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ABSTRACT 

 

Halloysite nanotubes (HNT) has gained much attention for research due to its reinforcing effect 

in mechanical properties, thermal stability, and nucleating effect. In this study, poly(lactic 

acid)/core-shell rubber/halloysite nanotubes (PLA/CSR/HNT) nanocomposites were prepared 

through melt blending, followed by compression molding and cut into different test specimens 

according to ASTM standards. The incorporation of HNT was performed at different content 

(0.5, 1.0, 1.5 and 2.0 phr) to study the effect of HNT content on mechanical, physical and thermal 

properties of impact modified PLA (PLA/CSR). It was found that the flexural strength of impact 

modified PLA improved significantly by 26.3% when 1.0 phr of HNT was incorporated while 

the flexural modulus recorded the highest reading at 1955 MPa by the incorporation of 0.5 phr 

HNT. The results revealed that agglomeration caused by higher content of HNT decreased the 

flexural properties of PLA/CSR/HNT compared to PLA/CSR. The water absorption and 

biodegradability of PLA/CSR/HNT were improved, primarily due to the hydrophilic nature of 

HNT which promoted the interaction with water molecules. From TGA results, 2.0 phr HNT 

was reported to greatly improve the thermal stability of PLA/CSR/HNT by a higher shift of 

degradation temperature. Based on DSC thermograms, a decline in the degree of crystallinity of 

PLA/CSR/HNT was observed when HNT was incorporated which could be due to inhibition of 

crystallization by HNT in PLA/CSR/HNT nanocomposites. In conclusion, incorporation of HNT 

at low content into impact modified PLA showed appreciable improvement in the mechanical, 

physical, and thermal properties of impact modified PLA. 

 

Keywords: Halloysite nanotubes; poly(lactic acid); flexural properties; water absorption; 

thermal properties 
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1.0 INTRODUCTION 

 

Since the usage of plastics is not totally avoidable in modern life, bio-based and 

biodegradable polymers from renewable resources for example polyglycolic acid, polyvinyl 

alcohol, and poly(lactic acid) (PLA) have received an increasing amount of attention as a 

replacement for conventional petroleum-based plastics, predominantly due to environmental 

concerns and realization that our petroleum resources are finite [1, 2]. Among these, PLA is one 

of the most promising polymers due to its sought-after properties such as biodegradability and 

ability to be derived from renewable resources, in particular agriculture products [1]. The other 

reasons why PLA gained its popularity among the researchers are because of its notable 

performances such as high stiffness and strength, good transparency and compostability [3]. PLA 

has been proved to be water resistant which makes it reasonably suitable for food packaging and 

it is classified under Generally Recognized as Safe category. For these reasons, PLA has 

commercially become a replacement for poly(ethylene terephthalate) and polystyrene in many 

traditional application areas such as fibers, foamed food trays, thermoformed packaging, 

thermoplastics and housing for computers and electronics [4].  

 

In spite of that, there are also a few major drawbacks associated with PLA. PLA is found 

to have low impact strength, low heat resistance, and low crystallization rate as compared to 

conventional thermoplastic. These limitations have restricted the usage of PLA in a wider range 

of application [3]. To address these limitations, some approaches have been performed to 

enhance the thermal and mechanical properties of PLA, which including the incorporation of 

fillers (micro- or nano-), bio-based materials (natural fibers) and other polymers (such as impact 

modifiers) into PLA [1]. The low impact strength of PLA can be overcome by adding impact 

modifier to PLA [5]. On the other hand, the reinforcement of PLA using mineral fillers is a 

common technique in order to reduce the cost of production besides imparting improvements in 

thermal and mechanical properties of PLA. Many studies have been reported on the application 

of mineral fillers, such as talc [6], basalt [7], calcium carbonate [8], dolomite [9,10], nanoclay 

[11], and HNT [5], as fillers in PLA. 

