
1 
 

Thermo-mechanical, morphological and water 1 

absorption properties of thermoplastic 2 

starch/cellulose foam composites reinforced with 3 

PLA 4 

Mohammad M. Hassan*, a,d, Marie J. Le Guen b,d, Nick Tucker c,d,†, Kate Parker 5 

b,d  6 

 a Food & Bio-based Products Group, AgResearch Limited, Private Bag 4749, Christchurch 7 

8140, New Zealand. 8 

b Scion, 49 Sala Street, Rotorua 3010, New Zealand. 9 

c University of Lincoln, School of Engineering, Brayford Pool, Lincoln, LN6 7TS, United 10 

Kingdom.  11 

d Biopolymer Network (BPN), 49 Sala street, Rotorua 3010, New Zealand.  12 

*Correspondence to: 13 

Mohammad Mahbubul Hassan 14 

Food & Bio-based Products Group, AgResearch Limited, Private Bag 4749, Christchurch 15 

8140, New Zealand. 16 

E-mail: mahbubul.hassan@agresearch.co.nz  17 

 
† Present address: School of Engineering, University of Lincoln, Brayford Pool, Lincoln LN6 7TS, U.K. 

mailto:mahbubul.hassan@agresearch.co.nz


2 
 

Abstract  18 

Expanded polystyrene foams are lightweight, cheap, and have excellent strength and 19 

insulation properties however their inability to biodegrade in traditional landfill sites made 20 

their disposal problematic. Starch, a polysaccharide, has the potential to replace synthetic 21 

thermoplastics for some applications but starch-based foams are hydrophilic, which limits 22 

their applications. In this work, polylactide (PLA), a sustainably derived and industrially 23 

compostable polymer was added to starch/cellulose composite foams to enhance their water 24 

barrier properties. PLA powder at various weight% was mixed with moistened starch and 25 

cellulose mixture and composite foams were prepared by compression moulding at 220 °C. 26 

The thermomechanical and viscoelastic properties of the produced foam materials were 27 

analysed by thermogravimetric analysis, dynamic mechanical thermal analysis and also by 28 

the 3-point compressive mechanical quasi-static testing. It was found that flexural strength 29 

increased and the water absorption properties decreased with an increase in PLA weight (%) 30 

in the starch/cellulose foam composites.  31 

 32 
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 35 

Introduction 36 

 37 

Depletion of petrochemical resources, together with the accumulation of non-biodegradable 38 

plastics in the environment have led to renewed interest in the development of packaging 39 

from biomasses and other sustainable resources. Traditionally, cellulose and thermoplastic 40 
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polymers have been used in the manufacturing of packaging. However, sustainable cellulose-41 

based packaging materials (paper and cardboard) have limitations, particularly due to their 42 

poor water barrier properties that restrict their use in many applications. In addition, when 43 

they encounter water, they slowly lose their strength and finally disintegrate. Most of the 44 

popular thermoplastic polymers currently used in packagings, such as low-density 45 

polyethylene (LDPE) and polypropylene (PP), are not biodegradable or of sustainable origin. 46 

Only a small percentage of plastic packaging is collected for recycling and therefore most of 47 

it is still ending up in a landfill, effectively polluting our environment. Biodegradable plastics 48 

can address this problem and are therefore increasingly replacing non-biodegradable and 49 

petrochemical-derived commodity plastics in packaging applications. The most promising 50 

synthetic biodegradable plastic is polylactic acid (PLA), which is made from corn by 51 

converting corn starches to sugar, which is then converted to lactic acid (the monomer of 52 

PLA) through various fermentation stages (Rahman et al. 2011). 53 

     Starch is abundant and cheap, and can be sourced from a number of convenient crops such 54 

as potato, rice, wheat, corn, tapioca, cassava, often as a co-product, so not reducing the 55 

amount of starch availble as a foodstuff. In the presence of a plasticiser, at high temperatures 56 

and pressures, starch loses its crystallinity and becomes thermoplastic allowing processing 57 

using traditional thermoplastic processing machinery, such as injection moulding (Swanson 58 

et al. 1993; Stepto 2006; Soukeabkaew et al., 2015). Although thermoplastic starch is 59 

biodegradable, the poor mechanical strength limits its application (Dos Santos et al. 2018). A 60 

range of fibrous materials and clays including β-carotene (Kim and Huber 2016), nanoclay 61 

(Romero-Bastida et al. 2016), kaolinite (Mbey and Thomas 2015), sugarcane bagasse fibres 62 

(Dos Santos et al. 2018), flax fibres (Romero-Bastida et al. 2016), date palm fibres (Ibrahim 63 

et al. 2017), jute fibres (Wang et al. 2017; Soykeabkaew et al., 2015; Soykeabkaew et al., 64 

