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Abstract 

 

Biodegradable polylactic acid (PLA) nanocomposite films with organically modified nanoclay (PKL_DS) and silica from rice 

husk ash (SiRHA) incorporation were prepared using a solvent casting method. The morphology and water vapor transmission 

rate behavior of these PLA based nanocomposite films with the addition of PKL_DS and SiRHA fillers was investigated at 

various loadings. The morphology of the nanocomposite was examined using X-ray diffraction (XRD), transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). It was confirmed that PLA molecular chains were intercalated 

into the interlayers of nanoclay (PKL_DS), which was well dispersed in the PLA matrix. TEM results showed SiRHA 

agglomerates and poor dispersion.  The scanning electron microscopy (SEM) results showed good dispersion and good 

compatibility between nanoclay (PKL_DS) and the PLA matrix, while the SiRHA filler exhibited phase separation, silica 

agglomeration and some pore structures in the PLA matrix. The surface of the nanocomposite film with the incorporation of a 

SiRHA/PKL_DS combination exhibited a dense structure. A maximum reduction of 67% of water vapor transmission rate 

(WVTR) was obtained for nanocomposite films with co-addition of 10 wt% PKL_DS and 3 wt% SiRHA over that of PLA 

alone. It is concluded that the incorporation of a SiRHA/PKL_DS combination was very effective in improving the water 

vapor barrier property of a PLA based nanocomposite. 
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1. Introduction 
 

 For years, developments have been made to improve the 

properties and performance of plastic packaging.  Plastic 

packaging that has been used to retard gas and water vapor 

permeation in particular has benefited from technological 

advancements. The result is that one can now have 

packaging, such as active packaging, which prevents contact 

with external vapor or moisture, extending the shelf life of 

food and preventing food waste. Packaging has also 

benefited from research on nanocomposite polymer 

materials. Some of these utilize inorganic compounds on a 

nanometer scale and have various chemical properties and 

morphological characteristics. When mixed with other 

polymers, they create plastics that prevent gas and/or water 

vapor permeation. For example, adding nanoclay layered 

double hydroxides (LDH) to poly(lactic acid) (PLA) to be 

used as a coating was found to form a PLA/nanoclay LDH 

composite with as much as a 35 % reduction in water vapor 

permeability [1]. Additionally, Shankar et al. [2] studied the 

effects of nano-particle size on the water vapor permeability 

through a PLA/zinc oxide nanocomposite film. It was 

reported that the water vapor permeability decreased by 

30.5% when 0.5 wt% of zinc oxide was added. There are few 

studies focusing on the influence of silica from rice husk ash 

on the water vapor barrier properties of PLA-based 

composite films. Most of the PLA-based nanocomposite 

studies are related to PLA/layered nanoparticles. However, 

silica nanoparticles are of interest due to their natural 

abundance, low cost, high thermal resistance, surface 

functionality and suitability for various applications [3]. 

Among the investigations on the influence of silica 

nanoparticles on PLA properties is the work of Masnar and 

Coorey [4] who examined a PLA/silica from a rice husk 

ash/Sago pith waste hybrid composite for food packaging. 

They found that water uptake decreased by 3.12% with the 

combination of PLA, nano-silica and Sago pith waste fiber 

(70:20:10). Opaprakasit et al. [5] were interested in blending 

PLA with 0.5 wt% of micro-size silica whose surface was 

coated with a surfactant. An increase in water vapor 

permeability of PLA composite was observed. They stated 

that this enhanced water vapor permeability was due to 

formation of voids resulting from poor compatibility 

between the silica particles and the PLA matrix. However, it 

was found that inorganic compounds mixed with polymers 

have limitations. It is difficult to mix inorganic compounds 

with polymers due to the different polarities of the materials, 

affecting dispersion and surface adhesion between particles 
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of inorganic compounds and the polymer matrix. This 

prevents the desirable performance of nanocomposite 

materials. Furthermore, most of the packaging was created 

with petroleum-based materials that are not environmentally 

friendly.     

 Recently researchers have been interested in studying 

biodegradable polymers such as PLA since this bio-polymer 

can be composted. PLA also has outstanding mechanical 

strength, similar to petroleum-based polymer materials. 

