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This work reported the thermomechanical and morphological properties 
of polyvinyl alcohol (PVA) nanocomposites reinforced with nanosilica and 
oil palm empty fruit bunches derived nanocellulose. The nanocomposites 
were characterized by mechanical, thermal, XRD, optical, and 
morphological studies. Uniformity dispersion of the nanofillers at a 3 wt% 
concentration has been shown by scanning electron microscopy, 
whereas the changes in crystallinity were demonstrated by X-ray 
diffraction analysis. Addition of nanosilica resulted in increased thermal 
stability of PVA/nanocellulose composites due to the reduction in mobility 
of the matrix molecules. Visible light transmission showed that the 
addition of 0.5 wt% nanosilica only slightly reduced the light transmission 
of PVA/nanocellulose composites with 3 wt% nanocellulose. The addition 
of a small concentration of  nanosilica successfully improved the tensile 
and modulus properties of PVA/nanocellulose composite films. The 
increases in tensile strength and thermal stability were evidence of a 
nanosilica contribution in PVA/nanocellulose composites, inducing 
reinforcement, as detected by the thermomechanical properties.  
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INTRODUCTION 
  

The use of natural fibers as reinforcing agents in composites has increased in 

recent years as global concerns over environmental issues rise.  One of the common types 

of natural fibers is cellulose, an abundant natural resource. Cellulose contains nanosize 

fibrils that can be classified into a crystalline part (nanocellulose) and an amorphous part 

(Cho and Park 2011; Ching and Ng 2014). The cellulose chains are linked by hydrogen 

bonds between the hydroxyl groups that yield high stiffness and structural strength to the 

material. It has been reported that native cellulose crystal regions and tunicin whiskers 

have elastic modulii of 167.5 GPa (Tashiro and Kobayashi 1991) and 143 GPa (Eichhorn 

et al. 2010), respectively, compared to e-glass fiber with an elastic modulus of 73 GPa 

(Saheb and Jog 1999). The cellulosic materials are generally cheaper to produce, require 

less energy consumption, and are low-density, biodegradable, and biocompatible. The 

specific strength is also higher, hence it is less susceptible to fracture during processing 

(Kalaitzidou et al. 2007; Mandal and Chakrabarty 2011, 2014). Furthermore, the disposal 

of the composites can be done by combustion, which converts them into H2O and CO2 
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(Azizi Samir et al. 2005). This utility increases the potential of nanocellulose as a source 

of nanosize reinforcing materials in composites. Polymer nanocomposites consist of 

nanometric particles, known as nanofillers, in a polymeric matrix. The addition of 

nanofillers could yield composites with enhanced properties to suit the current 

technological development trends (Whitesides 2005). The typical inorganic filler-

reinforced nanocomposites possess good mechanical properties, such as high temperature 

creep resistance, stiffness, hardness, and strength (Richardson and Sauer 1976; Menendez 

and White 1984; Cogswell 1987; Nguyen and Ishida 1987; Malik et al. 1988).  

The extracted cellulose fibers are processed into nanosize fibers that increase the 

reinforcement of polymer matrices compared to conventional cellulose fibers. This 

strength is contributed by the crystallinity, surface area, and active interfaces of the 

nanometer size fibers (Panaitescu et al. 2008). Crystalline cellulose nanofibers are 

typically known as nanowhiskers, with an elastic modulus range of 120 to 150 GPa 

(Šturcová et al. 2005). The cellulose nanowhiskers tend to self-associate in response to 

the strongly-interacting surface hydroxyl groups (van den Berg et al. 2007). This feature 

is useful in the formation of load-bearing percolating architectures within the polymer 

matrix (Chun et al. 2011).  The outstanding reinforcing ability is due to the formation of a 

rigid network of nanowhiskers, resulting from hydrogen bonding between the 

nanowhiskers (Capadona et al. 2009) and van der Waals interactions (van den Berg et al. 

2007). However, interactions between the nanowhiskers can lead to aggregation during 

fabrication (Schroers et al. 2004). Such aggregation generally decreases the mechanical 

properties of the composites from the expected values (Capadona et al. 2008).  