2004), cellulose nanocrystals (Ali et al. 2018; Tabassi et al. 2016), β-glucan (Sagnelli et al. 65 
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2017), wheat gluten (Muneer et al. 2015), sugar palm fibres (Edhirej et al. 2017), and 66 

cellulose nanowhiskers (Liu et al. 2017), has been investigated to enhance its mechanical 67 

properties. Blending with various natural and synthetic polymers, such as zein (Corradini et 68 

al. 2006), chitosan (Mendes et al. 2016), natural rubber (Carmona et al. 2014), and the 69 

aliphatic polyester (Martin et al. 2001) has been investigated for the same purpose. 70 

Foam packaging is very popular because it is low density and has good thermal insulation 71 

properties. For example, non-biodegradable expanded polystyrene (EPS)-based foam 72 

packaging is extensively used for low0cots hot and cold food packaging. Thermoplastic 73 

starch-based foams have also been investigated for packaging applications as they have 74 

thermal insulation properties comparable with currently used EPS foams (Deng and 75 

Catchmark 2014; Zhou et al. 2006). Starch-made materials have thermal insulation properties 76 

comparable with commercial competitors (Glenn et al., 2001a). However, starch foams 77 

respond poorly to high moisture conditions because of their high hydrophilicity (Glenn et al. 78 

2001b). At high humidity or in contact with water they lose strength, shape and structural 79 

integrity (Shogren et al. 1998). Conversely, at low humidity conditions, they lose their plastic 80 

properties and become brittle. It was found that the increase in amylose content in the starch 81 

produces denser and stronger foams with a sacrifice in flexibility (Noorbakhsh-Soltani et al., 82 

2018). Starch with a high amylopectin content produces light-weight foams but with poor 83 

strength (Lawton et al., 1999). The addition of microfibrillated cellulose to starch also has 84 

been extensively investigated to make the starch-made materials strong (Kaushik et al. 2010; 85 

Hietala et al. 2013; Spiridon et al. 2014). The application of various plasticisers including 86 

glycerol has been demonstrated to decrease the brittleness of starch-based materials (Avérous 87 

et al. 2000; Ghanbari et al. 2018).  Sometimes, starch-based articles are coated with a 88 

thermoplastic polymer to improve their water barrier properties. However, if holes are formed 89 

on the surface of the thermoplastic coating, their water barrier properties are compromised. 90 
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Natural rubber latex has been extensively investigated to improve the barrier properties of 91 

starch-based foams (Subramaniam 1990).  92 

PLA is a hydrophobic polymer that fully degrades under certain conditions (Ghorpade et al. 93 

2001). Masmoudi et al. reported the development of plasticised starch and cellulose 94 

reinforced PLA films (Masmoudi et al., 2016) and both types of films were fully 95 

biodegradable but the plasticised starch film showed quicker biodegradation compared to the 96 

other film.  97 

     Cellulose fibre, microfibrillated cellulose, cellulose nanocrystals, and PLA have been 98 

investigated as a reinforcing agent for the strengthening of starch-based films and foams 99 

[Patil et al., 2016; Shirai et al., 2013, Soykeabkaew et al., 2012]. The addition of PLA to 100 

tapioca starch in the presence of glycerol and other plasticisers, increased the tensile strength 101 

of starch/PLA foam to 1.31±0.06 MPa at 30% PLA loading and also the moisture content 102 

decreased [Preechawong et al., 2005].  The addition of cellulose enhanced the strength of 103 

starch-based films but the addition of PLA to starch enhanced the water barrier properties of 104 

the produced starch films. Starch/cellulose composite foam-based packaging has already been 105 

marketed by Earthpac (https://earthpac.co.nz), Paperfoam, and others, being marketed as an 106 

alternative to paper-based packaging, but their very poor water barrier properties make them 107 

unsuitable for the replacement of hydrophobic EPS foam packaging. To the best of our 108 

knowledge, no published literature reported the enhancement of the water barrier properties 109 

and flexural strength of starch/cellulose foam composites by the addition of PLA. It is known 110 

that PLA films have considerably higher moisture barrier properties compared to starch films 111 

[Muller et al., 2016]. Therefore, we envisaged that the addition of PLA to potato 112 

starch/cellulose composite foam not only would enhance its strength but also its moisture and 113 

oxygen gas barrier properties. However, it is quite difficult to make a uniform blend of PLA 114 

pellets with starch/cellulose powders, especially at ambient temperature. Therefore, we used 115 
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PLA powder to facilitate the uniform mixing of PLA with starch/cellulose powders for the 116 

production starch/cellulose/PLA foam composites. In this work, we are reporting a simple 117 

room temperature mixing and high-temperature short-time compression moulding method for 118 

the development of cheap but fully biodegradable starch/cellulose/PLA foam composite with 119 

considerably higher water barrier properties compared to the starch/cellulose foams that 120 

potentially can replace the currently used EPS packaging.  121 

 122 

Table 1 The composition of starch/cellulose/PLA foam composites  123 

Sample ID. Dry weight (%) 