However, PLA has a limitation in that it is a polar polymer 

with a high solubility to moisture, thus causing easy water 

vapor penetration through the biodegradable polymer film 

[6].  To increase the performance of packaging products, 

some researchers studied the properties of PLA 

nanocomposites in preventing gas and water vapor 

permeation [6-8], especially for food packaging applications. 

These studies revealed that water vapor permeability values 

were reduced by 20 percent [9], 33 percent [7], 45 percent 

[6], and up to 60 percent [10] depending on the type, 

quantity, dispersion characteristics and the aspect ratio of 

nanoclay mixed in PLA. According to Rhim et al. [7], an 

improvement of water vapor barrier properties of up to 33% 

was observed for PLA/Cloisite 20A nanocomposites upon 

addition of 13 wt% of Cloisite 20A. Furthermore, Thellen et 

al. [11] studied the influence of montmorillonite nanoclay on 

a PLA matrix. Here, a nanocomposite film was formed using 

a film blowing process. It was found that addition of 5 wt% 

of nanoclay could improve the water vapor barrier 

characteristic by 50% compared to PLA alone. Similar 

results were observed by Zenkiewicz and Richert [10] who 

found that with the co-addition of 5 wt% of nanoclay and 

20 wt% of PMMA increased the water vapor barrier 

properties of PLA by up to 60 %. Moreover, it was found that 

there were other factors that affected gas or vapor barrier 

properties, such as water solubility, the polymer glass 

transition temperature (Tg), crystallinity, and hydrolysis 

reactions. These are factors that easily contribute to the 

degradation of this biopolymer [12].  

 The study of the properties of gas and water vapor 

permeability through nanocomposite polymer films is 

generally understood using the principle called tortuosity, in 

which the gas or liquid molecules spend additional time and 

distance while moving through the film due to the presence 

of particles of nanoclay or other fillers that act as barriers [6, 

13]. Based on a recent literature study, most published work 

has paid attention to the improvement of water barrier 

property of PLA composites with the addition of single 

component fillers. There are very few works focusing on 

blending PLA polymer with two types of fillers (hybrid 

filler) with different morphological characteristics. 

Therefore, to improve the performance of this material, the 

purpose of the current work is to investigate water vapor 

transmission through a PLA film containing two different 

types of fillers. Nanoclay layered double hydroxide (LDH) 

and silica from rice husk ash were chosen as two component 

fillers in the present study. Thus, the study examines how 

nanoclay and silica concentrations and their dispersion 

characteristics affect the water vapor barrier properties of 

poly(lactic acid).  PLA/silica from rice husk ash/nanoclay 

hybrid composite films containing 3-10 wt% LDH nanoclay 

and 3wt% of silica from rice husk ash were prepared using a 

solvent casting method. The morphology and water vapor 

transmission rates of these nanocomposites were 

investigated. X-ray diffraction and transmission electron 

microscopy were used to examine the alignment and 

dispersion state of the clay platelets. Additionally, the 

surface characteristics of PLA nanocomposite films were 

probed using scanning electron microscopy. Water vapor 

barrier properties of PLA nanocomposite films were 

determined by measuring water vapor transmission rates 

(WVTR) through the films. 

 

2. Materials and methods 

 

2.1 Materials 

 

 The poly(lactic acid) used (PLA 4043D) in this work was 

semi-crystalline with an average D-lactide content of 

1.4 wt%, a melting point temperature range of 155–170 °C 

and  molecular weight of 150,000. It was purchased in pellet 

form from Nature Works, USA. The nanoclay (Tradename: 

Perkalite; LD grade) was a Mg-Al layered double hydroxide 

(Mg-Al LDH). It was supplied by Akzo Nobel Polymer 

Chemicals, Netherlands. Rice husks were collected in Khon 

Kaen Province, Thailand. All of chemical reagents including 

sodium dodecyl sulfate (SDS, C12H25SO4Na, Loba Chemie, 

India), hydrochloric acid (37% w/w, Sigma-Aldrich), 

sodium hydroxide and dichloromethane (ACI Labscan, 

Thailand), were of analytical grade and used as received. 

Deionized water (DI water) was used throughout the 

experiment. 