 

Halloysite nanotube (HNT) is an abundantly available natural nanomaterial with rod-like 

structure that consist of nanoscale lumens and high length-to-diameter (L/D) ratio which makes 

it attractive for technological applications and polymer reinforcement [12]. HNT has been 

reported to successfully enhanced the mechanical, thermal, crystallization, and other specific 

properties for various polymers such as polypropylene (PP) [13], polyamide (PA) [12,14], 

polybutylene terephthalate (PBT) [12,15] and linear low density polyethylene (LLDPE) [16] by 

acting as a reinforcing filler and nucleating agent [17]. It is also found that HNT provides an 

effective interfacial interaction with polar polymers due to the hydroxyl and siloxane functional 

groups that form hydrogen bonding with the matrix [12,18].  
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Many researchers had investigated the effect of HNT on the mechanical, physical, thermal, 

and structural properties of PLA. However, no study was reported on the combination of HNT 

as filler and core-shell rubber (CSR) as impact modifier for PLA.  Therefore, it  is  of interest to  

investigate the effect of HNT and CSR on mechanical, physical, thermal, and structural 

properties of PLA. Moreover, the  naturally available HNT and CSR are expected to be beneficial 

to the food packaging industry due to its non-toxicity and eco-friendly properties when combined 

with PLA.  

 

2.0 METHODOLOGY 

 

2.1 Materials  

 

PLA (Ingeo Biopolymer 3001D) in pellet form with a density of 1.24 g/cm3 and melt flow rate 

(MFR) of 22 g/10 min (at 210 ℃, 2.16 kg) was obtained from Nature WorkTM, Minnetonka 

(USA). The additives used for polymer blending in this study were CSR and HNT. The impact 

modifier, CSR (Paraloid EXLTM 2330) was purchased from Dow Inc. (USA) in white powdered 

solid form with a density of 1.11 g/cm3 and melting point of 132-149 ℃. HNT (also known as 

kaolin clay) with a diameter of 30-70 nm, length of 1-3 µm, and pore size of 1.26-1.34 mL/g 

pore volume was purchased from Sigma-Aldrich (M) Sdn. Bhd. to be used as nanofiller. 

 

2.2 Preparation of PLA/CSR/HNT Composites 

 

All the raw materials (PLA, HNT, and CSR) were weighed according to the formulations 

presented in Table 1 and dried in an oven at 40 ℃ for 24 hours to remove the moisture prior to 

the melt blending process. The raw materials were then premixed, followed by the melt extrusion 

using a co-rotating twin screw extruder (Werner & Pfleiderer ZSK25, Germany). The 

temperature settings for compounding all of the nanocomposites were 160/175/190/200 ℃ from 

the feed section to die with a rotating screw speed of 50 rpm. The extruded strand was then air-

dried and pelletized. Later, the pelletized PLA nanocomposites were compression molded at 190 

℃ by using a laboratory motor hydraulic hot press (Guthrie, Malaysia) into a 180 mm × 180 mm 

square plate of 1 mm and 3 mm thickness. The preheating, compressing and cooling time were 

fixed at 2 minutes, 3 minutes and 5 minutes respectively. The square plates were then cut into 

different dimension for sample analysis using a band saw.  
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Table 1 Formulation of PLA/CSR/HNT nanocomposites. 

 

Material Designation PLA (wt%) CSR (wt%) HNT (phr) 

PLA 100 0 0 

PLAC 95 5 0 

PLACH0.5 95 5 0.5 

PLACH1.0 95 5 1.0 

PLACH1.5 95 5 1.5 

PLACH2.0 95 5 2.0 

 

2.3 Sample Analysis  

 

2.3.1 Mechanical Properties  

 

Rectangular-shaped bars of 127.0 mm × 12.7 mm × 3.0 mm (length × width × thickness) were 

cut from the compression molded PLA/CSR/HNT plates for flexural test in accordance with 

ASTM D790 standard method. The test specimens were conditioned at 23 ± 2 ℃ and 50 ± 5% 

humidity for more than 40 hours prior to test. The dimensions of the specimens were carefully 

measured using a digital caliper and recorded. The span length was set at a span-to-depth ratio 

of 16 as required by the standard. Next, the test was carried out in ambient temperature using a 

universal testing machine (Zwick/Roell Z02) at test speed of 2 mm/min with a 20kN load cell. 

At least 5 specimens for each formulation were tested and reported. From the test report, the 

flexural strength and flexural modulus were determined. 