Starch Cellulose PLA Carnauba wax 

Control 72.80 24.30 - 2.90 

Composite 1 70.35 24.30 2.45 2.90 

Composite 2 67.94 24.30 4.86 2.90 

Composite 3 65.42 24.30 7.28 2.90 

Composite 4 63.08 24.30 9.72 2.90 

 124 

 125 

Experimental section 126 

 127 

Materials 128 

 129 

Potato starch and carnauba wax were procured from Earthpac Ltd, Auckland, NZ. The potato 130 

starch has an average granule size of 96 μm and approximately 16% moisture and is 131 
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composed of 28.6% amylose and 71.4% amylopectin. Cellulose fibre powder (500 to 800 µm 132 

long and 15 to 34 µm wide) was purchased from FineCel Sweden AB (Stockholm, Sweden). 133 

PLA powder was produced by cryogenic milling of PLA pellets (Ingeo 2003D, NatureWorks, 134 

USA, molecular weight Mn = 114317 g/mol measured by GPC) and the particle size was 135 

approx. 300 to 700 µm. The average size of the PLA powder was 500 µm.   136 

 137 

Preparation of Starch/cellulose/PLA foam composites 138 

 139 

Because of the difficulty of uniformly mixing of PLA pellets to starch/cellulose powders, 140 

PLA was ground to powder by cryogenic milling. The weight (%) of cellulose fibre powder 141 

and carnauba wax was kept fixed and the weight (%) of PLA and starch were varied. 142 

Carnauba wax used as a plasticiser and internal mould release agent. A small quantity of 143 

water (40 ml) was added to obtain the disruption of the native starch and to decrease the melt 144 

viscosity during compression moulding. Thermoplastic starch matrix behaviour varies 145 

depending on the formulations with a variation of glass transition temperature (Avérous et al. 146 

2000). The processing stages begin with the dry blending of starch, cellulose fibre powder, 147 

and carnauba wax. Table 1 shows the compositions of various composites. Starch, cellulose, 148 

and carnauba wax were mixed together in the presence of a small amount of water and then 149 

the mixture was compression moulded to prepare the foam composites. The composite 150 

fabrication method is shown by a schematic diagram in Fig. 1. They were mixed together at 151 

slow speed using a food mixer followed by the addition of water with continuous stirring to 152 

obtain a uniform granular mixture. The final moistened mixture was obtained after an high 153 

speed mixing at 1500 rpm for 60 s.  154 
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     85 g aliquots of the mixture was compression moulded in a plate-shaped mould tool at 220 155 

°C for 60 s to convert the mixture into foam composite plates. The starches were quickly 156 

gelatinised and dry foam plates were prepared by quick evaporation of water and volatiles 157 

during the compression moulding. To improve the water barrier properties of potato 158 

starch/cellulose plates, PLA powder was added to the potato starch/cellulose mixture at 2.45, 159 

4.86, 7.28 and 9.72 %. The foam composite samples were then cut into various sizes to carry 160 

out various characterisations.    161 

 162 

 163 

Fig. 1 The schematic diagram of the preparation of PLA-reinforced starch/cellulose 164 

composite foam. 165 

 166 

Physicochemical and mechanical characterisations 167 

 168 
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The CIE L*a*b* colour measurements of the starch/cellulose foam composites were carried 169 

out with a Mahlo spectrophotometer (Color eye 40/0, Mahlo GmbH, Germany) under D65 170 

illuminant and 10° observer and the whiteness index was calculated according to the 171 

following equation: 172 

Whiteness index=100-[(100-L*)
2
+(a*)

2 
+(b

*)
2 

]0.5                      (1) 173 

 Thermo-gravimetric analysis (TGA) was carried out in a TA Instruments’ Discovery TGA 174 

(Model 550, TA Instruments Inc., New Castle, USA) from room temperature to 500 °C at a 175 

heating rate of 5 °C/min under nitrogen environment. 15 × 56 × 1.5 mm size samples with 176 

various PLA loadings were cut and dynamic mechanical thermal analysis (DMTA) was 177 

carried out in a 3-point static flexural mode using a dynamic mechanical analyser (Model 178 

RSA-G2, TA Instruments, New Castle, USA). The measurements were dynamic time sweep 179 

tests starting from T = 25 °C to 80 °C at a heating rate of 5 °C/min and frequency fixed at 1 180 

