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Abstract: 

Poly(lactic acid) (PLA)-based hybrid nanocomposites (PLA, nanoclay and nanocellulose) were prepared 

by reinforcing neat PLA with commercially available nanoclay (Cloisite C30B) and nanocellulose, in the 

form of either partially acetylated cellulose nanofibres (CNF) or nanocrystalline cellulose (CNC). 

Composites with 1 or 5 wt% of nanocellulose, in combination with 1, 3 and 5 wt% of nanoclay, were 

prepared, and their barrier properties were investigated. It was found that the combination of clay 

and nanocellulose clearly results in synergistic behaviour in terms of the oxygen transmission rate 

(OTR) through a reduction of up to 90% in OTR and a further reduction in the water vapour 

transmission rate (WVTR) of up to 76%. In addition, the nanocomposite films showed improved 

thermomechanical resistance and improved crystallisation kinetics while maintaining high film 

transparency. This makes hybrid PLA/CNF/C30B nanocomposites a very promising material for food 

packaging applications.  

Introduction 



There is a constant interest in finding bio-based materials for food packaging, in order to substitute 

currently used petrochemical-based polymers such as polyethylene (PE), polypropylene (PP) and 

poly(ethylene terephthalate) (PET). However, biopolymers are generally considered to have poorer 

performance than classical petroleum-based polymers. In the specific case of PLA, its brittleness, slow 

crystallisation rate, poor thermostability and only moderate oxygen and water vapour barrier 

properties have prevented its use as a packaging material1. Accordingly, many different strategies 

have been investigated to enhance the performance of PLA, including its chemical or physical 

modification2, blending3, the use of reinforcing agents such as natural fibres4, other kinds of natural 

fillers5 or nanomaterials6,7. Among these options, nanocellulose, in the form of either cellulose 

nanofibres or nanocrystalline cellulose, has been particularly widely used, both as a single reinforcing 

agent 8 or as a multilayer structure9, not only due to good reinforcing properties10, but also due to 

their inherent biodegradability, bio-based origins and availability. 

In our previous work acetylated cellulose nanofibres (CNFs) were prepared through a combination of 

alkali and acetylation treatments, while nanocrystalline cellulose (CNC) was prepared by acid 

hydrolysis11. The prepared nanocelluloses were compared with commercially available nanoclay 

(cloisite-C30B) as fillers for PLA-based nanocomposites for food packaging applications. The CNF based 

composites had significantly improved thermal stability and decreased oxygen transmission rate (OTR) 

as well as reduced water vapour transmission rate (WVTR) (up to a 64% decrease in OTR at 23°C and 

50% RH and up to a 46% of decrease in WVTR). However, these changes are not sufficient when 

compared with the properties of PET, which is considered the industrial standard in terms of 

permeability. Indeed, barrier properties are critical for food packaging applications, since oxygen and 

water can augment microbiological activity, which in turn will boost food degradation. PET has an OTR 

of approximately 3000 – 4200 mL µm m-2 day-1 at 25°C and different relative humidities12 and WVTR 

values of around 420 g µm m-2 day-1 at 23°C and 85% RH13, while PLA shows an OTR ranging from 

11000 – 36000 mL µm m-2 day-1 at 23°C14,15 and a WVTR of 5250 g µm m-2 day-1 at 23°C and 90% RH16. 



In order for PLA to become an industrial alternative to PET, an even more significant reduction is 

therefore required. 

For the specific case of PLA, the effect of crystallinity on water barrier properties in general, and on 

water sorption in particular, is still not fully understood, and so many different results can be found in 

the literature. Some reports, for instance, claim that water absorption decreases in line with increased 

crystallinity17, while others report the opposite behaviour18. Finally, some papers report different 

behaviours in water sorption and water diffusion measurements, depending on test conditions19. In 

any case, despite crystallinity effects, it has been proven that improvements in the barrier properties 

of nanocomposites is related, at least partially, to the nanomaterial20. This is known to play an 

important role in mass transport phenomena by increasing the tortuous path, and thus decreasing 

diffusivity. 