Nanocellulose- or nanofiber-reinforced PVA is a biodegradable polymer 

composite with good tensile strength and flexibility, as well as outstanding film forming 

and emulsifying properties (Roohani et al. 2008). The biodegradability of PVA enables 

the production of green nanocomposites when cellulosic materials are used as fillers. In 

recent years, nanomaterials such as nanosilica have been widely used in various 

applications, particularly in the medical sector (Nabeshi et al. 2011). For instance, 

nanosilica is used as a fluorophore carrier (Ow et al. 2005; Ali et al. 2014), for the 

controlled release of drug molecules, as an antiseptic agent (Verraedt et al. 2010; Depla 

et al. 2011), and as a biosensor (Monton et al. 2011). There are various silanol groups in 

the nanosilica that can change the crystalline behaviors of the polymeric matrix, increase 

hydrogen bonding effects, and affect the fluorescent properties of composite end 

products. Furthermore, thermal resistance is the most significant property of polymeric 

materials, as it controls their spectral stability, mechanical properties, shelf lives, and 

durability (Cho et al. 2003; Jin et al. 2003; Peng et al. 2006; Peng and Kong 2007; Saat 

and Johan 2014). In this paper, the modification of the properties of PVA by the 

incorporation of highly reactive nanocellulose, isolated from oil palm empty fruit 

bunches (OPEFB), and nanosilica were studied. The effects of nanocellulose and 

nanosilica addition on the thermomechanical, optical, and morphological properties of 

PVA were investigated. 

 

 

MATERIALS AND METHODS 
 

Materials 
Poly(vinyl alcohol) (Kuraray PVA-220S) was obtained from Kuraray Co., Ltd. 

(Singapore). Oil palm empty fruit bunch (OPEFB) fibers were purchased from Sabutek 
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Sdn. Bhd., Malaysia. OPEFB underwent a sieving process to obtain fiber particles in the 

range of 4 to 6 mm.  The fiber particles were then sent for grinding and sieving to obtain 

powder with a diameter size between 100 and 150 µm. Hydrophobic fumed silica, with a 

specific surface area of 130 m2g−1 and a mean particle size of 16 nm (Aerosil R972), 

from Degussa Chemicals was used for the preparation of nanocomposites. Hydrogen 

peroxide and formic acid were obtained from Fisher Scientific (USA). All the other 

solvents and chemicals (analytical grade) were used as received. 

 

Pretreatment of OPEFB Fibers 
OPEFB fibers were first washed several times with 1.0 wt% washing detergent to 

remove all the contamination and dirt. Next, the OPEFB raw fiber was dried in an oven 

(SOV 70B, Thermoline) at 100 ±2 °C until constant weight was achieved. The fiber was 

then dewaxed with ethanol (70% v/v) using a Soxhlet apparatus (Favorit) for 6 h. This 

step was followed by washing the dewaxed fibers with distilled water to remove the 

traces of alcohol. Later, the dewaxed fibers were suspended in a mixture of 100 mL of 

10% NaOH and 100 mL of 10% H2O2.  The mixture was autoclaved at 1.5 bar and 120 

°C for 1 h. Finally, the fibers were separated from the dark brown supernatant and 

washed thoroughly with clean water.  

 

Extraction of OPEFB Cellulose 

During the extraction process, the fibers were soaked in a mixture of 20% formic 

acid and 10% hydrogen peroxide, which was prepared in a 1:1 ratio (v/v). The mixture 

was placed in a water bath at 85 °C for 2 h (Jahan et al. 2011, 2012). The delignified 

fibers were sent through a filtration process, and the samples were washed thoroughly 

with 10% formic acid prior to cleaning with distilled water. The extracted cellulose was 

light yellow in color. The cellulose was prepared as a suspension by re-suspending it in 

10% hydrogen peroxide (pH 11) at 60 °C for a duration of 90 min.  

 

Preparation of PVA/Nanocellulose Film Reinforced with Nanosilica  

PVA-based composite films were prepared by the solution casting method. A 10 

wt% aqueous solution of PVA was prepared by stirring at 1,000 rpm at room temperature 

to avoid clumps. Subsequently, the PVA solution was continuously stirred at 90 °C for 2 

h, then sonicated for 5 min. Various compositions of PVA/nanocellulose composites 

were prepared with a nanocellulose content ranging from 1 to 7 wt%. 0.5 wt% of 

nanosilica was introduced into the suspension and stirred for 1 h. The solutions were then 

poured into a mold and dried at room temperature for 7 days before being demolded. The 

thickness of the films was controlled to approximately 150 µm. The resulting thin 

composite films were then dried in an oven at 50 °C for 1 day before characterization.  