Hz. The storage modulus (E’), loss modulus (E”), and loss factor (tan δ) of the samples were 181 

measured.  182 

     The flexural strength was measured by a 3-point flexural test rig attached to an Instron 183 

Universal Tensile Testing machine at a crosshead speed of 2 mm/min at the standard 184 

atmospheric conditions (20±2 °C and 65±2% relative humidity) using a span length of 34.5 185 

mm. The sample size was 60 × 15 × 1.5 mm and samples were pre-conditioned for 48 h. The 186 

vertical displacement was measured at the centre of the disc using an LVDT displacement 187 

transducer. The samples were preconditioned for 48 h before measuring. For each sample, at 188 

least 10 tests were carried out and the averages are reported here.  189 

      The contact angle was measured in dynamic mode by using a KSV CAM 100 Contact 190 

Angle Measurement Apparatus (KSV Instruments, Helsinki, Finland) and the Young-Laplace 191 

equation was used to quantify the contact angles. For each sample, the contact angle was 192 
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measured at 5 places and the average contact angle was reported. The first measurement was 193 

taken immediately after placing the drop of water and then at 120 s interval measurements 194 

were taken until 480 s. The ordinary and the cracked surface of composite foams were 195 

characterised by scanning the surface without any conductive coating in the backscattered 196 

mode on a Hitachi scanning electron microscope or SEM (Model: TM3030Plus, Hitachi 197 

Corporation, Japan) at an accelerating voltage of 15 kV.  198 

     The water absorption by a control starch/cellulose composite and also the composites 199 

containing various weight (%) of PLA was measured according to ASTM Test Method D570: 200 

Standard Test Method for Water Absorption of Plastics. 4 cm × 4 cm × 0.2 cm size samples 201 

were immersed in distilled water at room temperature after which they were removed from 202 

the tank after 10, 20, 30, 60, and 240 min, water adhered on the surface was wiped by a tissue 203 

paper and weighed. Finally, the water uptake was calculated as the mass difference and 204 

expressed as a percentage.  The IR spectra of the composite foam surfaces were recorded 205 

using a PerkinElmer FTIR (Model: System 2000, PerkinElmer Corporation, USA) with an 206 

attenuated total reflectance (ATR) attachment using a Zn/Se ATR crystal. The fabric samples 207 

were placed flat on the upper side of the crystal. Good fibre to crystal contact was ensured by 208 

applying 50 N force using a calibrated torque wrench. 64 scans were carried out for each 209 

sample and the averages are reported here. 210 

 211 

Results and discussion 212 

 213 

Physical characteristics and colour 214 

 215 
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Fig. 2 shows the visual appearance of control starch/cellulose foam composite and also 216 

starch/cellulose foam composites containing various weight (%) of PLA. It can be seen that 217 

the surface of the composites are quite smooth with no visible pores. The colour of the 218 

composites changed from yellowish with no PLA, to brownish with various weight (%) of 219 

PLA. The increase in PLA loading had a marginal effect in changing the colour of the 220 

starch/cellulose foam composites.  221 

     Table 2 shows the CIE L*a*b* values and whiteness index of starch/cellulose foam 222 

composites containing various weight (%) of PLA.  The colour of the foam composite started 223 

to become lighter and reddish with the addition of PLA as the value of L* increased by the 224 

addition of PLA. The lightness value (L*) of the control starch/cellulose foam composite was  225 

 226 

 227 

Fig. 2 Visual appearance of starch/cellulose composite foam plates containing various weight 228 

(%) of PLA. 229 

 230 

93.54, which increased to 95.71 for the starch/cellulose composite foam containing 2.45% 231 

PLA. Further increase in the PLA loading had little effect on the value of as its value only 232 
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slightly reduced. The addition of PLA initially increased the redness and decreased the 233 

yellowness of the composite. However, the redness (a*) decreased and yellowness (b*) 234 

increased with an increase in the PLA loading. The control sample was more yellowish 235 

compared to the starch/cellulose foam composites with various PLA loadings. The addition 236 

of PLA to starch/cellulose foam composite increased its redness (a*) but decreased the 237 

yellowness (b*) up to 2.45% PLA loading but further increase in the PLA loading slightly 238 

decreased redness but increased the yellowness. It is evident that the addition of PLA had a 239 

marginal effect on the whiteness index of starch/cellulose foam composites as the whiteness 240 

index increased from 84.6 to 85.9 for the 0 to 2.45% PLA but the whiteness index decreased 241 

to 85.1 with an increase in the PLA loading.   242 

 243 

Table 2 Colour and whiteness index of PLA-reinforced potato starch/cellulose foam 244 

composites containing various PLA loadings. 245 

PLA loading 

(%) 