 

2.2 Intercalation of nanoclay Perkalite with dodecyl sulfate 

(DS) 

 
 The surface of LDH nanoclay (Perkalite) was modified 

by intercalation with dodecyl sulfate (DS) through an anion 

exchange. This increased the interlayer distance of LDH 

promoting intercalation of the polymer into the interlayer 

galleries of organically modified LDH. Anion exchange was 

carried out in a single step according to the procedure 

reported by Shabanian et al. [14]. Briefly, 0.10 g of Perkalite 

was added into 100 ml of a sodium dodecyl sulfate solution 

(0.06 M) under continuous stirring at 50 ̊ C. During the anion 

exchange reaction, the pH value of the suspension was kept 

constant at 10±2 by addition of a solution of 1 M of sodium 

hydroxide (NaOH). The suspension was stirred continuously 

at the same temperature for 30 min and then the temperature 

was increased to 75 ˚C for 18 h. Finally, an insoluble solid 

product was collected by filtration and washed with DI water 

until the pH of the supernatant solution was close to 7. The 

final product was then dried in a vacuum oven at 80 ˚C until 

a constant weight was obtained. The obtained product is an 

organically modified Perkalite denoted as PKL_DS. Particle 

size analysis of PKL_DS nanoclay was performed using          

a N2 adsorption – desorption apparatus (ASAP 2460, 

Micromeritics, USA). It was found that the average particle 

size was 363.99 nm with surface area 16.48 m2/g. 

 

2.3 Preparation of silica rice husk ash 

 

 Silica rice husk ash was prepared from rice husks using 

acid pretreatment followed by incineration. The procedure 

was previously reported [15-16]. Approximately 20 g of rice 

husk was mixed with 50 ml of 1 M hydrochloric acid       

under magnetic stirring for 3 h at room temperature. It was 

then washed with DI water to remove the hydrochloric     

acid. Residue from the acid pretreated rice husk was dried     

at 80 ˚C for 2 h in an oven and subsequently incinerated         

at 600 ˚C for 1 h in a muffle furnace. The brown residue 

became white in color, indicating silica formation. The 

obtained white powder was washed with DI water several 

times   to   remove   the   hydrochloric   acid   and  then   dried  
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Figure 1 XRD patterns of nanoclay PKL, PKL_DS, SiRHA, neat PLA, PLA/3PKL_DS, PLA/3SiRHA and 

PLA/3PKL_DS/3SiRHA nanocomposite films. 
 

in an oven at 50 ˚C for 24 h. It was ground in a crucible to a 

fine particle size and then kept in a desiccator to avoid 

moisture absorption. This final white powder was silica rice 

husk ash and was denoted as SiRHA. The particle size and 

surface area of SiRHA particles were determined by using a 

N2 adsorption – desorption apparatus (ASAP 2460, 

Micromeritics, USA).  The average particle size was 

50.91 nm with surface area of 117.84 m2/g. 

 

2.4 Preparation of PLA/SiRHA /PKL_DS nanocomposite 

films  

 

 The PLA/SiRHA/PKL_DS nanocomposite films were 

prepared by solution casting. First, 5 g of PLA pellets were 

dissolved in 50 ml of dichloromethane at room temperature 

under magnetic stirring for 1 h. An appropriate content of 

SiRHA and PKL_DS fillers were weighed and mixed with 

the PLA solution under vigorous stirring at room temperature 

for 4 h. At the end of stirring, the mixture was poured into a 

14 cm diameter Petri disk mold and air-dried overnight. The 

PLA/SiRHA/PKL_DS nanocomposite films were then 

peeled from the molds. The nanocomposite films obtained 

had a thickness of about 1.0 mm. They were denoted as 

PLA/(x)SiRHA /(y)PKL_DS (where x and y are the weight 

percent loading of SiRHA and PKL_DS filler in the films, 

respectively). The nanocomposite films were stored in a 

desiccator until used. 

 

2.5 Characterization techniques  

 

2.5.1 X-ray diffraction 

 

 X-ray diffraction spectra (XRD) were collected using a 

Bruker D8 Advance X-ray diffractometer operating at 45 mA 

and 33 kV. A bent quartz monochromator was used to select 

the CuKα radiation (k = 0.15406 nm). 

 

2.5.2 Transmission electron microscopy  

 

 Transmission electron microscope (TEM) images were 

obtained using an FEI Tecnai T12 field-emission electron 

microscope with an accelerating voltage of 80 kV, with 

microtomed epoxy-embedded ultrathin samples. The 

samples were cut using an ultramicrotome equipped with a 

diamond knife to obtain 60 nm ultrathin sections that were 

placed on copper grids.  