 

2.3.2 Physical Properties  

 

2.3.2.1 Water Absorption Test 

 

The test specimens 20.0 × 20.0 × 3.0 mm (length × width × thickness) were cut from the 

compression molded square plate and oven dried at 50 ℃ until a constant weight was obtained, 

and immediately weighed to the nearest 0.001 g. The conditioned specimens were then immersed 

in a container filled with water and placed in a thermostated stainless steel water bath, maintained 

at two different temperatures, which are 30 ℃ and 50 ℃, for two weeks. The changes on weight 

were recorded on daily basis by removal of the specimens from the water bath. When all the 

specimens were removed from the water, the water on the surface was wiped off with a dry cloth, 

and immediately weighed to the nearest 0.001 g. The percentage change of weight (Mt) at any 

time, as a result of water absorption was determined using Equation 1. 

 

𝑀𝑡 =  (
𝑤𝑤 − 𝑤𝑑

𝑤𝑑
⁄ ) × 100%        (1) 
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where ww is the weight of wet samples (after immersion in water); and wd is initial weight of 

dry samples (before immersion). 

 

2.3.2.2 Soil Burial Test  

 

Soil burial test was carried out based on the method published by Thakore, Desai [19] with slight 

modification to evaluate the biodegradability of the PLA nanocomposites in natural environment 

condition. Test specimens of 20.0 × 20.0 × 2.0 mm (length × width × thickness) were prepared 

from the compression molded materials. The samples were then dried in an oven at 50 ℃ until 

a constant weight (wi) was attained. The samples were then buried under the soil at a depth of 

approximately 10.0 cm for a duration of 17 weeks. The soil was sprayed with water daily to 

maintain the moisture content. Weight measurement was performed by an analytical balance 

after soil burial test. Upon removal, the samples were washed with distilled water to remove the 

adherent soil. The samples were dried in a vacuum oven at 50 ℃ and kept in desiccator until a 

constant weight (wt) was obtained. The percentage of weight lost (WL) was determined using 

the Equation 2.  

 

WL = (
𝑤𝑖 − 𝑤t

𝑤𝑖
⁄ )  × 100%       (2) 

 

where wi is initial dry weight before degradation; and wt is residual dry weight after degradation 

at exposure time t. 

 

2.3.3 Thermal Properties 

 

2.3.3.1 Thermogravimetric Analysis 

 

Thermogravimetric analysis (TGA) was used to investigate the thermal stability of the composite. 

The amount of mass loss of the PLA/CSR/HNT composite when subjected to heating was 

determined in TGA test using TGA/DSC3+ Mettler Toledo Stare system with alumina crucible 

using approximately 10 to 15 mg of sample. The analysis was conducted within temperature 

range of 30 ℃ to 600 ℃ at a heating rate of 10 ℃/min under nitrogen atmosphere.  

 

2.3.3.2 Differential Scanning Calorimetry 

 

Differential scanning calorimetry (DSC) was carried out using TA DSC 25 (TA instruments, 

USA). The samples (≈5 mg) were heated from 25 to 250 ℃ at a rate of 10 ℃/min. The DSC cell 

was constantly purged with nitrogen at a flow rate of 50 mL/min. By referring to DSC 

thermograms, the glass transition temperature (Tg), crystallization temperature (Tc), melting 

temperature (Tm), enthalpy of cold crystallization (ΔHcc) and the enthalpy of melting (ΔHm) were 

determined with the aid of TA instruments TRIOS software. The relative degree of crystallinity 

(χc) was then calculated using the Equation 3. 
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Χ𝑐 = (
ΔH𝑚 − ΔH𝑐𝑐 

ΔH𝑓 × 𝑤𝑃𝐿𝐴
⁄ ) × 100%      (3) 

 

where ΔHm is enthalpy of melting, ΔHcc is enthalpy of cold crystallization, ΔHf is enthalpy of 

fusion for 100% crystalline PLA; and wPLA is the weight fraction of PLA in the nanocomposites. 

The enthalpy of fusion for 100% crystalline PLA material is approximately 93.6 J/g as reported 

previously [20]. 

 

2.3.4 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

 

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was 

performed to characterize the chemical compositions of PLA/CSR/HNT nanocomposites with 

different HNT content. The samples were scanned within wavenumber range of  650 to 4000 

cm-1 using a Perkin Elmer FTIR Spectrometer Frontier. All spectra were obtained with a 

resolution of 8 cm-1 and 8 scans. 
 