 

Characterization Methods 
The mechanical properties of the composite sheets were tested at a crosshead 

speed of 10 mm/min using a universal testing machine (model AG-IS, Shimadzu, Japan). 

For each test and each type of composite, five samples were tested. Thermal 

decomposition analysis was observed using Mettler Toledo 851e TGA/SDTA (Mettler 

Toledo, Switzerland). The samples were heated from 30 to 600 °C, with a scan rate of 20 

°C/min. A sample of 5 to 10 mg was used for each run, and changes in weight were 

recorded. X-ray diffraction analysis of the nanocomposite samples was performed using 
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an X-ray diffractometer (Siemens D5000).  Experiments were conducted using a voltage 

of 40 kV, and an anode current of 40 mA was applied.  Cu Kα radiation ( = 0.15405 

nm) was used in a continuous scanning mode with a 0.02 step size and a 0.5 second set 

time for collecting the data in a 2 scan range of 4° to 80°. Optical transmission 

properties of the cellulose and OPEFB suspensions were measured by a Varian-Cary-50 

UV-Vis spectrometer in the wavelength range of 200 to 800 nm.  

The cross-section of the fracture surface morphology of the samples was 

examined by using a scanning electron microscope (Hitachi S-3400N, Thermo Scientific) 

with an accelerating voltage of 10 kV. The composite film was soaked in nitrogen liquid 

for 10 seconds. Then, the sample was fractured immediately to get a freeze-fractured 

surface. Before the SEM observation was done on the sample film, the cross-section 

surface of the fractured film was sputter-coated with a gold layer for 1 h to avoid 

electrostatic charging and poor image resolution. 

 

 

RESULTS AND DISCUSSION  
 

Mechanical Properties 

Tensile strength 

The tensile strength of PVA and the nanomaterials-reinforced PVA composites is 

presented in Fig. 1(a). Significant improvement in the tensile modulus of PVA was 

achieved via the inclusion of small amounts (1 wt%) of nanocellulose in the 

PVA/nanocellulose composite. The tensile strength increased with increasing 

nanocellulose loading from 0 to 7 wt%. The addition of 0.5 wt% of nanosilica to these 

PVA/nanocellulose composites further increased the tensile strength of the 

nanocomposites.  The increase in tensile strength was due to the crystalline nature of 

nanosilica particles. However, the tensile strength exhibited very little tendency to 

increase when the incorporation of nanocellulose exceeded 5 wt%. The same observation 

has been reported by previous researchers (Bhatnagar and Sain 2005; Sturcova et al. 

2005; Qua et al. 2009; Ibrahim et al.  2010). This behavior could be explained by the fact 

that small amounts of nanofillers allowed the creation of strong hydrogen bonds between 

nanocellulose and PVA, which contributed to good dispersion of nanofillers in the PVA 

matrix and resulted in superior load transfer from the matrix to the nanocellulose and 

nanosilica reinforcements.  
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Fig. 1. Effect of nanosilica on PVA/nanocellulose composite (a) tensile strength, (b) % elongation 
at break, and (c) tensile modulus 
 

Elongation at break 

Figure 1(b) shows that incorporation of the nanocellulose resulted in a severe 

reduction in the elongation at break of polyvinyl alcohol. The further increase of 

nanocellulose content led to an even more significant decrease in elongation, to as low as 

a 96% reduction for a composite with 7 wt% nanocellulose content. The elongation at 
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break was decreased further with the addition of  0.5 wt% of nanosilica. The increase in 

nanofillers content, which led to the decrease in elongation percentage, is similar to other 

filled polymer composites (Alemda and Sain 2008; Jonoobi et al. 2010). With the 

addition of nanomaterials, PVA might form either intramolecular or intermolecular 

hydrogen bonds with the nanofillers. The hydrogen bonding between the nanocellulose 

and PVA matrix resulted in a decrement in the elongation at break but gains in 

crystallinity. According to Cheng et al. (2014), low deformability of composites under 

tensile loads is due to the high interfacial adhesion between the matrix and nanofillers. 