 

2.5.3 Scanning electron microscopy  

 

 The surface morphology of nanocomposite films was 

investigated using a Hitachi S-3000N (Hitachi, Japan) 

scanning electron microscope (SEM) operated at an 

accelerating voltage of 30 kV. The surfaces of the samples 

were coated with a thin layer of gold prior to observation.  

 

2.5.4 Water vapor transmission rate test 

 

 Water vapor transmission rate (WVTR) measurements 

were performed to determine the water vapor barrier 

properties of the nanocomposite films. This measurement 

was done on PLA nanocomposite films with various loadings 

of PKL_DS filler according to ASTM E96. A commercial 

Labthink® model PERME W3/0120 apparatus was used at 

32 ˚C with 50% relative humidity (50% RH). The thickness 

of the sample was measured at least ten different positions 

using micrometer calipers. The average thickness was 

recorded prior to testing. 20 g of dry silica gel (desiccant) 

was loaded into a test cup. Samples with an area of 30 cm2 

were sealed in test cups.  Each test cup was placed in a 

chamber at 32 ˚C with 50% RH. The weight of the cup was 

recorded every 30 min for 24 h or until a constant weight was 

obtained. The tests were performed in triplicate and the 

average values were reported. The WVTR values were 

calculated from the slope of the weight change against time 

plot using the exposed surface area of the sample in equation 

(1): 

 

𝑊𝑉𝑇𝑅 =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑐ℎ𝑎𝑛𝑔𝑒

𝐴𝑟𝑒𝑎 𝑥 𝑡𝑖𝑚𝑒
               (g m-2 day-1)                             (1) 

 

3. Results and discussion 

 

3.1 Morphological properties 

 

 Results of the morphological studies of PKL, PKL_DS, 

SiRHA, neat PLA film and PLA nanocomposite films 

conducted by X-ray diffraction (XRD) and TEM are       

shown  in  Figures  1  and  2,  respectively.  The  XRD  spectra  
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Figure 2 TEM micrographs of a) PLA/3SiRHA, b) PLA/3PKL_DS, c) PLA/3SiRHA/3PKL_DS nanocomposites. 

 

in Figure 1 show no peak for 100% PLA, which indicates 

that it is an amorphous material. XRD of unmodified PKL 

exhibits the strongest diffraction peak at 2θ = 11.31˚, 

corresponding to the reflection of a crystalline form with a 

basal spacing of 0.78 nm. Other diffraction peaks located at 

2θ = 18.4˚ and 23.0˚ can be ascribed to the crystal structure 

of layered double hydroxide nanoclay [1, 17]. After organic 

treatment of layered double hydroxide nanoclay (Perkalite) 

by anionic exchange with dodecyl sulfate (DS), the X-ray 

reflections were shifted to a lower angle position and the 

degree of crystallinity was reduced. In fact, the PKL_DS 

displays a (0 0 3) diffraction peak at 2θ = 6.8˚ corresponding 

to an interlayer distance of 1.29 nm, which is much larger 

than that of the untreated nanoclay PKL [1, 18-19]. The XRD 

pattern of SiRHA shows that silica from rice hush ash has a 

broad peak at around 2θ = 13.3˚. This result indicates that 

SiRHA possesses a non-crystalline structure [16, 20].   

 The morphology of PLA/3SiRHA, PLA/3PKL_DS and 

PLA/3SiRHA/3PKL_DS nanocomposite films was 

determined using XRD and the results are shown in Figure 1. 

The XRD pattern of PLA/3PKL_DS displays a weak 

diffraction peak at 2θ = 17.0˚, corresponding to the presence 

of interlayer distances greater than 0.48 nm [21]. This result 

suggests that the molecular chains of PLA could have been 

successfully inserted into and become well-dispersed in the 

nanoclay PKL_DS interlayers [22-23]. At the 3 wt% level of 

SiRHA in a PLA nanocomposite film, the XRD pattern 

exhibited no peak diffraction. The absence of reflection 

indicates that the material has no crystalline structure. A 

similar absence of a diffraction peak has been observed in 

the PLA/3SiRHA/3PKL_DS nanocomposite indicating that 

the silica and organoclay layered double hydroxide 

(PKL_DS) may have undergone increased disorder by 

polymer chain insertion during the film solvent casting 

process. Moreover the higher order reflection disappears, 

which implies an increase in the disorder of the interlayer. 

