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1.	 Introduction

The work focused on studying the effects of combined alkali 
treatment and clay nanoparticle infusion on thermo-mechanical 
properties of kenaf/polylactic acid (PLA) biocomposites. 
There is a surge of interest in biofibre-reinforced biopolymer 
composites because they are envisaged as suitable replacements 
for the conventional synthetic fibre-reinforced polymer composites 
(Thyavihalli Girijappa et al., 2019; Asyraf et al., 2020; Pickering 
et al., 2016). Biocomposites are appraised as the next generation 
materials (Mann et al., 2020; Asyraf et al., 2020). They address 
pertinent issues of sustainability such as biodegradability, energy 
conversation, renewability, green manufacturing and reduction 
of carbon footprint. However, biocomposites are known to have 
inferior mechanical properties to synthetic fibre-reinforced 
polymer composites. It is for this reason that biocomposites are 
currently used for low end applications such as interior parts of 
automobiles (Siakeng et al., 2018; Rathod et al., 2017; Peças et 
al., 2018) whereas their applications for exterior parts are very 
limited. This is due to their inherently poor mechanical properties. 
Therefore, there is a need to enhance the mechanical properties of 
the biocomposites so as to expand their application spectrum. 

Literature reports techniques used in enhancing properties of natural 
fibre used in composites production. These techniques include 
chemical modifications (Cruz and Fangueiro, 2016; Panesar et al., 
2017) and other advanced techniques such as biological, plasma 
and nanoparticle treatments (Cruz and Fangueiro, 2016; Wang et 
al., 2019). However, little has been done on studying the effects 
of these techniques on biofibre-reinforced biopolymer composites. 
Therefore, this work focused on studying thermomechanical 

properties of kenaf fibre-reinforced PLA biocomposites treated 
with sodium hydroxide and infused with clay nanoparticles. 
Chemical modifications bring about better fibre to matrix adhesion 
than other techniques (Cruz and Fangueiro, 2016; Panesar et al., 
2017). 

2.	 Materials and methods	

2.1	 Materials  

Kenaf nonwoven mats, polylactic acid (PLA) from NatureWorks, 
USA, Montmorillonite (MMT) cloisite nanoclay from Sigma 
Aldrich, sodium hydroxide (NaOH), acetone and non-sticking high 
temperature glass sheet.

2.2	 Treatment with sodium hydroxide

Kenaf nonwoven mats were treated with 2% (m/v) NaOH at room 
temperature for 48 hours, thereafter the mats were washed using 
deionised water to remove excess NaOH. Drying of the mats was 
initially done at room temperature for 24 hours followed by oven 
drying at 80 oC for 2 hours.   

2.3	 Preparation of nanoclay-doped PLA resin

Nanoclays were added to a 20 (m/v) PLA acetone solution and 
homogeneously dispersed using a mechanical stirrer. Nanoclay 
contents of 0, 5 and 7 wt% were used.

2.4	  Preparation of treated kenaf/PLA 
biocomposites doped with nanoclay          

NaOH treated kenaf fibre nonwoven mats were saturated with 
the nanoclay-doped PLA resin to form prepregs which were 
dried at room temperature for 2 days. An optimised fibre volume 
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fraction of 21% was used. Curing of prepregs was done in a high 
temperature oven at 165 oC for 5 minutes. The non-sticking PTFE 
high temperature glass sheet was used as a release agent. This 
preparation method followed the procedure reported by (Moyo et 
al., 2020). 

2.5 Analysis

Thermogravimetric Analyser (TGA) was used for analysis of 
thermal decomposition. and Dynamic Mechanical Analyser (DMA) 
was used to analyse the dynamic properties of the biocomposites. 
TGA and DMA were performed using SDT Q600 and DMA Q800, 
respectively. TGA was done in a nitrogen atmosphere at a heating 
rate of 10 oC/min from 20 oC to 600 oC. DMA was done using three-
point bending from room temperature to 80 0C.  

3.	 Results and discussion 

3.1	 Thermogravimetric analysis results

Figure 1 shows the TGA and DTG curves of untreated (Figure 1a) 
and treated (Figure 1b) kenaf fibres. Decomposition of volatiles 
and loss of moisture occurs below 100 oC and is about 8%. The 
loss insignificantly contributes to the overall decomposition of the 
major constituents of natural fibres.  