Since the nanocellulose and nanosilica were not as deformable as the matrix, the strong 

interactions between the nanoparticles and matrix molecules did not allow PVA to 

elongate. 

 

Tensile modulus 

Figure 1(c) shows the effect of the introduction of nanosilica on the tensile 

modulus of PVA reinforced with various nanocellulose contents. Significant 

improvement in the tensile modulus of PVA was achieved via the inclusion of even small 

amounts (1 wt%) of nanocellulose in the PVA/nanocellulose composite. A further 

increase in the tensile modulus was observed with the introduction of nanosilica; the 

inherent chain stiffness and rigidity of nanosilica resulted in the restriction of movement 

by the nanosilica in PVA/nanocellulose macromolecules. The homogeneous distribution 

of the nanofillers and high interfacial surface area between the nanofillers and the PVA 

matrix might have also led to a significant increase in the tensile modulus. The PVA 

composite with 3 wt% of nanocellulose and 0.5 wt% of nanosilica exhibited the highest 

increase in tensile modulus compared to the other composites. With a further increase in 

nanocellulose content up to 7 wt%, it was found that the increase in tensile modulus was 

not significant in both the PVA/nanocellulose and the PVA/nanocellulose/nanosilica 

composite systems. This result indicated that nanosilica, with high surface area, can 

provide improved tensile modulus properties for nanocomposite films which have a good 

distribution of nanocellulose filler contents up to 5 wt%. 

 

Morphological Analysis 
The fractured surfaces of pure PVA and nanomaterials-reinforced PVA composite 

films were examined using SEM, as shown in Fig. 2. This examination was important in 

determining the failure mechanisms and the interactions, thus, mechanical properties, 

between the matrix and filler (Haafiz et al. 2013). Compared to the pure PVA film, the 

morphology of the PVA/nanocellulose and PVA/nanocellulose/nanosilica composites 

could be easily identified. 

After nanocellulose (Fig. 2(b)) and nanocellulose/nanosilica (Fig. 2(c)) were 

added into the PVA matrix, the fractured surface cross-section of the composites showed 

disoriented protrusions. This result is a typical fractographic feature of a rigid fracture, 

and such observation was due to the agglomerated cellulose protruding out from the 

fractured surface (Haafiz et al. 2013). This protrusion explains the deterioration of the 

elongation at break of PVA composites compared to pure PVA.  
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Fig. 2. SEM images of a fractured surface of (a) PVA, (b) PVA composites reinforced with 
nanocellulose (3.0 wt%), and (c) PVA composites reinforced with both nanocellulose (3.0 wt%) 
and nanosilica (0.5 wt%).  

 

In this study, larger aggregates were formed on the fractured surface of the PVA 

reinforced with nanocellulose. These aggregates may have affected the mechanical 

performance of the composite (Chen et al. 2012). A few granules and a more 

homogeneous distribution of the nanofillers in the PVA composite were observed with 

the introduction of 0.5 wt% of nanosilica, as shown in Fig. 2(c). This result implied that 

better interfacial adhesion was achieved with the introduction of nanosilica to the 

PVA/cellulose composite. In this study, the tensile modulus of PVA composites 

improved significantly due to the stiffening phenomena of nanofiller materials (especially 

nanosilica materials), which is a typical filled polymer behaviour (Haafiz et al. 2013). 

 

X-Ray Diffraction  
The XRD patterns of PVA, nanocellulose, nanosilica, PVA/nanocellulose, and 

PVA/nanocellulose/nanosilica composite systems are compared in Fig. 3. A major peak 

was observed at 19.5°, representing the (110) plane of the semicrystalline region of 

partially hydrolysed PVA (Sriupayo et al. 2005). The intensity of the (110) plane in PVA 

was comparatively higher due to the hydroxyl groups in its side-chains (Shao et al. 2003). 

The incorporation of nanocellulose into PVA did not deteriorate the intensity of the (110) 

plane due to the presence of crystalline cellulose from nanocellulose in the (200) plane. 