Alternatively, PLA molecular chains were intercalated in 

nanolcay interlayers [6, 23]. 

 In order to confirm the dispersion state of PKL_DS      

and SiRHA, the morphology of nanocomposites of 

PLA/3SiRHA, PLA/3PKL_DS and 

PLA/3SiRHA/3PKL_DS was further investigated using 

TEM. The resulting TEM images are shown in Figure 2. 

Figures 2a and 2b are TEM images of PLA nanocomposite 

film containing 3 wt% loading of SiRHA and nanoclay 

PKL_DS respectively. The average particle size of SiRHA 

and the average length of nanoclay PKL_DS appearing in 

TEM images of Figures 2a and 2b were measured from the 

micrographs by using Image J® software. Based on this 

determination, the average particle size of SiRHA was 

90.63 nm, while the average thickness of the nanoclay 

PKL_DS platelets in the PLA matrix was 2.7 nm. TEM 

images of SiRHA and nanoclay PKL_DS clearly show 

different morphology. SiRHA particles exhibit a sphere-like 

shape, while nanoclay PKL_DS is a nano-platelet and it 

appears as very fine solid parallel lines throughout the PLA 

matrix. Moreover, Figure 2a illustrates the presence of some 

SiRHA agglomerates reflecting poor dispersion of SiRHA 

particles in the PLA matrix. In Figure 2b, the TEM 

micrograph displayed good dispersion of PKL_DS in the 

PLA matrix. This is likely due to surface modification of 

nanoclay by dodecyl sulfate. The organic substance helps to 

expand the interlayer space of nanoclay PKL_DS, allowing 

for the intercalation of PLA chains into the interlayers of 

nanoclay PKL_DS, enhancing delamination of nanoclay 

PKL_DS in the PLA matrix. This resulted in good 

compatibility between nanoclay PKL_DS and PLA matrix 

[24]. Surface modification also makes LDH less hydrophilic 

leading to better dispersion in the PLA         matrix [23].  In 

the case of the PLA/3SiRHA/3PKL_DS nanocomposite, 

most nanoclay PKL_DS and SiRHA fillers were 

homogeneously dispersed in the PLA matrix at the 

nanometer scale. The intercalated nanocomposite structure is 

shown in more detail in Figure 2c. The lines in the 

micrograph are the edges of the nanoclay PKL_DS platelets 

and SiRHA particles. Intercalated stacked layers of PKL_DS 

coexist in the nanocomposite, implying that the 

nanocomposite has an intercalated structure [6]. On the basis 

of XRD and TEM analysis, it can be concluded that 

intercalated PLA/PKL_DS and PLA/SiRHA/PKL_DS 

nanocomposites were attained. 

 

3.2 Surface morphology of neat PLA and PLA-matrix 

nanocomposites 

 

 The surface morphology of neat PLA and PLA-based 

nanocomposite films is shown in SEM images given in 

Figure 3. The surface of the neat PLA film appears 

homogeneous and relatively smooth. The film, however, 

shows signs of brittleness, which is a characteristic of the 

PLA polymer (Figure 3a). SEM images of PLA 

nanocomposites containing individual fillers, 3 wt% of 

SiRHA and 3 wt% of PKL_DS, are shown in Figures 3b and 

3c. Figure 3b clearly shows  SiRHA  agglomerates and phase  
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Figure 3 SEM images of a) neat PLA, b) nanocomposites of PLA/3SiRHA, c) PLA/3PKL_DS, d) PLA/3SiRHA/3PKL_DS, 

e) PLA/3SiRHA/5PKL_DS and f) PLA/3SiRHA/10PKL_DS. 

 

separation of SiRHA in the PLA matrix, suggesting poor 

bonding between the two phases. Additionally, some holes 

and cavities are observed on the surface of the PLA/3wt% 

SiRHA nanocomposite film. These may represent regions 

where SiRHA particles have been pulled away from the 

matrix due to debonding of SiRHA particles. This result is 

consistent with that of Daramola et al. [25], who observed 

silica agglomerates and poor bonding at the interfaces when 

silica was added into a high density polyethylene matrix. 

