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Abstract 33 

In this work, the effects of relative humidity (RH) pre-conditioning (53% vs. 85% RH) 34 

and incorporation of cellulose fillers (from Posidonia waste biomass) on the properties 35 

and retrogradation of melt compounded starch biocomposites were investigated. Pre-36 

conditioning at 85% RH promoted starch gelatinization during processing, leading to 37 

more amorphous materials with reduced stiffness but better barrier properties. 38 

Furthermore, these films were less stable upon storage due to greater starch 39 

retrogradation. Cellulose incorporation improved significantly the mechanical and water 40 

barrier performance, especially in the films pre-conditioned at 85% RH due to enhanced 41 

filler dispersion. Although incomplete gelatinization of the starch pre-conditioned at 53% 42 

RH led to films with bigger cellulose aggregates, their mechanical and water barrier 43 

properties were better, outperforming starch-cellulose biocomposites typically reported 44 

in the literature. Moreover, the presence of cellulose limited the degree of starch 45 

retrogradation upon storage, highlighting the potential of Posidonia biomass as a cheap 46 

source of high-performance fillers.   47 

 48 
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1. Introduction 57 

Synthetic plastics, conventionally obtained from fossil fuel-derived resources, constitute 58 

the most widely used material in the food packaging sector due to their low cost, good 59 

processability and possibility to adapt their properties to comply with specific food 60 

product requirements. However, the widespread use of these materials entails severe 61 

environmental issues, associated with the steady depletion of fossil-fuels and the 62 

enormous stream of non-degradable waste generated. As a consequence, current trends in 63 

the food packaging sector are fostering the development of more sustainable 64 

biopolymeric materials, i.e. derived from renewable resources. Amongst them, starch, a 65 

natural polysaccharide typically extracted from corn, wheat, rice, potatoes and peas 66 

(Dufresne & Vignon, 1998), has attracted a great deal of interest and has been widely 67 

used to produce biopolymeric films, especially by casting methodologies (Csiszár & 68 

Nagy, 2017; Cyras, Manfredi, Ton-That, & Vázquez, 2008; D. Liu, Dong, Bhattacharyya, 69 

& Sui, 2017; Müller, Yamashita, & Laurindo, 2008). Nevertheless, films cast from 70 

aqueous solutions of gelatinized starch have no industrial applicability and processing 71 

methods based on melt compounding strategies have a greater potential for industrial 72 

implementation.  73 

In this context, thermoplastic starch, produced by the addition of plasticizers with the 74 

combined effect of temperature and shear (J. Yu, Gao, & Lin, 1996), could be a good 75 

candidate for the commercialization of bio-based packaging, since it can be converted 76 

into rigid and flexible packaging using conventional plastics processing equipment 77 

(Khan, Bilal Khan Niazi, Samin, & Jahan, 2017). However, this material presents several 78 

drawbacks, such as high hygroscopicity and poor mechanical performance, which are still 79 

limiting its commercial applicability. In this sense, the incorporation of fillers has proved 80 

to be an efficient strategy to enhance the properties of bio-based polymers, generally 81 
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improving their mechanical and barrier properties to produce biocomposite materials 82 

which are competitive for their intended applications (L Avérous, C Fringant, & L Moro, 83 

2001; Dufresne & Vignon, 1998; Gaspar, Benkő, Dogossy, Reczey, & Czigany, 2005; 84 

Savadekar & Mhaske, 2012). In the particular case of starch biocomposites, cellulose is 85 

one of the most widely used fillers due to its relatively high abundance, outstanding 86 

mechanical and barrier properties, as well as its hydrophilic character, making it 87 

compatible with starch (Aila-Suárez et al., 2013; Dufresne & Vignon, 1998; Guimarães 88 

et al., 2016; Kaushik, Singh, & Verma, 2010; Müller, Laurindo, & Yamashita, 2009). An 89 

additional drawback associated to starch is related to its low stability upon storage due to 90 

re-crystallization processes (commonly known as retrogradation). This retrogradation 91 

phenomenon affects the properties of starch films over storage time. For instance, their 92 

opacity and brittleness have been seen to increase (Smits, Ruhnau, Vliegenthart, & van 93 