Although PLA nanocellulose composites have exhibited better performance compared to 

PLA/nanoclay in terms of enhanced barrier and thermomechanical properties, a combination of both 

nanocellulose and nanoclay within the polymer matrix would be an interesting combination that might 

enhance the performance of the material even further. Such a combination of nanoclay and 

nanocellulose fibres was investigated in preparation of thin nanoclay/nanocellulose films. In one case, 

addition of 20 wt% of vermiculite to a CNF matrix led to a decrease in OTR of 86% at 50% RH and 94% 

at 80% RH21, while incorporation of 50 wt% of MNT to a CNF matrix resulted in a five-fold reduction in 

OTR at 95% RH22. 

The combination of nanoclay and nanocellulose has also been investigated in polymer composites, 

where poly(vinyl alcohol)/nanocellulose-based composites showed increased thermomechanical 

properties, reduced strain at break and a decreased oxygen transmission rate above 30% RH (although 

they also showed increased water absorption) in line with increased clay content23. The replacement 

of 1 wt% of nanoclay with 1 wt% of CNC in a PLA/montmorillonite composite containing 5 wt% 

nanoclay led to an eight-fold increase of strain at break for the composites (from 10.6% to 78.8%)24. 

In a similar fashion the addition of CNC to the composite led to enhanced water absorption and 



different water diffusion, depending on the amount of CNC added25. Finally, the combination of CNC 

and nanoclay led to improved thermomechanical properties for PLA-grafted maleic acid composites26.  

The present work aimed at determining possible synergistic effects as a result of combining 

nanocellulose and nanoclay in PLA nanocomposites, by focusing on properties that will have to be 

improved in order for PLA to become an industrially relevant alternative polymer for food packaging. 

Experimental 

Materials 

Polylactic acid (Ingeo 2003D) was supplied by Natureworks (Minnesota, USA). Cellulose 

nanoreinforcements were extracted from sisal (Agave Sisalana, which was kindly supplied by Expor 

Sisal S.L) according to a previously described procedure11. The nanoclay was Cloisite 30B (C30B), which 

is commercially available and well described in the literature27–29. NaOH, sulfuric acid (95%-97%), nitric 

acid (ACS reagent, 70%), acetic acid (99%-100%), N, N – dimethyl formamide (98%, ACS reagent) and 

dichloromethane (99.8% chromasolv) were purchased from Sigma Aldrich, while sodium chlorite (25% 

w/w on water) was supplied by Merck. All of the reagents were used as received. 

Preparation of CNF and CNC 

The acetylated cellulose nanofibre (CNF) and nanocrystalline cellulose (CNC) extraction and isolation 

procedures have been described elsewhere11, a summary of which can be found in the supporting 

information. Briefly, this method is based on grafting acetate groups onto the surface of the swollen 

cellulose nanofibres, in order to inhibit hydrogen bonding, thus allowing for the easy extraction and 

individualisation of the fibres. The protocol consists of a sequence of chemical treatments (alkali 

treatments, bleaching and acetylation) of the sisal fibres followed by preparing for the dispersion of 

nanofibres (either CNF or CNC) in DMF via magnetic stirring. 

Nanocomposite preparation 

A neat PLA film and two types of hybrid composites with 1 or 5 wt% of nanocellulose in combination 

with 1, 3 and 5 wt% of nanoclay (PLA/CNF/C30B and PLA/CNC/C30B) were prepared by mixing three 

premixes followed by film formation by solvent casting in Teflon moulds. A specially prepared rack 



ensured the high reproducibility of film thicknesses and uniform films. PLA/C30B, PLA/CNF and 

PLA/CNC composites were used as reference materials, prepared as described elsewhere11, and a 

summary of the preparation procedure is included in the supporting information.  

A) Neat PLA reference film 

PLA (5 g) was dissolved in dichloromethane (250 mL) by magnetic stirring overnight at room 

temperature. The mixture was degassed in an ultrasonic bath for 5 minutes, and the PLA solution was 

then poured slowly into three Teflon moulds, 80 mL in each mould. The three moulds were covered 

by a 5-13 µm filter paper, kept in a Climacell climatic chamber (MMM Group) at 23°C for 16 hours and 

thereafter dried at 50°C in a vacuum for at least 24 hours. The prepared PLA films were 75 µm ± 2.3 

µm in thickness. 