3.0 RESULTS AND DISCUSSION 

 

3.1 Flexural Properties 

 

In general, the flexural strength represents the maximum stress experienced within the material 

before it yields in a flexural test, whereas the flexural modulus indicates the stiffness of a 

material, revealing its tendency to resist bending. Based on flexural test result, a neat PLA has a 

flexural strength of 17.7 MPa and a flexural modulus of 1965 MPa. This observation is 

inconsistent with the observation reported by Akbari et. al. [12], which recorded a flexural 

strength of 95 MPa and a flexural modulus of 3500 MPa. The flexural strength and modulus of 

neat PLA in this study are apparently lower than the result reported in their study, probably due 

to the different processing techniques. In this study, compression molding technique was utilized 

compared to the study by Akbari et. al. [21] which utilized injection molding. According to 

Aversa et. al. [22], during compression molding, there are probability of nonoptimal melting of 

pellets which could lead to the presence of boundary layers and voids between the grains. As a 

result, low flexural properties obtained due to the ineffective stress transfer. 

 

The effects of CSR on flexural strength and flexural modulus of PLA are shown in Figure 

1. The addition of 5 wt% CSR into PLA diminished the flexural strength and flexural modulus 

of neat PLA by 11.9% and 4.5% respectively. This is expected due to the rubbery nature of the 

CSR which exhibits lower flexural properties than neat PLA. Similar results were reported by 

Taib et. al. [23]. Another reason for the decreased in flexural properties of PLA/CSR composite 

is most probably to the lowering of crystallinity by CSR as seen in DSC results. 
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Figure 1 Effect of CSR content on (a) flexural strength and (b) flexural modulus of PLA. 

 

The reinforcing effect of HNT on polymer, frequently observed at low content, is often 

associated with its rod-like and high aspect ratio structure. Nevertheless, the interfacial 

properties (nanotube-polyester matrix) can contribute to the improvement of physical properties 

[24]. Figure 2 demonstrate the effects of HNT on flexural strength and flexural modulus of 

PLA/CSR at different contents. It can be seen that the flexural strength of PLA/CSR increased 

with the increasing HNT contents up to 1.0 phr HNT (19.7 MPa). This increase in flexural 

strength can be attributed to the interaction between PLA and HNT, which facilitating the 

transfer of stress generated in PLA matrix to HNT which act as the reinforcing phase. However, 

the further increase in HNT content had caused a slight decrease on the flexural strength. In any 

case, these values are still higher than that of PLA/CSR. Thereafter, the possible reason for the 

decrease in flexural strength with increasing HNT content could be due to the increase in 

agglomeration of HNT when concentration increases. This leads to poor dispersion of HNT in 

PLA matrix and become stress concentration points for deteriorating mechanical properties [25]. 

 

On the other hand, the incorporation of HNT had also improved the flexural modulus of 

PLA/CSR as shown in Figure 2. It is noteworthy mentioning that the incorporation of HNT at 

0.5 and 1.0 phr have successfully increased the flexural modulus of PLA/CSR by 4.2% and 0.2% 

respectively. The highest flexural modulus was recorded at 1955 MPa when 0.5 phr of HNT was 

incorporated into PLA/CSR. This phenomenon can be attributed to the reinforcing effect and 

rigidity of HNT [17]. Similar to flexural strength, the further increase in HNT content (1.0, 1.5 

and 2.0 phr) had caused a decrease on the flexural modulus, while 1.5 and 2.0 phr HNT showed 

a flexural modulus of 1794 MPa and 1793 MPa respectively, which were lower than those of 

PLA/CSR. 
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Figure 2 Effect of HNT on flexural strength and flexural modulus of PLA/CSR at different 

content. 