Soest, 1998; F. Yu, Prashantha, Soulestin, Lacrampe, & Krawczak, 2013), representing a 94 

major issue in food packaging applications, since the performance of starch films may be 95 

deteriorated with time, affecting the quality and shelf-life of the food (Smits et al., 1998, 96 

Yu et al., 2013). The retrogradation rate is known to be influenced by the amylose content, 97 

starch source and storage conditions (J. J. Van Soest & Vliegenthart, 1997). However, to 98 

the best of our knowledge, the effect of cellulosic fillers on the retrogradation process in 99 

biocomposite starch films has not been previously studied. 100 

Although cellulose is typically extracted from terrestrial resources, it can also be obtained 101 

from marine organisms which do not compete with food applications, as it occurs with 102 

terrestrial ones. Preliminary results presented in a previous study showed the potential of 103 

cellulosic fillers extracted from Posidonia oceanica waste biomass to improve the 104 

properties of starch films (Benito-González, López-Rubio, & Martínez-Sanz, 2018). In 105 

light of those results, the aim of the present work was to achieve a maximum enhancement 106 
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in the properties of starch biocomposites by incorporating cellulose obtained from 107 

Posidonia oceanica waste biomass. Specifically, the effect of starch pre-conditioning at 108 

different relative humidity conditions and cellulose loading on the properties of the 109 

obtained films by means of melt compounding have been investigated. Moreover, the 110 

impact of cellulose on the retrogradation process upon storage was evaluated in order to 111 

assess the suitability of these materials for food packaging applications. Our hypothesis 112 

is that relative humidity pre-conditioning must be key to control the starch gelatinization 113 

process taking place during the melt compounding step and this, at the same time, will 114 

have an impact on the starch-cellulose interactions established. The presence of cellulose 115 

and its interaction with starch are expected to affect the functional properties of the 116 

biocomposite films, as well as their retrogradation behavior. 117 

 118 

2. Materials and methods 119 

2.1 Raw materials 120 

Biomass waste material consisting of Posidonia oceanica leaves was collected directly 121 

from the shore in Calpe, Alicante (Spain) in February-March 2017. The material was 122 

washed vigorously with water in order to remove sand and salts and stored in the fridge 123 

until its use. Corn starch (27-28% amylose) was supplied by Roquette (Roquette Laisa 124 

España, Benifaio, Spain) and glycerol (technical grade) was purchased from Panreac 125 

Quimica, S.A. (Castellar Del Vallés, Barcelona, Spain). 126 

 127 

2.2 Cellulose extraction from Posidonia oceanica biomass 128 

A purification procedure, described in a previous work (Benito-González et al., 2018), 129 

was carried out to sequentially remove cell wall components and obtain pure cellulose 130 

(25% final yield). Briefly, this process consisted of an initial Soxhlet extraction with a 131 
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toluene:ethanol mixture (2:1) overnight to remove pigments and lipids.  This was 132 

followed by a treatment with 1.4% NaClO2 (70 ºC, 5 h) to remove lignin. Finally, an 133 

alkaline treatment with 5% KOH was carried out (room temperature for 24 h, followed 134 

by 2 h at 90 ºC) to remove the hemicelluloses. Cellulose was obtained as a partially 135 

hydrated gel-like material that was stored in the fridge until further use. The percentage 136 

of dry weight was calculated by drying a known amount of hydrated cellulose at 60 ºC 137 

overnight. 138 

 139 

2.3 Production of neat and biocomposite starch films loaded with cellulose 140 

Prior to processing, granular corn starch (initially stored at 0% RH) was pre-conditioned 141 

for a minimum of two weeks by placing the material in cabinets equilibrated at two 142 

different relative humidity conditions (using the required saturated salt solutions): (i) 53% 143 