CIE Whiteness 

index  
L* a* b* 

0 93.54 1.15 13.97 84.6 

2.45 95.71 1.98 13.29 85.9 

4.86 95.56 1.90 13.65 85.5 

7.28 95.37 1.88 13.84 85.3 

9.72 95.02 1.82 13.89 85.1 

  246 

 247 

Thermo-gravimetric analysis (TGA) 248 

 249 
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TGA was carried out to observe whether the addition of PLA has any effect on its thermal 250 

stability of the composite foams. As expected the weight loss of all starch/cellulose/PLA 251 

composite foams increased with an increase in the temperature due to the formation of 252 

volatiles by the decomposition of the cellulose, starch, and PLA as shown in Fig. 3. Of the 253 

samples, neat PLA showed the best thermal stability but showed the lowest char yield. On the 254 

other hand, the starch/cellulose foam composite without any PLA showed the worst thermal 255 

stability. The addition of PLA to starch/cellulose foam composites improved the thermal 256 

stability of the composite foams, which improved with an increase in the weight (%) of PLA 257 

in the composite foams. It can be seen that for all samples the weight loss occurred at five 258 

stages, 60 – 120 °C, 120 – 278 °C, 278 – 327 °C, 327 – 362 °C, and 362 – 600 °C, except 259 

neat PLA for which the weight loss occurred at three stages, 60 – 305 °C, 305 – 380 °C, and 260 

380 – 600 °C. For all composite samples, from room temperature to 320 °C a small weight 261 

loss was observed. but for neat PLA almost no weight loss was observed up to 277 °C as 262 

PLA absorbs no moisture: starch and cellulose both absorb moisture. The weight loss 263 

occurring in the composite samples in the 60 to 120 °C region is likely due to the loss of 264 

absorbed moisture (Orue et al. 2016), which decreased with an increase in the PLA loading. 265 

At 120 – 277 °C, the least weight loss was observed for all composite samples and less than 266 

3% weight was lost at this stage. 267 

     Fig. 3 (bottom) shows the DTG curves of neat starch/cellulose foam composite material 268 

and also composites with various PLA loadings. For all composite foams, the maximum 269 

degradation occurred in the temperature range of 278 to 327 °C, where approximately 65% 270 

weight loss was observed. For the control starch/cellulose foam composite the maximum 271 

degradation occurred at 315.65 °C, which increased to 316.4, 116.9, 319.5 and 320 °C for the 272 

starch/cellulose composites with 2.45, 4.86, 7.28 and 9.72% PLA loadings. The second 273 

highest degradation of the control composite occurred at 349 °C, which increased to 349.6, 274 
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351.7, 356.3 and 357.1 °C for the PLA loading 2.45, 4.86, 7.28 and 9.72% respectively. On 275 

the other hand, the maximum degradation of PLA occurred at 363 °C. The rapid weight loss 276 

was observed in this stage due to depolymerisation and degradation of cellulose, starch, and 277 

PLA producing volatile compounds including carbon dioxide and carbon monoxide. The 278 

highest weight loss was observed for the neat PLA as the weight loss increased from 0.6% to 279 

97.2% at 375 °C.  280 

 281 

 282 

Fig. 3 Thermo-gravimetric (top) and DTG (bottom) curves of potato starch/cellulose/PLA 283 

foam composites with various weight of PLA.  284 

 285 

Dynamic mechanical thermal analysis (DMTA) 286 

 287 
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DMTA was carried out to determine the effect of the addition of PLA to the starch/cellulose 288 

foam composites had on their storage modulus (E’) and loss modulus (E”) at various 289 

temperatures, and also to understand their viscoelastic behaviour. Fig. 4 represents the 290 

storage modulus (E’) and loss modulus (E”) curves of starch/cellulose composite foams 291 

containing various weight % of PLA from room temperature to 200 °C. It is evident that for 292 

all the composite samples the storage modulus decreased with an increase in the temperature 293 

due to the loss of stiffness of the composite materials.  294 

     The control and the starch/cellulose sample containing 2.45% PLA had the highest 295 

stiffness at all temperatures. The composite containing 2.5% PLA showed marginally higher 296 

storage modulus up to 58 °C, but beyond that temperature, the control starch/cellulose 297 

composite showed higher storage modulus up the maximum tested temperature. We have to 298 

remember that the glass transition temperature of PLA is 58 °C, i.e. below 58 °C it shows 299 

glassy nature and after 58 °C, it shows the characteristics of rubber. Therefore, up to 58 °C, 300 

the addition of PLA had a small effect on the stiffness of the starch/cellulose composite but 301 

above 58 °C the addition of PLA had a greater effect on the stiffness of the composite. At 30 302 