Figure 1a shows that a component that decomposed from 250 0C to 
310 oC is not available in Figure 1b. The decomposed component 
is hemicellulose since the decomposition range is typical of 
hemicellulose (Waters et al., 2017). The hemicellulose component 
which was present in the untreated kenaf fibre was not present in 
the treated fibre an indication that NaOH treatment removed the 
hemicellulose from the kenaf fibre through hydrolysis. Cellulose, 
which is the major constituent of the kenaf fibre was available after 
the treatment. In both cases of the untreated and treated fibres, 
cellulose decomposed from 310 oC to 390 oC as shown in both 
Figures 1a and 1b. This indicates that the low concentration of 
NaOH used did not cause structural changes that altered the thermal 
decomposition of the cellulose component of the fibre. After the 
decomposition of cellulose, the residual mass of the treated and 
untreated fibre was 33% and 18%, respectively. At the end of 
the decomposition (at 600 oC), the residual mass of the treated 
and untreated fibre was 23% and 9%, respectively, indicating an 
increase in the thermal stability after NaOH treatment. This is due 
to the increase in the crystallinity of the fibre brought about by the 
removal of the amorphous hemicellulose.    

In the following sections, 0UT refers to the biocomposites made 
using untreated kenaf fibre and PLA resin without nanoclay doping. 
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0T, 5T and 7T refer to biocomposites fabricated using NaOH 
treated kenaf fibres and nanoclay-doped PLA resin. The nanoclay 
loading was 0, 5 and 7 wt% for the 0T, 5T and 7T biocomposites, 
respectively. 

Figure 2 shows the TGA (Figure 2a) and DTG (Figure 2b) curves 
for the different kenaf/PLA biocomposites. All the biocomposites 
show a single stage decomposition.

Figure 2a shows that the biocomposites fabricated using NaOH 
treated kenaf fibres and nanoclay-doped PLA resin had more 
residual mass. The residual mass increased with increase in 
nanoclay loading. Figure 2b shows that the peak decomposition 
temperatures shifted to high temperatures for the treated specimens 
compared to the 0UT specimens. The 0T specimen had the highest 
peak temperature. These changes show an improvement in the 
thermal stability. 

Table 1 shows a summary of the stages involved in the thermal 
decomposition process of the treated kenaf/PLA biocomposites 
and associated mass losses. Table 1 shows that the onset and 
peak decomposition temperatures increased with increase in 
the combined treatment of the biocomposites using NaOH and 
nanoclay. The onset decomposition temperatures as well as the 
mass loss increased with increase in nanoclay content. The onset 
decomposition temperatures improved by 0.4%, 0.7% and 1.5 % 
for 0T, 5T and 7T biocomposite specimens, respectively. The peak 
decomposition temperature increased by 2.7%, 1.8% and 2.1% for 
0T, 5T and 7T biocomposite specimens, respectively.

In terms of the residual mass at 377 oC, the improvement was 
0.3%, 3.3% and 5.4% for 0T, 5T and 7T biocomposite specimens, 
respectively. These are positive thermal changes indicating an 
improvement in the thermal stability of the biocomposites. The 
improvements were better than single method treatments, for 
instance, acetylation resulted in mass loss of more than 95% (Chung 
et al., 2018) whilst the combined treatment in the current work 
reduced mass loss to 91%. The increase in thermal stability was 
due to increase in the crystallinity level brought about by treatment 
of fibres using NaOH and the thermal barrier effects of the clay 
nanoparticles. Removal of the hemicellulose component improves 
the crystallinity of the fibres whilst he thermal barrier effects of 
the clay nanoparticles lead to reduced heat transfer efficiency in 
the biocomposite system. The clay nanoparticles reduce the heat 
transfer rate to the fibres and the PLA matrix thereby delaying 
the onset of thermal decomposition and also increasing the peak 
decomposition temperature. This is in agreement with some 

published literature (Ngo et al., 2016, Moyo et al., 2021). There 
was no noticeable change in the end decomposition temperature 
of the biocomposites. This suggests that increase in crystallinity 
and thermal barrier effects of the clay nanoparticles do not 
significantly alter the end thermal decomposition temperature of 
the biocomposites. A similar trend was observed in a study done 
on kenaf/PLA biocomposites made using untreated kenaf fibre and 
infused with nanoclay (Moyo et al., 2021). This could mean that 
the effects on the thermal degradation are less pronounced after the 
peak decomposition temperature.

3.2	 Storage modulus 

Figure 3 shows that the combined treatments altered the 
storage modulus. Highest improvement of 2% was observed on 
biocomposites fabricated using NaOH treated fibres without clay 
infusion due to the increase in crystallinity of the kenaf fibres used. 
A marginal increase in storage modulus of 0.3% was observed on 
biocomposites infused with 5 wt% nanoclay due to crystallinity 
effect brought about by the alkali treatment and the effect of the 
nanoparticle which infused themselves into the biocomposite 
network structure. Nanoparticles increase the molecular friction 
and hence increase in storage modulus. 