RH and 25ºC and (ii) 85% RH and 25ºC. The water content in the starch samples after 144 

the pre-conditioning stage was evaluated gravimetrically by drying at least 1 g of corn 145 

starch in an oven at 60º C overnight. The determinations were done at least in triplicate. 146 

 147 

Pure corn starch and biocomposite films with loadings of 5, 10, 20 and 40 wt.-% of 148 

Posidonia oceanica cellulose (with regards to the starch weight) were prepared by melt 149 

compounding, followed by compression molding. Corn starch and glycerol, as plasticizer, 150 

were dispersed in water using a polymer:glycerol:water ratio of 1:0.3:0.5 (w/w/w). For 151 

the biocomposite films, the required amount of cellulose (in its partially hydrated form) 152 

was incorporated to the mixture of starch, glycerol and water and mixed manually with a 153 

spatula until a homogeneous paste was made. This paste was then melt-mixed in a 154 

Brabender Plastograph (Germany) internal mixer at 130 °C and 60 rpm for 4 min. 155 

Subsequently, 4 g of the obtained blends were spread evenly on Teflon films and placed 156 
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in a compression mold (Carver 4122, USA) at a pressure of 16 tons and 130 °C for 2 min 157 

to form one film (Benito-González et al., 2018; Fabra, Martínez-Sanz, Gómez-158 

Mascaraque, Gavara, & López-Rubio, 2018). The samples were coded as follows: S53 159 

and S85 (pure starch films obtained from starch pre-conditioned at 53% RH or 85% RH, 160 

respectively), S53+5%Cell, S53+10%Cell, S53+20%Cell and S53+40%Cell 161 

(biocomposite films from starch pre-conditioned at 53% RH, loaded with 5, 10, 20 and 162 

40% cellulose) and S85+5%Cell, S85+10%Cell, S85+20%Cell (biocomposite films from 163 

starch pre-conditioned at 85% RH, loaded with 5, 10 and 20% cellulose). The thickness 164 

of the films varied between 170 and 300 µm. Since the addition of 40% cellulose 165 

markedly reduced the processability of the material, only the blend with starch pre-166 

conditioned at 53% RH (close to ambient conditions and therefore, better simulating the 167 

conditions typically found in industrial processes) was produced. 168 

 169 

2.4 Conditioning and storage of pure and biocomposite starch films 170 

All the obtained films were stored in equilibrated relative humidity cabinets at 53% RH 171 

and 25ºC for three days prior to their characterization. Additionally, selected samples 172 

(S53, S85, S53+10%Cell and S85+10%Cell) were stored at the same conditions for a 173 

prolonged period of two months to investigate the effect of cellulose on the starch re-174 

crystallization process by means of XRD and tensile testing. 175 

 176 

2.5 Scanning electron microscopy (SEM) 177 

SEM was conducted on a Hitachi microscope (Hitachi S-4800, Japan) at an accelerating 178 

voltage of 10 kV and a working distance of 8-16 mm. The pure and biocomposite starch 179 

films were cryo-fractured after immersion in liquid nitrogen to observe the cross-sections. 180 
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The samples were then sputtered with a gold–palladium mixture under vacuum during 3 181 

minutes before their morphology was examined.  182 

 183 

2.6 Water vapor permeability (WVP) 184 

Direct permeability to water was determined from the slope of the weight gain versus 185 

time curves at 25ºC, according to the ASTM E96/E96M-10 gravimetric method. The 186 

films were sandwiched between the aluminum top (open O-ring) and bottom (deposit for 187 

the silica) parts of a specifically designed permeability cell with screws. A Viton rubber 188 

O-ring was placed between the film and bottom part of the cell to enhance sealability. 189 