B) PLA/CNF/C30B and PLA/CNC/C30B composite films 

The hybrid composites were prepared by mixing a standard solution of PLA (A), a standard dispersion 

of nanocellulose (for both CNF and CNC) (B) and a standard dispersion of nanoclay (C). Both 

nanocellulose dispersions in DMF (B) were obtained directly as a result of the preparation procedure 

as a 0.8 w/v% dispersion. Nanoclay dispersion (C) was achieved by stirring Cloisite C30B (2 g) in DMF 

(200 mL) for 24 hours, followed by ultrasonication at 200 W for 30 minutes, to obtain a stable 

dispersion that could be used for preparing the hybrid composites. The PLA standard solution (A) was 

freshly prepared prior to use by magnetically stirring PLA (3.3 g) in DMF (65 mL) vigorously at 70°C for 

2 hours. Dispersions with a specific nanocellulose and nanoclay content were then prepared by mixing 

premixes A, B and C, all of which were diluted to 105 mL with additional DMF. The dispersions were 

stirred vigorously and ultrasonicated at 200 W for 10 minutes and finally cast into a Teflon mould 

(12 cm x 12 cm). The solvent was then removed by drying at 80°C for 15 hours, which was followed by 

additional drying in vacuo at 50°C for at least 24 hours. Film thicknesses were measured at least nine 

different points with a digital micrometer (with an absolute error of 1 µm). It was found that all of the 

composites showed similar thicknesses and that each film had a small standard deviation. These 

differences in thicknesses between the different films can be attributed to the inherent uncertainty 



of the solvent casting procedure rather than to the effect of the nanofillers. The hybrid composites 

PLA/CNF/C30B showed a thickness ranging from 81 to 93 µm with a standard deviation below 3.1 µm, 

while the PLA/CNC/C30B composites were prepared with a thickness ranging from 86 to 95 µm with 

a standard deviation below 4.5 µm.  

Characterisation methods 

The dispersion of nanofillers within the polymer matrix was studied by X-Ray diffraction (XRD) (Philips 

X’Pert Pro diffraction system utilising a Cu-tube (λ = 1.542 Å), operating at 40 kV and 40 mA, and 

scanning electron microscopy (SEM) (FEI Quanta 200 ESEM FEG) and transmission electron microscopy 

(FEI Tecnai T20 G2). The thermal properties (glass transition temperature (Tg), melting temperature 

(Tm) and degree of crystallinity (Xc)) of neat PLA and the nanocomposites were determined by 

differential scanning calorimetry (DSC) (TA DSC Q1000), using a heating rate of 10°C/min across a 

range of 0 – 200°C in a heating/cooling/heating cycle. The melting enthalpy of 100% crystalline poly(L-

lactide) was considered to be 93 J g-1, as reported previously30. To determine Xc, the following 

expression was used for both the first and the second heating cycle: 

𝑋𝑋𝑋𝑋 =
∆𝐻𝐻m - ∆𝐻𝐻C

∆𝐻𝐻0
 

 

where Xc is the degree of crystallinity of the composite, mH∆  is melting enthalpy, cH∆  is 

crystallisation enthalpy and 93 J g-1 was considered as the melting enthalpy of 100% crystalline PLA. 

Isothermal crystallisation studies were performed by heating samples from RT to 200°C at 10°C/min, 

where they were stabilised for 2 minutes and thereafter cooled down to 0°C at 20°C/min. Next, the 

samples were heated at 20°C/min until they reached 120°C and were then kept for 2 hours at that 

temperature. Finally, the samples were cooled to 0°C at 10°C/min and heated until they reached 200°C 

at 10°C/min. Optical properties were measured at at least three different points using a UV-Vis 

spectrometer (Polar Star Omega) in the range of 200 nm – 1000 nm. The oxygen transmission rate 

(OTR) was measured in triplicate, using a Lyssy OPT-5000 oxygen permeability tester. OTR 

measurements were performed at 23°C at 0% and 50% of RH, and the results were expressed in mL 



µm m-2 day-1. The water vapour transmission rate (WVTR) of the films was measured in triplicate 

according to the norm NF H 00-030 at 23°C and 50% RH. Silica gel was used as a desiccating agent, and 

the cups had a specific exchange surface of S =28.27 cm2. The mass increase in the cups, due to the 

water absorption of silica gel, was plotted against time, and the slope was calculated. The WVTR was 

calculated as shown below, where n is the change in mass per time, l the thickness of the film and S is 

the area of the investigated surface.  