°C, the storage modulus of the control starch/cellulose composite foam was 8.12×102 MPa, 303 

which increased to 8.53×102 MPa and then decreased to 7.89×102, 7.80×102 and 7.69×102 304 

MPa for the cellulose/starch composite foam containing 2.45, 4.86, 7.28 and 9.72% PLA 305 

respectively. Compared to this, the control sample showed a storage modulus of 6.18×102 306 

and 5.19×102 MPa 86 and 170 °C respectively. The corresponding values for the PLA with 307 

2.45, 4.86, 7.28 and 9.72% PLA loadings were 6.03×102 and 5.00×102, 5.56×102 and 308 

4.50×102, 5.09×102 and 4.06×102, and 3.56×102 MPa respectively. Overall, the storage 309 

modulus of starch/cellulose composites decreased with an increase in the PLA loading. The 310 

starch/cellulose composite with a higher loading of PLA (9.72 weight %) showed 311 

considerably higher stiffness at all temperatures. The loss modulus accounts for the viscous 312 
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component of the complex modulus or the out of phase component with the applied strain.  313 

The loss modulus also increased with an increase in the weight % of PLA in the 314 

starch/cellulose composites.  It can be concluded that the addition of PLA to starch/cellulose 315 

composites had a negative effect on their stiffness. 316 

     The loss factor, Tan δ, is the ratio between the storage modulus and loss modulus, which 317 

represents mechanical damping or internal friction in a viscoelastic system. A high Tan δ 318 

value indicates that the material is inelastic and a low value indicates that the material is 319 

elastic. 320 

 321 

Fig. 4 Storage modulus and loss modulus of starch/cellulose composites containing various 322 

weight (%) of PLA at various temperatures. 323 

 324 

     The effect of adding PLA to the composites is expressed as a mechanical loss factor, Tan 325 

δ, as a function of temperature (Fig. 5). The Tan δ curve peak, which is indicative of the glass 326 

transition temperature (Tg), is also indicative of the degree of crosslinking of the system. The 327 



17 
 

control starch/cellulose composite does not show a sharp Tan δ peak, commonly associated 328 

with the Tg of a material, rather shows a very broad peak, i.e. does not show any defined 329 

transition temperature. The starch/cellulose composites containing PLA had sharp Tan δ 330 

peaks. The starch/cellulose composite material containing 2.45% PLA shows a glass 331 

transition temperature of 58 °C, which increased to 60.8, 60.75 and 61.3 °C for the 4.86, 7.28 332 

and 9.72% PLA, respectively. 333 

      334 

 335 

Fig. 5 The effect of the addition of PLA to the Tan δ of starch/cellulose composites as a 336 

function of temperature. 337 

      338 

     The composite containing 2.45% shows glass transition temperature at 56 °but further 339 

PLA loading increased the Tg to 58 °C presumably because of the presence of PLA. The 340 

increase in peak height of Tan δ with an increase in the loading of PLA suggests that the 341 

rigidity of the starch/cellulose composite foam increased with PLA level. The observed 342 

results are consistent with the results achieved by others (Avérous et al. 2001). 343 
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 344 

Effect of PLA loading on the flexural properties of composites 345 

 346 

The 3-point bending flexural test was carried out to observe whether the addition of PLA 347 

improves the rigidity/stiffness of the composite foam. The 3-point flexural test is a simple 348 

way to subject a specimen to tension, compression, and shear simultaneously. The effect of 349 

PLA loading on the flexural or bending strength of starch/cellulose is presented in Fig. 6 350 

(top). It can be seen that the addition of PLA to starch/cellulose blends had a positive effect 351 

on the flexural strength of the produced foams composites. The lowest flexural strength was 352 

observed for the control starch/cellulose and the highest for the starch/cellulose foam 353 

composite containing 9.72 % PLA. The flexural strength of the starch/cellulose composites 354 

increased with an increase in the weight (%) of PLA. The strength of the starch/cellulose 355 

composite foam was increased from 4.33 MPa for the control to 4.867 MPa for the 356 

starch/cellulose composite with 9.72% PLA, a 14.8% increase in the bending rigidity.  The 357 

increase in the flexural strength indicates improved adhesion between matrix starch and PLA, 358 

and also between cellulose and PLA. Therefore, it can be concluded that the addition of PLA 359 

to the starch/cellulose composite had a reinforcing effect in increasing their flexural strength. 360 

It was reported that the tapioca starch/PLA composites containing 0% PLA exhibited flexural 361 

strength of approximately 1.0 MPa at 65% relative humidity [Preechawong et al., 2005], but 362 

in our case, the flexural strength increased to 4.97 MPa due to the reinforcing effect of 363 

cellulose fibre.   364 
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 365 