 

3.2 Water Absorption 

 

Table 2 summarizes the water absorption of PLA and its nanocomposites at immersion 

temperature of 30 ℃ and 50 ℃. The water absorption test was carried out for 2 weeks and the 

daily water absorption of PLA/CSR/HNT nanocomposites at immersion temperature of 30 ℃ 

and 50 ℃ are shown in Figure 3 and 4, respectively. A rapid water absorption was observed for 

all the specimens, especially during the first few days of immersion and subsequently followed 

by saturation along the test. It is commonly believed that the hydrophilicity of PLA ester groups 

will increase the water absorption. At immersion temperature of 30 ℃, neat PLA recorded a 

total of 1.03 % of water absorption after 2 weeks. It can be seen that the addition of CSR 

decreased the total water absorption of neat PLA by 0.18 % possibly due to the physical 

hindrance of CSR to the diffusion of water molecules. However, the incorporation of HNT had 

permitted an overall increase in maximum water absorption in PLA/CSR. Among all 

PLA/CSR/HNT composites, HNT content at 0.5 phr showed the highest percentage of maximum 

water absorption at 0.97%. This indicates that HNT is prone to water absorption, which can be 

directly attributed to its hydrophilic nature (existence of Al-OH and Si-O-Si groups) which are 

available for interactions with water molecules [26]. 

 

Water absorption test at immersion temperature of 50 ℃ is often referred as hygrothermal 

aging test. Hygrothermal aging is a degradation process which combines the effect of moisture 

and temperature, resulting in substantial weight loss and deterioration of mechanical properties 

[27]. According to Ishak and Berry [28], the exposure of the composite to a hot and moist 
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environment will only activate the moisture penetration (i.e, diffusion) mechanism after the 

occurrence of specific damage to the composites. In overall, the water absorption of PLA and its 

nanocomposites were significantly higher at the immersion temperature of 50 ℃. The addition 

of CSR had reduced the water absorption of PLA at 50 ℃. When HNT was incorporated into 

PLA/CSR, the water absorption was increased with the increasing HNT content. The highest 

water absorption was recorded at 3.01% by PLA/CSR with 2.0 phr HNT. The swellability and 

absorption ability of HNT which are temperature dependent could be addressed as an important 

factor contributing to the increasing water absorption at 50 ℃ [26]. In other words, higher 

temperature increases the swelling of HNT structure, creating numbers of microvoids in PLA 

matrix and subsequently induces higher water absorption. 

 

Table 2 Water absorption of PLA and its nanocomposites. 

Material Designation 
Total Water Absorption After 2 Weeks, Mt (%) 

30 ℃ 50 ℃ 

PLA 1.03 ± 0.04 2.19 ± 0.06 

PLAC 0.85 ± 0.02 2.13 ± 0.08 

PLACH0.5 0.97 ± 0.04 2.13 ± 0.08 

PLACH1.0 0.91 ± 0.00 2.15 ± 0.08 

PLACH1.5 0.92 ± 0.09 2.16 ± 0.16 

PLACH2.0 0.93 ± 0.02 3.01 ± 0.06 

 

 

Figure 3 Water absorption of PLA and its nanocomposites at immersion temperature of 30 ℃ 
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Figure 4 Water absorption of PLA and its nanocomposites at immersion temperature of 50 ℃ 

 

3.3 Biodegradability 

 

Percentage of weight loss experienced by PLA and its nanocomposites were obtained after 

122 days (17 weeks) of soil burial test, starting from 12th March 2020 to 12th July 2020, 

conducted at UTM Skudai, Johor. In this study, soil burial test was conducted to evaluate the 

biodegradability of PLA, PLA/CSR and PLA/CSR/HNT at different HNT content. In a soil 

burial test, the weight loss of a polymer is often taken to indicate the rate of degradation. The 

degradation of PLA is believed to follow a two-step mechanism. At first step, abiotic process 

takes place in which the water molecules diffuse into the materials and attack the ester linkages 

in PLA molecular structure, causing chemical hydrolysis of PLA and formation of water-soluble 

compounds, such as lactic acid. Hydrolysis of chains usually takes place at amorphous region 

due to the lower resistance to water attack. Next, biotic assimilation of polymer (by 

microorganisms) breaks down the products into water, carbon dioxide and biomass. The second 

step requires the presence of specific enzymes which are excreted by microorganisms such as 

bacteria, fungi and algae to activate the cleavage in the main chain of polyester and the residual 

fragments will be further utilized by the microorganisms as their source of energy [29,30]. 