*n lWVTR
S

=   

One-way ANOVA analysis for calculation of the statistical significance of the OTR and WVTR data was 

done in Minitab 17, with statistical significance established at p<0.05. Mechanical properties were 

measured using an Instron Universal Testing Machine Model 4507 (Instron Engineering Corporation, 

Canton, USA) equipped with pneumatic fixtures of type I BA dumbbell-shaped samples at 2.5 mm min-

1. Five specimens 5x1 cm in size were taken from each film. Thermomechanical properties were 

measured in duplicate, using DMA RSA3 (TA Instruments, USA) equipment working in tensile mode. 

All of the measurements were performed at a constant frequency (of 1 Hz) and a strain amplitude of 

0.05%. The distance between the fixtures was 10 mm. The samples were heated at 10°C /min from 

room temperature until reaching 110°C, and they were kept for 20 minutes at this temperature. 

Thereafter, the samples were cooled down to 25°C at 10°C/min and then heated to 180°C at 10°C/min. 

The analysis was repeated to check for the reproducibility of the measurements.  

 

Results and discussion 

The dispersion of nanocellulose and nanoclay in the composites was evaluated by SEM of the cross-

sectional views of fractured films as shown in Figure 1.  



 

Figure 1. SEM of the cross-section of the fractured nanocomposites. A) PLA/CNF 5 wt%/C30B 1 wt%; 
B) PLA/CNC 5 wt%/C30B 1 wt%. C) PLA/CNF 1 wt%/C30B 5 wt%; D) PLA/CNC 1 wt%/C30B 5 wt%. 

 

 

 

 

 

 

 

 

 



Composites with the highest nanocellulose and the lowest C30B content (5 wt% nanocellulose-1 wt% 

C30B) were chosen to evaluate the dispersion of nanocellulose, while composites with lowest 

nanocellulose and highest C30B content (1 wt% nanocellulose-5 wt% C30B) were chosen to evaluate 

the clay dispersion (SEMs of the cross-sectional views of the composites with 1wt% nanocellulose and 

1 wt% C30B can be seen in the supporting information, SI-Figure 1 and SI-Figure 2). The cross-sectional 

views of the fractured surfaces at high loading of nanocellulose (Figure 1A and 1B) shows 

homogeneous samples without any large aggregates of nanocellulose, confirming a good dispersion 

of nanocellulose in the composites. Both composites with a high content of nanoclay (Figure 1C and 

1D) show a significantly different fractured interface compared to the composites with a high 

nanocellulose loading, where the platelet structure of the nanoclays is clearly visible. The nanoclays 

are not as well dispersed as the nanocellulose, as can be seen from the small aggregates of up to 5 µm 

in size for the CNF composite, whereas the CNC composite show a more homogeneous fracture 

surface. Considering the high content of nanoclay in these samples some aggregates would be 

expected on a fractured surface, as the fracture occurs at the weakest point of the film.  

The effective dispersion of the nanoclay at the nanoscale was investigated further by XRD and TEM, 

as shown in Figure 2. 

  

Figure 2. Left: XRD pattern of PLA/CNF/C30B and PLA/CNC/C30B nanocomposites (%wt) and neat 

C30B. Right: TEM of PLA/CNF 1 wt%/C30B 3 wt%. 