Figure 3c exhibits no phase separation, implying that 

PKL_DS nanoclay was compatible with PLA matrix. This 

again was due to the surface modification of nanoclay with 

dodecyl sulfate (DS). Surface modification enhanced the 

delamination of LDH, thus good compatibility between PLA 

matrix and nanoclay LDH resulted. Additionally, surface 

modification also makes LDH less hydrophilic, enhancing 

dispersion of nanoclay LDH in PLA. Films containing a 

constant of 3 wt% SiRHA with various PKL_DS loadings of 

3, 5, 10 wt% (Figures 3 d-f) reveal a relatively homogeneous 

surface with few cavities or holes. The appearance of tiny 

voids or cavities on the PLA/3SiRHA/3PKL_DS 

nanocomposite surface (Figure 3d) and PLA/3SiRHA/5PKL 

DS nanocomposite surface (Figure 3e) was due to the 

presence of silica, which tends to phase separate from the 

polymer matrix. It is notable that PKL_DS is well dispersed 

in the PLA matrix and is very compatible with the PLA 

matrix, as is evident in Figure 2c. Incorporation of PKL_DS 

to PLA containing silica increased the homogeneous area of 

the matrix, contributing to a reduction of SiRHA phase 

domains. This was more pronounced at a higher loadings of 

PKL_DS (5 and10 wt%). SEM images of these samples 

revealed the presence of fewer holes as well as a more 

homogeneous and smoother surfaces compared to that PLA 

containing SiRHA alone (Figure 3b). It should also be noted 

that the matrix phase in Figure 3f (10 wt% PKL_DS with the 

presence of 3 wt% SiRHA) exhibited a very dense and 

compact structure. It might be anticipated that the observed 

structural differences would manifest themselves in the 

absorption behavior of these nanocomposites. 

 

3.3 Water vapor barrier properties of neat PLA and PLA 

nanocomposites 

 

 Figure 4 shows the water vapor transmission rate 

(WVTR) of neat PLA and PLA based nanocomposite films 

with various filler loadings. WVTR is a measurement of the 

rate of water vapor molecules diffusing through a polymer 

matrix. As can be seen, all PLA nanocomposite films have 

lower WVTR than the neat PLA film. From Figure 4, there 

is a reduction in WVTR with increasing PKL_DS and 

SiRHA loading. This is attributed to dispersion of PKL_DS 

nanoclay and the presence of silica from rice husk ash in the 

film. This increased the length of tortuous pathways for 

water molecules diffusing through the film. To understand 

the influence of particle dispersion on the rate of water vapor 

diffusion through the film, a schematic diagram of a tortuous 

diffusion model is presented in Figure 5. In the presence of 

good dispersion, there is overlap among the barriers and a 

diffusing molecule is forced to go around each layer of filler 

particles. If dispersion is poor, there are gaps through which 

the diffusing molecule can pass through the film relatively 

unhindered. The longer the tortuous pathway, the larger are 

diffusion times for water vapor molecules through the film. 

This resulted in a lower WVTR value of both PLA/SiRHA 

and PLA/PKL_DS films compared to neat PLA film. A 

maximum reduction of 42% WVTR was achieved for 

PLA/PKL_DS nanocomposite with 3 wt% PKL_DS loading 

compared with neat the PLA film. This result is in agreement 

with data of Duan and coworkers [6], who incorporated 5 

wt% of organically modified montmorillonite into PLA and 

found an improvement of 40% in water vapor barrier 

properties. The influences of SiRHA filler on the WVTR of 

PLA nanocomposite films are shown in Figure 4.  Addition 

of 3 wt% SiRHA alone led to a higher WVTR value than that 

of PLA with 3 wt% PKL_DS loading. This is due to three 

characteristics of SiRHA particles. First, the specific surface 
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Figure 4 Water vapor transmission rate (WVTR) of neat PLA and PLA based nanocomposites with different PKL_DS, SiRHA 

and SiRHA/PKL_DS loadings. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Schematic diagram of tortuous path model modified from [9]. 

 

area of SiRHA (117.84 m2/g) is higher than that of PKL_DS 

nanoclay (16.48 m2/g) indicating that SiRHA is relatively 

more porous than PKL-DS nanoclay. Next, the results of 

particle size analysis show that the average particle size of 

SiRHA (50.91 nm) is smaller than PKL_DS (363.99 nm). 