 

Ideally, abiotic degradation takes place at the first step whereby the water molecules 

diffuse into the materials and attack the ester linkages in PLA molecular structure, causing the 

chemical hydrolysis of PLA. The highly hydrolysable ester bonds in PLA make this polymer 

highly subjected to degradation in humid environment, which favorable for biodegradation 

mechanism. Thus, the rate of biodegradation shows a close relationship with the water absorption 

ability of the PLA polyester as discussed earlier. In this study, it is well expected that the 

biodegradation rate of impact modified PLA to be increased with the increasing HNT content. 
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Table 3 shows the percentage of weight loss of PLA and its nanocomposites after soil 

burial test. In general, the soil burial test for all PLA nanocomposites showed a small weight loss 

(aproximately 1%) after 17 weeks of degradation time. From the result, it was found that the 

neat PLA recorded a percentage of weight loss of 0.15%. This finding was similar to a study 

reported by Lu et. al. [31], at which pure PLA only showed 0.1% of weight loss after 24 weeks 

of biodegradation test. According to Lu et. al. [31], the degradation rate of PLA in soil is slow 

compared to other biodegradable plastics because it is only susceptible to microbial attack by 

certain PLA-degrading microorganisms in natural environment such as Amycolatopsis sp. and 

Saccharotrix sp., in spite of its biodegradability. It was clear that the degradation of PLA in soil 

is slow, subjecting to the availability of desired microorganisms and may take a long time for 

degradation to start in some conditions.  

 

Referring to Table 3, a slight decrease of 0.04% in the percentage of weight loss was 

observed when CSR was incorporated into neat PLA. This phenomenon could be explained by 

the high molecular weight and crosslinks of CSR which physically retarded the degradation rate 

of PLA. However, the rate of degradation was slightly increased after HNT was incorporated 

into PLA/CSR in different content. Abdullah and Dong [32] also reported a slight increase of 

4.52% in the biodegradation rate of polyvinyl alcohol/starch/glycerol/HNT nanocomposites at 

increasing HNT content from 1 wt% to 5 wt%, possibly due to the agglomeration of HNT. This 

may result in less restriction of mass transfer within the nanocomposite. It is well believed that 

prolonging the burial time could lead to higher degradation rate of nanocomposites. 

 

 

Table 3 Percentage of weight loss of PLA and its nanocomposites after soil burial test 

 

Material Designation Percentage of weight loss (%) 

PLA 0.15 ± 0.05 

PLAC 0.11 ± 0.00 

PLACH0.5 0.22 ± 0.01 

PLACH1.0 0.26 ± 0.06 

PLACH1.5 0.22 ± 0.01 

PLACH2.0 0.26 ± 0.04 

 

3.4 Thermogravimetry Analysis (TGA) 

 

Single-stage decomposition was observed when PLA and its nanocomposites were 

analyzed under nitrogen atmosphere using TGA. The detail variation on the degradation 

temperature and the residual weight at 600 ℃ for PLA and its nanocomposites are summarized 

in Table 4.  
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Table 4 TGA results for PLA and its nanocomposites 

 

Material 

Designation 

Degradation Temperature 

(℃) 
Residual weight at 600℃ 

(%) 
T5% T10% Tmax 

PLA 309.8 320 358.6 0 

PLAC 281.7 292.4 332.5 0.696 

PLACH0.5 308.2 320.4 356.5 1.313 

PLACH2.0 308.9 320.6 354.1 2.135 

 

Figure 5 shows (a) the effect of CSR on thermal stability of PLA and (b) the effect of HNT 

content on thermal stability of PLA/CSR. Based on TGA result, a neat PLA possess a T5% and 

T10% at 309.8 ℃ and 320 ℃ respectively, and a maximum decomposition rate at 358.6 ℃. It 

was realized that the addition of CSR had caused the T5%, T10% and Tmax of neat PLA to be 

reduced to 281.7 ℃, 292.4 ℃ and 332.5 ℃ respectively. However, it is noteworthy mentioning 

that the incorporation of HNT into PLA/CSR had led to an obvious increase in degradation 

temperature. In overall, incorporation of HNT at 2.0 phr showed the highest increment on T5%, 

T10% and Tmax, by 9.4%, 9.6% and 6.5% respectively. In addition, the residual weight percentage 

at 600℃ also exhibited a significant increment of 1.44% when 2.0 phr of HNT was incorporated. 