As can be seen from the XRD in Figure 2 (left), the neat C30B (powder) exhibits a clear diffraction peak 

at around 2θ ~ 4.5 - 5°, which corresponds to the d-spacing of the platelets within the clay. This strong 

diffraction peak from aggregated nanoclay is not observed for the hybrid composites, illustrating that 

the nanoclay platelets were separated during processing and that the nanoclay in the composites is 

highly exfoliated at low nanoclay loading. This could also result from dilution, however, the samples 

at high loading of nanoclay only show a very minor peak as an indication of the presence of small 

amounts of intercalated nanoclay. This was also seen from TEM of a microtomed composite (Figure 2, 

right). Here the nanoclay can be seen to be both intercalated (black lines) and exfoliated. In 

combination with the SEM micrographs from above it shows that the nanofillers are generally well 

dispersed with few small aggregates. In the current study the target application was food packaging 

materials, where barrier properties can be of great importance. As mentioned above, an important 

parameter in barrier properties is the crystallinity of different materials, and therefore all of the 

samples were evaluated by DSC, as shown in Figure 3.  

 

Figure 3. Degree of crystallinity of the hybrid nanocomposites. 

It can be seen from Figure 3 that the addition of nanoclay or nanocellulose to the PLA results in a 

significant increase in crystallinity as expected. The crystallinity of the composites is seen to decrease 

with a higher loading of nanofiller. However, the crystallinities are considered similar for all the hybrid 



composites with above 1wt% nanocellulose and 1 wt% nanoclay. Moreover, no relevant changes in Tg 

or Tm were observed in any of the composites. 

PLA is known to exhibit slow crystallisation behaviour, which is a drawback for certain industrially 

relevant applications. Hence, the influence of nanofillers as nucleating agents in hybrid 

nanocomposites on the crystallisation kinetic was investigated. In Figure 4A, plots of heat flow versus 

time during isothermal crystallisation at 120°C of PLA, PLA/CNF 1%, PLA/C30B 1% and PLA/CNF1% 

/C30B 1% are shown, while Figure 4B shows the same for PLA, PLA/CNC 1%, PLA/C30B 1% and 

PLA/CNC 1%/C30B 1%.  

 

  

 

Figure 4. Heat flow versus time for the neat PLA, PLA/C30B 1%, PLA/CNF 1% and PLA/CNF 1%/C30B 

1% (A) and PLA, PLA/C30B 1%, PLA/CNC 1% and PLA/CNC 1%/C30B 1% (B), showing the impact on 

crystallisation kinetics as a result of nanocellulose and nanoclay content (%wt). 

It is clearly evident that the exothermic peak – the crystallisation peak – has shifted towards shorter 

crystallisation times for all of the nanocomposites, indicating that all of the nanofillers have clear 

nucleating agent behaviour. Nanoclay-based composites (PLA/C30B) have very fast crystallisation 

times compared to neat PLA, while PLA/CNF or PLA/CNC shows crystallisation behaviour between that 

and the neat PLA. The CNF hybrid (PLA/CNF/C30B) was found to exhibit intermediate crystallisation 

behaviour very similar to that of PLA/C30B, while the CNC hybrid (PLA/CNC/C30B) showed a 



crystallisation behaviour similar to the CNC/PLA composite. Interestingly, hybrid nanocomposite, even 

with a low loading such as 1 wt% of CNF and 1 wt% of C30B, shows a significant decrease in half 

crystallisation time, which is an important parameter when considering the commercial production of 

PLA-based packaging materials.  

The oxygen transmission rate (OTR) and water vapour transmission rate (WVTR) of the 

nanocomposites at 23°C and 50% RH are shown in Figure 5.  

 

  

Figure 5. A) OTR and B) WVTR of the hybrid nanocomposites as a result of varied nanoclay and 
nanocellulose content (samples are shown as wt% nanoclay – wt% nanocellulose). The letters 
indicate significant difference (one-way ANOVA; p<0.05) between the composites. 

In Figure 5 it is clear that there is a very significant decrease in the permeability of the nanocomposites 

compared to neat PLA. The OTR at 50% RH is representative of composites measured at both 0% and 

50% RH (similar data for 0% RH can be found in the supporting information). All of the hybrid 

composites show a statistically different OTR, which was reduced by 74.8% at the lowest loading of 

1 wt% nanoclay and 1 wt% nanocellulose. Increasing the content of nanocellulose at 1 wt% nanoclay 

decreased oxygen permeability by 80.3% at 5 wt% CNF/ 1 wt% C30B compared to PLA, while increasing 

the nanoclay content to 5 wt% (1 wt% CNF, 5 wt% C30B) resulted in a decrease in OTR of 85.0%, with 

the highest loading (5 wt% C30B, 5 wt% CNF) ultimately reducing the overall OTR by 90.2% compared 

to PLA.  