These permeability cells containing silica were then placed in an equilibrated relative 190 

humidity cabinet at 75% RH and 25 °C. The weight gain through a film area of 0.001 m2 191 

was monitored and plotted as a function of time. Cells with aluminum films (with 192 

thickness of ca. 11 µm) were used as control samples to estimate the weight gain through 193 

the sealing. The tests were done at least in triplicate. 194 

 195 

2.7 Contact angle measurements 196 

Contact angle measurements were carried out at ambient conditions in a Video-Based 197 

Contact Angle Meter model OCA 20 (DataPhysics Instruments GmbH, Filderstadt, 198 

Germany). Contact angle values were obtained by analyzing the shape of a distilled water 199 

drop after it had been placed over the film for 15 s. Image analyses were carried out by 200 

SCA20 software. 201 

 202 

2.8 Optical properties 203 

The transparency of the films was determined through the surface reflectance spectra in a 204 

spectrocolorimeter CM-3600d (Minolta Co., Tokyo, Japan) with a 10 mm illuminated 205 



10 
 

sample area. Measurements were taken in duplicate for each sample by using both a white 206 

and a black background.  207 

Film transparency was evaluated through the internal transmittance (Ti) (0-1, theoretical 208 

range) by applying the Kubelka-Munk theory for multiple scattering to the reflection data. 209 

As each light flux passes through the layer, it is affected by the absorption coefficient (K) 210 

and the scattering coefficient (S) (Eq. (1)). In this equation, R∞ is the reflectance of an 211 

infinitely thick layer of the material, determined through Eqs. (2), (3) and (4), where R is 212 

the reflectance of the sample layer backed by a known reflectance Rg and R0 is the 213 

reflectance of the sample layer on an ideal black background. Internal transmittance (Ti) 214 

of the films was quantified using Eq. (5).  215 

 216 
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2.9 Mechanical properties 223 

Tensile tests were carried out at ambient conditions on a Mecmesin MultiTest 1-i (1 kN) 224 

machine (Virginia, USA) with the EmperorTM software, according to ASTM standard 225 

method D882-09 18 (ASTM, 2010). Pre-conditioned rectangular-shaped specimens with 226 

initial gauge length of 8 cm and 1 cm in width were cut directly from the films. A fixed 227 

crosshead rate of 10 mm/min was utilized in all cases. Elastic modulus (E), tensile 228 
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strength and elongation at break (εb) were determined from the stress-strain curves, 229 

estimated from force–distance data obtained for the different films. At least, five 230 

specimens of each film were tensile tested to obtain statistically meaningful results. 231 

 232 

2.10 X-ray diffraction (XRD) 233 

XRD measurements of pure and biocomposite films were carried out on a D5005 Bruker 234 

diffractometer. The instrument was equipped with a Cu tube and a secondary 235 

monochromator. The configuration of the equipment was θ–2θ, and the samples were 236 

examined over the angular range between 3°–60° with a step size of 0.02° and a count 237 

time of 200 s per step. Peak fitting was carried out by using the Igor software package 238 

(Wavemetrics, Lake Oswego, Oregon) as described in a previous work (Lopez‐Rubio, 239 

Flanagan, Gilbert, & Gidley, 2008).  The obtained values from the fitting coefficients are 240 

those that minimize the value of Chi-squared, which is defined as:  241 

𝜒𝜒2 = ∑�𝑦𝑦−𝑦𝑦𝑖𝑖
𝜎𝜎𝑖𝑖
�
2
          (4) 242 

where y is a fitted value for a given point, 𝑦𝑦𝑖𝑖 is the measured data value for the point and 243 