Infusion with 7 wt% nanoclay resulted in a 0.8% decrease in 
storage modulus. The decrease was thought to be due to nanoclay 
agglomeration effects which reduce molecular friction and 
hence adversely affecting storage modulus. Microscopic studies 
on untreated kenaf/PLA biocomposites showed incidences of 
nanoclay particle agglomeration at the 7 wt% clay nanoparticle 
loading (Moyo et al., 2020).
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3.3	 Loss modulus

Figure 4 shows an increase in the loss modulus of the biocomposites 
fabricated using combined NaOH treatment and nanoclay infusion. 
Biocomposites fabricated using NaOH treated fibres only showed 
a 20% increase in loss modulus and a combination of NaOH 
and nanoclay doping increased the loss modulus by 60% and 51 
% for 5 wt% and 7 wt% clay nanoparticle loading, respectively. 
The increase in loss modulus could be attributed to the improved 
crystallinity and increased restriction against polymer chain 
molecular motion due to the nanoclay particles. However, at 7 wt% 
nanoclay loading, loss modulus dropped due to clay nanoparticle 
agglomeration effects.

The temperature corresponding to the peak loss modulus value 
is the glass transition temperature (Tg) and Figure 4 shows that 
the Tg shifted to lower temperature values of 59.3 oC, 56.3 oC,  
57.3 oC and 56.6 for 0UT, 0T, 5T and 7T, respectively. The 
reduction in the Tg is due to the improvement in the crystallinity 
level of the biocomposites brought by the alkali treatment and 
nanoclay infusion. 

3.4	 Damping 

The transition peaks shown in Figure 5 show good compatibility 
of the PLA matrix, kenaf fibres and clay nanoparticles. Figure 5 
shows that NaOH treatment of kenaf fibres did not significantly 
alter the tandelta value. However, broadening of the curve suggests 
that 0T biocomposites had better damping than 0UT biocomposites. 
This was due to better interaction between the PLA and the kenaf 
fibres after the removal of hemicellulose. Addition of 5 wt% clay 
nanoparticle resulted in the tandelta values increasing by 25% 
showing a significant increase in the damping property of the 
biocomposites. This was due to increased interaction of the PLA, 
kenaf fibres and nanoclay as indicated by the shift of the damping 
peak to a higher temperature. The shift was from 59.8 oC to 60.3 oC 
for 0T and 5T biocomposites, respectively. However, increase in 
nanoclay loading to 7 wt% diminished tandelta by 4.7% compared 
to 5 wt% nanoclay loading. This was due to a reduction in the 
interaction of the PLA, kenaf fibres and nanoclay as indicated by 
the shift of the damping peak to a lower temperature. The shift was 
from 60.3 oC to 59.7 oC for 5T and 7T biocomposites, respectively. 
Increased nanoclay loading and incidences of agglomeration at 7 
wt% impose high restrictions against PLA molecular motions. 

The trend observed in this study is in agreement with other published 
studies that reported an increase in tandelta for composites with 
clay nanoparticle addition (Chandradass et al., 2007; Mohan and 
Kanny, 2015; Moyo et al., 2021). However, other studies reported 
a decrease in tandelta values with the addition of nanoclays for 
some nanocomposites and other composites (Pothan et al., 2003; 
Arulmurugan and Venkateshwaran, 2019). The Tg obtained using 
the tandelta method are 62.4 oC, 59.8 oC, 60.3 oC and 59.7 oC for 
0UT, 0T, 5T and 7T biocomposites, respectively. The changes in 
the Tg were due to changes in crystallinity and polymer chain 
molecular motions brought about by combined NaOH treatment 
and nanoparticle infusion.

4.	 Conclusion

Combined alkali treatment and clay nanoparticle improved the 
thermal stability, storage modulus, loss modulus and damping 
properties of kenaf/PLA biocomposites. The improvements are 
due to increase in the crystallinity level brought about by NaOH 
treatment and clay nanoparticles’ thermal barrier effects and 
effects on molecular friction. The combined alkali treatment and 
nanoclay infusion lowered the glass transition temperature of the 
biocomposites. Best results were obtained by a combination of 
NaOH treatment and infusion with 5 wt% clay nanoparticles. 7 wt% 
clay content resulted in a drop in properties largely due to nanoclay 
agglomeration. The combined treatment with NaOH and nanoclay 
particles does not have conflicting effects but complimentary 
effects on the properties of the resultant biocomposites. Other 
studies have shown that nanoclay particles improve the impact 
resistance of kenaf/PLA biocomposites in the medium velocity 
impact range enough for them to cushion against secondary 
debris (Moyo et al., 2020). Consequently, the synergistic effect of 
combined treatment would improve both the thermomechanical 
and impact properties of biocomposites increasing their suitability 
for exterior and structural applications. Future studies could focus 
on performing a number of combined treatments of nanoclay and 
other fibre modification techniques to establish a combination that 
gives optimum results.  
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