosli et al. 2016, 2019b), the fabricated PLA/NR/LNR/CNC bio-nanocomposites
have better biodegradability than that of the blend alone.
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Fig. 11. Water absorption of the different PLA/NR/LNR/CNC nanocomposites

CONCLUSIONS

1.

The isolation of cellulose nanocrystals (CNCs) from Agave angustifolia fibers was
successfully achieved using a series of chemical treatments. The CNCs that were
isolated as a result of this procedure had a needle-like structure with an average
diameter of 10 to 15 nm.

The agave CNCs were successfully used as a reinforcing agent for the poly(lactic
acid)/natural rubber/liquid natural rubber (PLA/NR/LNR) nanocomposites. This study
demonstrated that the agave CNCs improved the tensile, thermal stability, and water
absorption properties of the PLA/NR/LNR bio-nanocomposites.

The incorporation of agave CNCs at loadings of 5 wt% and 7.5 wt% into the
PLA/NR/LNR blend via a melt blending method resulted in bio-nanocomposites with
improved tensile properties. The improvement in tensile properties at these fiber
loadings was mainly due to the particle size and aspect ratio of the CNCs and the
occurrence of hydrogen bonds between the CNCs and PLA and LNR.

The addition of CNCs improved the water absorption capability, which could enhanced
degradability. The green bio-nanocomposites prepared using agave CNCs, therefore,
had improved tensile, thermal stability, and biodegradability properties.
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