𝜎𝜎𝑖𝑖 is an estimate of the standard deviation for 𝑦𝑦𝑖𝑖. The curve fitting operation is carried out 244 

iteratively and for each iteration, the fitting coefficients are refined to minimize 𝜒𝜒2. The 245 

crystallinity index XC was determined from the obtained fitting results by applying the 246 

following equation: 247 

100(%) ×= ∑
Total

Crystal
C A

A
X

        (5) 248 

where ATotal is the sum of the areas under all the diffraction peaks and ΣACrystal is the sum 249 

of the areas corresponding to the crystalline peaks.  250 

 251 

2.11 Statistical analysis 252 
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All data have been represented as the average ± standard deviation. Different letters show 253 

significant differences both in tables and graphs (p≤0.05). Analysis of variance 254 

(ANOVA) followed by a Tukey-b test were used when comparing more than two data 255 

sets. 256 

 257 

3. Results and Discussion 258 

3.1. Effects of pre-conditioning RH and Posidonia oceanica cellulose incorporation 259 

on the initial properties of melt compounded starch films  260 

Preliminary results reported on a previous study highlighted the potential of the pure 261 

cellulose extracted from Posidonia oceanica waste biomass to enhance the properties of 262 

starch films (Benito-González et al., 2018). In this work, the potential of Posidonia 263 

cellulose to partially replace starch and improve the properties of melt compounded 264 

packaging films was further explored by incorporating different loadings of cellulose, up 265 

to 40 wt.-%, into starch and evaluating the effect of the filler in the properties of the 266 

biocomposite films. A complete structural characterization of Posidonia oceanica 267 

cellulose can be found in a previous work (Benito-González et al., 2018). It was not 268 

possible to incorporate loadings greater than 40% cellulose, since the material did not 269 

melt homogeneously (as cellulose does not melt during processing) and could not be 270 

adequately processed.  271 

Since starch crystallinity and properties are known to be strongly affected by the presence 272 

of moisture (Rindlava, Hulleman, & Gatenholma, 1997; Waigh, Gidley, Komanshek, & 273 

Donald, 2000), the effect of starch pre-conditioning at two different relative humidity 274 

conditions (53% RH and 85% RH) was also evaluated. Water content in starch was 8.9 ± 275 

0.1 and 11.4 ± 0.4% (w/w) for corn starch pre-conditioned at 53% and 85% RH, 276 

respectively. This implies that the total amount of water introduced into the internal mixer 277 
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was slightly higher in the case of the starch pre-conditioned at 85% RH. Apart from 278 

having an effect on the structural properties of the granular starch fed into the mixer, the 279 

different water contents of the samples are expected to affect the gelatinization process 280 

undergone by starch during the melt blending step, as deduced from several previous 281 

works (Chinnaswamy & Hanna, 1988; El-Dash, Gonzales, & Ciol, 1983; Ke & Sun, 2001; 282 

J. Van Soest & Knooren, 1997). In fact, XRD analyses proved that, although the water 283 

content differences were relatively small, they had a significant impact on the 284 

gelatinization of the samples. Figure 1 shows the XRD patterns of the raw granular starch 285 

(before being processed), Posidonia oceanica cellulose and the pure starch and 286 

biocomposite films with 20% cellulose obtained after being processed and stored for 3 287 

days. From the shape of the diffraction patterns and the appearance of sharp peaks located 288 

at ca. 13º and 20º, it is observed that while the native corn starch presented an A-type 289 

crystalline structure, it re-crystallized into a V-type structure, after being processed in the 290 

internal mixer, which is in agreement with previous works (Benito-González et al., 2018; 291 

Fabra et al., 2018; J. J. Van Soest, Hulleman, De Wit, & Vliegenthart, 1996). It should be 292 

noted that the position and relative intensity of the peaks did not correspond to any of the 293 

pure crystalline allomorphs described in the literature. This suggests that the low 294 

crystalline fraction detected in starch shortly after being processed consists of a mixture 295 

of different allomorphs. Interestingly, the presence of cellulose induced the re-296 

crystallization of starch into a different structure, as suggested by the distinct position and 297 

relative intensities of the diffraction peaks. As a reference, the XRD pattern of the native 298 