Fig. 6 Effect of addition of PLA on the flexural strength (top) and flexural modulus (bottom) 366 

of starch/cellulose composites. 367 

 368 

Fig. 6 (bottom) shows the effect of PLA loading on the flexural modulus of the 369 

starch/cellulose foam composites. Like flexural strength, the flexural modulus also increased 370 

with an increase in the PLA loading.  The lowest flexural modulus was exhibited by the 371 

control starch/cellulose composite and it was 0.3 GPa, which increased to 0.48 GPa for the 372 

PLA loading of 9.72%. The flexural modulus of starch/cellulose composite almost 50% 373 

increased for the 9.72% PLA loading. 374 

 375 

Cross-sectional and surface morphologies 376 

 377 
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Composites fracture surfaces were examined using scanning electron microscopy (SEM) to 378 

observe the effect of the addition of PLA on the microstructure (Fig. 7). The skin layer of all 379 

composites exhibited small, dense, and closed cell foam structure. However, the interior of 380 

the foam composites show quite large and opened cell structure. The size and distribution of 381 

the cells over the region are non-uniform.  The dense outer skin layer was formed due to the 382 

abruption of evaporation of water molecules in the PLA-rich batter layer adjacent to the hot 383 

surface of mould [Preechawong et al., 2005]. The control starch/cellulose foam composite 384 

shows larger cells compared to the composites containing various weight (%) of PLA. In the 385 

interior of the foam composites, large opened cells were formed due to the boiling of a large 386 

amount of water, which expanded the pores before collapsing the pore walls during high-387 

temperature moulding [Lawton et al., 1999]. The control starch/cellulose composite showed 388 

quite different morphologies compared to the starch/cellulose composites containing various 389 

weights (%) of PLA. The starch/cellulose composites containing 4.86 and 7.28% of PLA 390 

showed relatively uniform distribution of cells and uniform size of cells compared but 391 

smaller cells than the control starch/cellulose composite. Starch/cellulose composite 392 

containing 9.72% of PLA showed some smaller cells but also some large cells, larger than the 393 

one observed for the control starch/cellulose foam composite. It is also evident that inside the 394 

starch/cellulose foam composites all starch granules were gelatinised as no starch granules 395 

are visible. 396 

     The SEM images of the surfaces of the starch/cellulose composite foams with increased 397 

loading of PLA are shown in Fig. S1 (Supplementary Material). For the control sample, the 398 

cellulose fibre is visible on the surface. It is evident that some of the starch granules were not 399 

fully gelatinised during processing and did not expand but bonded to the rest of the fully 400 

gelatinised starch. The surface of the foam composites became smoother with increased 401 

loading of PLA, especially for 7.28 and 9.72% of PLA loading. PLA spread and covered the 402 
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surface of foam composites as the moulding temperature used was considerably high and 403 

looks like fully melted during the short moulding time. It is evident that PLA shows quite 404 

good adhesion with gelatinised starch, which likely contributes to the increased stiffness 405 

observed by mechanical testing. 406 

 407 

Fig. 7 SEM images of control starch/cellulose composite (a) and also starch/cellulose 408 

composites with 2.45 (b), 4.86 (c), 7.28 (d) and 9.72% (e) of PLA. 409 

 410 

Dynamic contact angle 411 

 412 

The water contact angle of composite foam was measured to determine whether the addition 413 

of PLA to the composites increases their surface hydrophobicity and water barrier properties. 414 

Fig. 8 shows the optical image of contact angle and water droplet shape at different times of 415 

surface of starch/cellulose foam composites having different PLA loading. From the dynamic 416 
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water contact angle data of the surface of various composites, it is evident that the addition of 417 

PLA to starch/cellulose composites increased hydrophobicity (Table S1 in Supplementary 418 

Material).  It is expected that the surface of the control starch/cellulose composite would be 419 

hydrophilic as both starch and cellulose are strongly hydrophilic but it showed very low 420 

hydrophilicity. The control composite in these tests contains wax that probably increased the 421 

hydrophobicity, which is evident in the high contact angle shown for the control.     422 

     For the control starch/cellulose foam, the contact angle at 0 s was 102.3° that decreased to 423 

only 95.4° after 480 s showing some levels of hydrophobicity. The strong hydrogen bonding 424 

between hydroxyl groups of starch and cellulose along with carnauba wax might have 425 

contributed to increasing the hydrophobicity of the control starch/cellulose composite. On the 426 

other hand, the contact angle of the composites increased with an increase in the PLA loading 427 

and the contact angle was quite stable over 480 s indicating their excellent hydrophobicity. 428 

The composite foam with 9.72% PLA loading showed the highest contact angle and it was 429 