However, after mixing these fillers into PLA polymers, the 

TEM images of nanocomposite films showed SiRHA 

agglomerates (poor dispersion) in the PLA matrix 

(evidenced from Figure 2a), while PKL_DS showed better 

dispersion (Figure 2b). Finally, the holes and cavities on the 

surface of the PLA/3wt%SiRHA nanocomposite film were 

due to debonding of SiRHA particles from the PLA matrix 

(evidenced from Figure 3b). The porous structure of SiRHA 

particle itself, the poor dispersion of SiRHA (induced shorter 

tortuous pathway) and holes in the nanocomposite film all 

facilitated diffusion of water vapor molecules through the 

PLA matrix. This resulted in a higher WVTR for PLA with 

3 wt% SiRHA loading than PLA with the same PKL_DS 

loading. The influence of the incorporation of a combination 

of PKL_DS and SiRHA in PLA nanocomposites on the 

WVTR was also investigated and results are illustrated in 

Figure 4. With incorporation of a constant 3 wt% SiRHA into 

the nanocomposite films with various PKL_DS loadings, 

there was a reduction in WVTR when increasing the 

PKL_DS content from 3 to 5 wt%. This reduction in WVTR 

might be attributed to the presence of PKL_DS that could 

seal holes and pores in the structure of the nanocomposite 

film. A reduction of holes and pores retards water vapor 

diffusion through a film, resulting in a decreased water 

permeability [6, 13]. Furthermore, increasing the content of 

PKL_DS from 5 wt% to 10 wt% further reduced the WVTR 

to the lowest value, 45 g/m2/day. The result was a 67% 

improvement of water vapor barrier properties compared 

with the PLA film alone. This can be explained using the 

SEM images of Figure 3f, which indicate a dense structure 

of PLA/SiRHA/PKL_DS nanocomposite film at 10 wt% 

PKL_DS. The compact structure slows water vapor 

permeation, thus lowering the WVTR value. Furthermore, 

the lower porosity and denser characteristics of PKL_DS 

nanoclay (compared to SiRHA particles) could obstruct 

water vapor transmission through the film owing to the good 

dispersion of PKL_DS in the PLA matrix (inducing longer 

tortuous pathways). Thus, a reduction in the WVTR value 

was observed, and it was more pronounced at higher 

PKL_DS loadings. It can be summarized that incorporation 

of PKL_DS has greater effect on the reduction of WVTR 

values of nanocomposite films than that of the SiRHA filler. 

The maximum reduction of the WVTR value was achieved 

with incorporation of 3 wt% SiRHA/10 wt% PKL_DS. 

These low WVTR value suggest PLA/3SiRHA/10PKL_DS 

nanocomposite film as an alternative material for green-

based packaging. 

 

4. Conclusions 

 

 PLA based nanocomposite films with addition of various 

levels of SiRHA, PKL_DS and SiRHA/PKL_DS in 

combination were successfully produced using solvent 

casting. The addition of PKL_DS in conjunction with 

SiRHA as co-fillers improved water vapor barrier properties 
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of the PLA matrix. The results from both XRD and TEM 

confirmed that the nanocomposite structures were 

intercalated. The XRD analysis showed that the clay 

interlayer spacing increased from 0.76 to 1.29 nm. TEM 

micrographs indicated that the clay particles were well 

dispersed in the polymer matrix. SEM results revealed the 

smooth and homogeneous surface of PLA nanocomposite 

films at 10 wt% PKL_DS loadings. In contrast, a porous 

structure morphology was observed for PLA with addition of 

SiRHA alone or SiRHA in combination with a low content 

of 3 wt% or 5 wt% PKL_DS. However, the porous 

morphology of the film disappeared when the PKL_DS level 

was increased to 10 wt% in combination with 

SiRHA/PKL_DS loading. WVTR values of all PLA based 

nanocomposites are lower than that of PLA alone, which 

suggests that incorporation of PKL_DS and SiRHA yields an 

improvement of water vapor barrier properties over that of 

pure PLA. A reduction of the WVTR is due to longer 

tortuous pathways for water molecule diffusion created by 

fillers. The WVTR of PLA nanocomposites with co-addition 

of 3 wt% SiRHA/10 wt% PKL_DS was reduced by 67% 

compared to that of PLA alone. This reflects the potential of 

using PLA/SiRHA/PKL_DS hybrid nanocomposites as 

green packaging materials. 
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