The entrapment of degraded products into the lumen of HNT and the char residue formation 

could be a feasible explanation for the overall enhancement in the thermal stability of PLA/CSR 

in the presence of HNT [25]. It was suggested that those lumens in HNT could act as a barrier 

to hinder the diffusion of volatile losses. As a result, it could lead to a hindrance in mass 

transport, thereby increasing the thermal stability of PLA/CSR at higher content of HNT. This 

statement has received a common consent from other researchers [25,26]. 

 

   
 

Figure 5 (a) Effect of CSR on thermal stability of PLA and (b) effect of HNT content on 

thermal stability of PLA/CSR 
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3.5 Differential Scanning Calorimetry (DSC) 

 

DSC thermograms of PLA and its nanocomposites are shown in Figure 6 and their thermal 

characteristics are summarized in Table 5. Based on Table 5, neat PLA displayed a Tg at 58.0 

℃, Tcc at 76.3 ℃ and Tm at 167.7 ℃. The addition of CSR at 5 wt% only showed slight increment 

of 0.1 ℃ and 0.3 ℃ on the Tg and Tm of neat PLA respectively, almost not significant, which 

having similar observation as reported by Taib et. al. [23]. It was suggested that the PLA/impact 

modifier blends are immiscible, thus, thermal characteristics were commonly inherited from 

PLA matrix. On the other hand, the addition of CSR had significantly increased the Tcc of PLA 

from 76.3 ℃ to 101.7 ℃. It is explained by the fact that the addition of impact modifier decreases 

the ability of PLA to crystallize and/or recrystallize [23]. Nevertheless, PLA/CSR was found to 

have lower degree of crystallinity than neat PLA. Therefore, it is obvious that the impact 

modifier might have inhibited the nucleation crystallization of PLA, as these molecules exist as 

melt state between the temperatures associated with cold crystallization of PLA [33].  

 

Incorporation of HNT into PLA/CSR shows a moderate increase in Tg with increasing 

HNT content. Similar observation was reported by Wu et. al. [34]. This behavior could be 

attributed to the hindrance of migration and diffusion of PLA molecular chains by the increasing 

filler. Ideally, finely dispersed HNT could eventually magnify its nucleation effect and assist in 

the crystallization process of PLA [3].  This fact was proven when a shift in Tcc of PLA/CSR to 

a lower temperature was observed during the incorporation of 0.5 and 1.5 phr HNT. However, 

an unexpected behavior was noticed when Tcc of PLA/CSR/HNT at 1.0 and 2.0 phr HNT content 

were shifted to higher temperature and PLA/CSR/HNT at 1.0 phr HNT content showed two Tcc 

shoulder peaks at DSC scan. The possible reason could be attributed to the nanoclay loading and 

the extent of compatibility between and PLA matrix but a further investigation beyond the scope 

of this study is necessary to explain this unusual phenomenon.  

 

In general, the incorporation of HNT led to a lower degree of crystallinity (χc) compared 

to PLA/CSR. The low χc could be due to HNT inhibit the crystallization of PLA in PLA/CSR 

and this effect is increased as HNT has good dispersion in the PLA/CSR matrix. According to 

Tham et. al [17], organoclay can inhibit the crystallization due to strong interaction between 

polymer matrix and organoclay, despite its nucleating effect, which might partially immobilize 

the polymer chain and hinder the crystallization process. 
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Table 5 Thermal characteristics of PLA and its nanocomposites recorded from DSC 

thermograms. 

 

Material Designation Tg (℃) Tcc (℃) Tm (℃)   χc (%) 

PLA 58.0 76.3 167.7 42.7 

PLAC 58.1 101.7 168.0 14.9 

PLACH0.5 58.0 97.2 167.4 11.6 

PLACH1.0 58.1 108.7 168.0 5.7 

PLACH1.5 58.2 94.8 167.9 12.3 

PLACH2.0 58.7 102.8 167.8 10.9 

 

 

 
 

Figure 6 DSC thermograms of PLA and its nanocomposites 

 

3.6 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

 

Figure 7 shows the IR spectra of PLA and its nanocomposites. The emerging peak of PLA 

at 3508 cm-1 had attributed to the presence of terminal hydroxyl group (-OH) in PLA, while 

PLAC, PLACH0.5, PLACH1.0, PLACH1.5, and PLACH2.0 also recorded a corresponding 

stretching –OH peaks at 3513 cm-1, 3648 cm-1, 3647 cm-1, 3647 cm-1, and 3647 cm-1 respectively. 