Similarly, the WVTR of the composites was also reduced significantly compared to PLA, as shown in 

Figure 5B. Composites at high C30B and low CNF/CNC loading are very fragile, which unfortunately 



made it impossible to measure the WVTR for the 1 wt% C30B and 5 wt% nanocellulose composites. 

The WVTR was decreased by 57-76% compared to PLA, however, there is not a statistical difference 

in the WVTR between the different hybrid composites. It is evident that the addition of nanoclay 

produces a synergistic effect in combination with the nanocellulose, whereby particular 

nanocomposites with 5 wt% of C30B and 5 wt% of CNF show a reduction of 90% in the OTR and 76% 

of the WVTR when compared to neat PLA, while already at lower amount of fillers such as 1 wt% C30B 

and 1 wt% CNF, for instance, the hybrids show a significant reduction of 74% in OTR and 57% in WVTR. 

This makes hybrid nanocomposites very promising for food packaging applications.  

However, such large nanofiller additions, especially of nanoclay, have a significant impact on 

mechanical properties, as shown in Table 1.  

As shown in Table 1, composites with high nanoclay content are highly brittle and show a significant 

reduction in elongation at break. This effect is directly correlated to nanoclay content in the 

composites and was also observed for the reference PLA/C30B nanocomposites as well, which were 

very difficult to handle. Adding nanocellulose to the composites has the effect of reducing their 

brittleness and enabling the handling of thin films. Especially the low loading of clay was found to 

provide a good combination of mechanical and barrier properties. 

Although the addition of nanoclay reduces mechanical properties at room temperature, there is a 

significant reinforcement effect at high temperatures, as shown by the dynamic mechanical analysis 

(DMA) shown in Figure 6. 

 



Figure 6. DMA of neat PLA and hybrid nanocomposites (%wt). 

It is well known that large surface areas of nanomaterials generally result in improved creep properties 

at high temperatures. The increased stability of hybrid composite films at higher temperatures is seen 

clearly for both the C30B and the CNF composites. Hybrid composites exhibit increased thermal 

stability even at low nanoclay loading, whereas increasing the content of nanoclay even further 

appears to increase stability only moderately. This again illustrates that the two types of 

nanomaterials appear to result in a synergistic effect in terms of thermal stability and a reduction in 

creep at higher temperature. This is expected to be a result of combining a fibrous and a platelet type 

of nanomaterial, where it is speculated that the nanocellulose creates a strong percolated network, 

whereas the platelet structure results in maintained integrity across larger areas of the film.  

This added thermal stability can also be observed on the actual films after solvent casting from DMF 

at 80oC, as shown in Figure 7.  

  

Figure 7. A) PLA, B) PLA/CNF 5% and C) PLA/CNF/C30B 1%-1% films after solvent casting from DMF 

at 80°C. 

Here, it is clear that PLA cannot resist the drying process at higher temperatures. Conversely, the 

PLA/CNF 5 wt% nanocomposite can maintain film shape, although it is not completely flat. Finally, the 



hybrid PLA/CNF1%/C30B1% results in a completely flat film prepared in the exact same conditions, 

proving the synergy and the reinforcing effect on the nanocomposites.  

The transparency of the films can be controlled to some extent by choosing thermal conditions during 

the crystallisation process. It is well known that solvent casting results in the formation of different 

crystalline morphologies compared to what would be expected from an industrially relevant 

processing method such as melt compounding. Low temperature processing, below 100°C, as used in 

the solvent casting procedure, induces mainly α´ crystalline morphology, while processing at a higher 

temperature usually leads to an α polymorph31. Furthermore, a more significantly amorphous rigid 

region is also ascribed to lower processing temperatures32. The influence of processing conditions on 

the transmittance of the films was evaluated by UV-vis spectroscopy, as shown in Figure 8. 