However, it was found that the crystallinity of the PVA/nanocellulose composite with the 

presence of 3.0 wt% nanocellulose was lower than the neat PVA matrix; the original 

crystallinity of the PVA matrix was never achieved in the nanocellulose-reinforced PVA 

composite due to heterogeneous phase nucleation in the synthesizing solution (Mandal 

and Chakrabarty 2014). The peak for the PVA/nanocellulose/nanosilica composite 

(a) 

(b) (c) 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Ching et al. (2015). “PVA/nanocellulose/nanosilica,” BioResources 10(2), 3364-3377.        3371 

systems was more prominent than that of the PVA/nanocellulose composite systems, as 

the presence of nanosilica increased the overall crystallinity of the composite. With the 

introduction of 0.5 wt% of nanosilica, the high crystallinity of nanosilica further 

increased the number of nucleating agents and bundled together a number of small 

crystallites in the composite. 

 

 
Fig. 3. Comparison of XRD patterns between pure PVA, nanofillers, and PVA composites 
reinforced with nanomaterials 
 

Optical Transparency Analysis  
Fig. 4 shows the UV-Vis spectra of PVA and nanocellulose- and nanosilica-

reinforced PVA composites. The addition of nanocellulose reduced the visible 

transmission of the PVA matrix. The transmittance of the pure PVA composite was 

higher than the PVA/nanocellulose composite, possibly because the agglomerations of 

nanocellulose became a barrier to the penetration of light. The visible light transmission 

was further reduced with the addition of 0.5 wt% of nanosilica into the PVA/ 

nanocellulose composite. The higher loading of nanomaterials increased the probability 

of these nanomaterials to interact and aggregate within the PVA matrix, leading to this 

reduction in light transmission. 
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Fig. 4. Comparison of UV-Vis transmittance spectra of PVA, PVA composites reinforced with 
nanocellulose, and PVA composites reinforced with both nanocellulose and nanosilica 
 

Thermogravimetric Analysis  
The thermal properties of PVA reinforced with nanocellulose and nanosilica are 

shown in Fig. 5. In the first stage of the degradation (70 to 150 °C), PVA/nanocellulose 

composites experienced a higher weight loss than neat PVA. The reduction of thermal 

stability at this point was due to the incorporation of nanocellulose, which has a lower 

thermal stability compared to the PVA matrix (Ng et al, 2014). PVA composites became 

more thermally stable during the second (300 to 450 °C) and third (above 500 °C) stages 

of the TGA thermograms curve. The thermal stability of the PVA/nanocellulose 

composites increased with the introduction of small amounts of nanosilica. This result 

proved that the thermal properties of cellulose-reinforced PVA can be improved with a 

low nanosilica content, possibly due to the high thermal stability behavior of nanosilica. 

The high specific surface area of nanosilica also contributed to the greater interactions 

between the nanofillers and the PVA matrix, which led to the enhancement of both 

interfacial bonding and thermal stability. Thus, thermal stability of PVA/nanocellulose 

was induced by the reinforcement of small amounts of nanosilica. This result also 

indicated that the well-dispersed nanosilica particles successfully acted as effective 

nucleation agents in the PVA/nanocellulose composites. 
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Fig. 5. TGA thermograms of PVA, a composite of PVA/3 wt% nanocellulose, and a composite of 
PVA/3 wt% nanocellulose/0.5 wt% nanosilica 

 
 
CONCLUSIONS 
 

1. Nanocomposites of PVA reinforced with nanocellulose and nanosilica were prepared 

using the film casting technique. The effect of nanosilica on the mechanical, thermal, 

and optical properties of PVA/nanocellulose composites was investigated. The 

composites exhibited increased tensile strength primarily due to the increase in 

nanocellulose content, the introduction of secondary reinforcement, and the 

restriction of mobility of the PVA/nanocellulose composites due to the addition of 

nanosilica particles.  

2. The tensile strength and tensile modulus were found to be optimized at 3 wt% of 

nanocellulose. With the introduction of  small amounts of nanosilica, remarkable 

improvements in the tensile and modulus properties were achieved for PVA 

composites at a nanocellulose content of up to 5 wt%. 

3. The addition of 0.5 wt% of nanosilica successfully improved the thermal stability and 

crystallinity of the PVA/nanocellulose composites.  

4. In this study, the nanomaterials-reinforced PVA composites containing 3 wt% of 

nanocellulose and 0.5 wt% of nanosilica presented significant improvements in 

thermomechanical properties and retained good optical properties due to effective 

dispersion and polymer-filler interaction.  
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