The -OH peaks was not so significant after all, but it showed the same result with De Silva et. 

al. [25]. A higher wavenumber shifting (redshift) at O-H stretching in FTIR spectra of PLA/CH 

nanocomposites were observed. This redshift phenomenon occurred because siloxane group of 

HNT formed a hydrogen bonding with PLA’s terminal hydroxyl groups, causing the –OH 

stretching peak to shift from 3508 cm-1 (neat PLA) to around 3647 cm-1 when HNT was 

incorporated. Moreover, the presence of C-H stretching vibration of CH3 groups was confirmed 
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by the appearance of peaks at around 2996 cm-1 and 2946 cm-1 for each of the PLA 

nanocomposites. It is well known that the C=O and C-O peaks were the most obvious and 

disclosed immediate structural information if they were present in a FTIR spectra [35]. The 

identity of PLA polyester was further clarified when there was a strong C=O stretching 

absorption band at 1749 cm-1, accompanied by a strong C-O stretching peak at 1181 cm-1. These 

two evident peaks were also recorded by PLAC, and PLACH0.5 to PLACH2.0 as well. 

Nevertheless, a C-H bending peak was observed at 1453 cm-1, followed by two O-H bending 

peaks at around 1382 cm-1 and 1360 cm-1 for all composite. It can be seen that PLACH0.5, 

PLACH1.0, PLACH1.5 and PLACH2.0 show a peak with increasing intensity (Inset 1) at 1043 

cm-1, 1044 cm-1, 1043 cm-1 and 1044 cm-1 respectively. According to De Silva et. al [25], the 

increasing peak intensity at 1043 cm-1 was attributed to the overlapping of 1043 cm-1 with HNT’s 

Si-O peak (in-plane stretching) at 1031 cm-1. Therefore, this observation implies that Si-O groups 

of HNT could have form an interaction with PLA. 

 

 
 

Figure 7 FTIR spectra of PLA and its nanocomposites; Inset 1: Increase of peak intensity due 

to overlapping with HNT’s Si-O in-plane stretching peak 

 

4.0 CONCLUSIONS 

 

In this study, the effect of HNT on mechanical, physical and thermal properties of impact 

modified PLA was investigated. It is noteworthy mentioning that the incorporation of HNT at 

low content (i.e.: 0.5 phr and 1.0 phr) had successfully improved the mechanical properties of 

PLA/CSR. The improvement in flexural properties of impact modified PLA was attributed to 

the reinforcing effect of HNT. Inversely, a further addition in HNT content (1.5 phr and 2.0 phr) 

was found to reduce the flexural properties of PLA/CSR due to agglomeration, which causing 
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poor dispersion of HNT in PLA matrix and subsequently becoming stress concentration points. 

Moreover, incorporation of HNT had eventually increased the water absorption and 

biodegradability of PLA/CSR/HNT nanocomposites as the hydrophilic nature of HNT promoted 

interactions with water molecules. Ideally, higher water absorptivity favored the biodegradation 

of the polymer. The biodegradation of PLA/CSR/HNT nanocomposites were promoted with 

appreciable changes, probably because better interaction between water molecules and 

agglomerated HNT was established inside the polymer matrix to favored the hydrolytic 

cleavage. In addition, an improvement in thermal stability of PLA/CSR/HNT nanocomposites 

were observed. DSC results showed a decrease in the χc when HNT was incorporated into impact 

modified PLA. This could be possibly explained by the inhibition of crystallization by HNT and 

this effect was increased with good dispersion of HNT in PLA/CSR. FITR spectra showed some 

interaction between PLA/CSR matrix with HNT. In general, the incorporation of HNT at low 

content into impact modified PLA showed appreciable improvement on the mechanical, 

physical, and thermal properties of impact modified PLA. This study demonstrates that the 

optimum HNT content for maximum flexural strength and flexural modulus are at 1.0 phr and 

0.5 phr respectively while 2.0 phr is required for maximum thermal stability. 
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