120.7°. The control starch/cellulose foam composite showed the lowest hydrophobicity as the 430 

contact angle decreased with time. The starch/cellulose composite containing 9.72% showed 431 

the highest contact angle and it was stable until the end of the test. The results indicate that 432 

the addition of PLA improved hydrophobicity or water barrier properties of the composites. 433 
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 434 

Fig. 8 Optical images of changing contact angle at a different time for the surface of 435 

starch/cellulose composites containing various PLA loadings. 436 

 437 

Water absorption 438 

 439 

Water resistance of these samples was further investigated by carrying out a water absorption 440 

test.  As expected, the control composite foam without PLA showed the highest absorption of 441 

water (Fig. S2 in Supplementary Material). The water absorption rate was highest in the first 442 

10 min, after which the water absorption rate slowed but still showed an increase over time. 443 

All the other composites showed similar behaviour.   444 

     The composites containing 2.45, 4.86 and 7.28% PLA showed very similar water 445 

absorption but with an increase in time, considerable differences in water absorption were 446 

observed for the various weights (%) of PLA. The water absorption performance of 447 
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starch/cellulose composites decreased with an increase in the weight (%) of PLA and the 448 

composite containing 9.72% PLA showed the lowest water absorption. The starch/cellulose 449 

composites containing 2.45, 4.86 and 7.28% PLA showed similar levels of water absorption 450 

but the composite containing 9.72% PLA showed considerably lower water absorption 451 

compared to the control starch/cellulose and other PLA containing composites. It can be 452 

concluded that the addition of PLA to the starch/cellulose composite had a positive effect in 453 

increasing their water barrier properties.  454 

 455 

Attenuated Total Reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) 456 

 457 

The ATR-FTIR spectra of starch/cellulose composites containing PLA loadings are shown in 458 

Fig. S3 (Supplementary Material). The spectrum of control starch/cellulose composites shows 459 

characteristics bands of starch and cellulose at 758, 847, 930, 992, 1014, 1078, 1150, 1249, 460 

2849, 2917, and broadband at 3255 cm-1. The spectrum of control starch/cellulose composites 461 

shows four characteristic bands between 980 and 1160 cm-1 (992, 1014, 1078 and 1150 cm-1) 462 

corresponding to the C−O bond stretching band attributed to primary alcohols (Marechal and 463 

Chanzy, 2000). The band at 1150 cm-1 can be assigned to the C−O−C asymmetric stretching 464 

vibrations, which shows that ether bonds were formed between the primary alcohol groups of 465 

starch resulting in a decrease in hydrophilicity. There is a new ester band formed at          466 

1178 cm-1, which came from the ester groups of PLA for the spectra of composites with PLA 467 

loading 4.86% and more, indicating the presence of PLA at the surface of the composite 468 

foams. The bands at 1315 and 1430 cm-1 can be assigned to CH2 wagging symmetric bending 469 

and CH2 asymmetric bending, respectively (Kacurakova et al. 2002). The absorption band at 470 

1648 cm-1 is due to an intermolecular hydrogen bond involving the carboxyl groups. The 471 

bands at 2849 and 2917 cm-1 are due to symmetric and asymmetric C-H stretching vibrations. 472 
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The broadband at 3255 cm-1 can be attributed to hydroxyl groups of starch and cellulose. The 473 

spectra of starch/cellulose composites containing various PLA loadings (%) show similar 474 

peaks but it is evident that the intensity of the broad hydroxyl peak at 3225 cm-1 decreased 475 

with an increase in the weight (%) of PLA. The reduction in the intensity of OH band 476 

indicates that the foam composite became more hydrophobic with an increase in the PLA 477 

loading in the composite foams.  478 

  479 

Conclusions 480 

 481 

We have demonstrated that the incorporation of PLA to starch/cellulose matrix modified the 482 

physical and chemical properties of starch-based composite materials bringing considerable 483 

improvements in water barrier properties, stiffness, and flexural strength.  The addition of 484 

PLA to starch/cellulose composites slightly improved their thermal stability by increasing the 485 

peak thermal degradation temperature. The dynamic mechanical analysis results show that 486 

the stiffness of the composite gradually increased with an increase in the weight (%) of PLA 487 

in the composites. by increasing their storage modulus values. The peak height of tan δ 488 

increased with an increase in the weight (%) of PLA. The 3-point bending test results showed 489 

that the bending strength of the starch/cellulose composites increased with the weight (%) of 490 

PLA. The SEM images confirmed that PLA showed quite good adhesion with gelatinised 491 

starch, which caused the increased stiffness shown by the composites at higher PLA loading. 492 

The addition of PLA powder improved water absorption properties of the produced 493 

starch/cellulose composites may permit their application in packaging of foods or vegetables.  494 

 495 
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