  

  



Figure 8. UV-Vis transmittance of the nanocomposites at different crystalline morphologies. A and B 

showing solvent-cast composites, while C shows the quenched samples having the lowest degree of 

crystallinity and D the fully crystallised composites. 

A quenching procedure, employed to achieve amorphous composites, followed by an isothermal 

crystallisation procedure at 120°C was performed and evaluated by UV-vis spectroscopy. There was a 

large difference between the composites prepared by solvent casting and the thermally treated 

examples. However, in general, it can be seen that most of the nanocomposites have a transmittance 

similar to the neat PLA when they have similar crystalline morphology. The only exception is 

nanocomposites with 5 wt% of CNF and 5 wt% of C30B, which showed reduced transparency. Finally, 

it can be observed that the nanocomposites with 5 wt% of C30B showed significantly reduced 

transparency in the UV range, which is a desired property for food packaging applications. The 

thermally treated samples, however, were found to have small defects in the films, thereby preventing 

further testing for permeability. A deeper evaluation of the effect of crystallinity, amorphous regions 

and the amount and type of nanofiller on the water vapour barrier properties of the composites with 

a Quartz Spring Microbalance is currently being investigated. 

Conclusion 

Novel hybrid composites showing synergistic behaviour, following the combination of PLA, 

nanocellulose and nanoclay, were prepared. The hybrid materials showed improved properties in 

terms of crystallisation kinetics, maintained optical transmission as well as improved thermal and 

mechanical stability. It was established that the hybrid composites have significantly improved barrier 

properties, where the hybrid containing 5 wt% of C30B and 5 wt% of CNF showed the highest decrease 

in OTR of 90% and a decrease of 76% in the WVTR. Furthermore, the addition of even small quantities 

of nanoclay, such as 1 wt% of C30B and 1 wt% of CNF, for example, was seen to lead to a significant 

decrease of 74% in the OTR and 57% in the WVTR, whilst also maintaining good thermal stability, 

optical properties and sufficiently good mechanical stability. Hybrid composites were identified as a 

very promising approach for improving PLA barrier properties and enabling the use of PLA for food 



packaging applications. Before such composites can be applied for food packaging it is of course 

essential to investigate the effects of having nanomaterials in close contact with foods and identify 

any adverse effects of disposing of such materials.  
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Table 1 Mechanical properties of all hybrid composites, determined by tensile testinga. 

CNF/C30B 
    PLA 1%-1% 1%-3% 1%-5% 5%-1% 5%-3% 5%-5% 

E (GPa) 2.4 +/- 0.3 
2.5 +/- 

0.2 
2.7 +/- 

0.2 
2.7 +/- 

0.1 
2.9 +/- 

0.1 
3.1 +/- 

0.1 
3.1 +/- 

0.2 
σ (MPa) 55 +/- 2 53 +/- 2 43 +/- 1 18 +/- 5 51 +/- 3 27 +/- 2 16 +/- 3 

ε % 3.9 +/- 0.2 
2.9 +/- 

0.1 
2.2 +/- 

0.3 
0.9 +/- 

0.4 
2.6 +/- 

0.1 
1.6 +/- 

1.2 
0.7 +/- 

0.1 
CNC/C30B 

    PLA 1%-1% 1%-3% 1%-5% 5%-1% 5%-3% 5%-5% 



E (GPa) 2.4 +/- 0.3 
2.2 +/- 

0.3 
2.3 +/- 

0.1 
2.2 +/- 

0.2 
2.6 +/- 

0.3 
2.7 +/- 

0.2 
3.0 +/- 

0.1 
σ (MPa) 55 +/- 2 47 +/- 6 40 +/- 2 18 +/- 5 49 +/- 2 34 +/- 1 25 +/- 3 

ε % 3.9 +/- 0.2 
3.1 +/- 

0.2 
2.4 +/- 

0.2 
1.2 +/- 

0.3 
3.0 +/- 

0.5 
1.6 +/- 

0.3 
1.1 +/- 

0.2 

a) E is the Young’s modulus in GPa, ε strain at breaking point and σ stress at breaking 
in MPa. 

 