Posidonia oceanica cellulose is also plotted in Figure 1, confirming that the strongest 299 

diffraction peaks in the starch biocomposites did not arise from the crystalline cellulose 300 

component. Thus, a different crystalline structure built by strongly interacting starch-301 

cellulose molecular chains may have been formed after processing the materials in the 302 
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internal mixer. The crystallinity values estimated from the diffraction patterns were 303 

32.0% for the raw corn starch, 19.2% for S53, 5.6% for S85, 14.6% for S53+20%Cell 304 

and 11.7% for S85+20%Cell. These results confirm that the raw granular starch 305 

underwent a gelatinization process during the melt mixing step, hence leading to materials 306 

with very low crystallinity values shortly after being processed. The presence of higher 307 

moisture contents in the S85 samples promoted the gelatinization process and, therefore, 308 

more amorphous materials were obtained after processing.  309 

 310 

 311 

Figure 1. XRD patterns of the corn starch control films and the biocomposites with 20% 312 

cellulose after storage for three days (t0). The raw starch and native Posidonia oceanica 313 

cellulose patterns have been offset for clarity. 314 

 315 

The morphology of the produced films was investigated by SEM analyses of their cryo-316 

fractured cross-sections (cf. Figure 2 for starch pre-conditioned at 53% RH and Figure 3 317 
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for starch pre-conditioned at 85% RH). As observed, no significant differences were 318 

detected in the morphology of the pure starch films pre-conditioned at different relative 319 

humidities and both S53 and S85 presented smooth and homogeneous fractured surfaces. 320 

Cellulose aggregates were clearly visible in all the biocomposite films, although a higher 321 

level of dispersion was observed in comparison with previous works dealing with 322 

extruded starch loaded with cellulose nanofibers extracted from softwood wood flour 323 

(Hietala, Mathew, & Oksman, 2013). Interestingly, there was a clear positive effect of 324 

moisture in the dispersion of cellulose. While large cellulose aggregates were detected in 325 

the S53 films, that was not the case for the S85 biocomposites, where cellulose was evenly 326 

distributed forming much smaller particles. This can be explained by two factors: (i) the 327 

hydrophilic nature of both starch and cellulose and (ii) the greater extent of corn starch 328 

gelatinization promoted by the presence of higher water contents, (as confirmed by XRD, 329 

cf. Figure 1) (H. Liu, Yu, Xie, & Chen, 2006). Pre-conditioning at higher relative 330 

humidity conditions favors the incorporation of water into the starch matrix (George, 331 

Sullivan, & Park, 1994; Trommsdorff & Tomka, 1995). This facilitates the integration of 332 

cellulose into the paste generated before the melt blending process (due to the high 333 

amount of free hydroxyl groups present in cellulose and its water affinity), thus, 334 

promoting a better dispersion of the filler. Furthermore, the plasticization effect of water 335 

and the increased gelatinization extent attained with higher moisture contents are known 336 

to promote a lower viscosity of starch during melt processing (Lai & Kokini, 1991) which, 337 

at the same time, may also favor the dispersion of cellulose within the starch matrix. 338 

It should be noted that the cellulose agglomeration in the S53 samples became especially 339 

relevant in the film with 40% cellulose (S53+40%Cell), where the filler was poorly 340 

dispersed and forming large aggregates. This was due to the very difficult processability 341 

of this blend in the mixer. This was not unexpected since cellulose melting temperature 342 
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is ca. 330ºC (Benito-González et al., 2018), being a substantially higher temperature than 343 

that applied during the melt mixing process and, hence, hindering a proper 344 

homogenization of the material when added in excessive amounts.  345 

 346 

 347 
Figure 2. SEM images of the cryo-fractured sections from the different corn starch films 348 

pre-conditioned at 53% RH: (A) S53, (B) S53+5%Cell, (C) S53+10%Cell, (D) 349 

S53+20%Cell and (E) S53+40%Cell. 350 

 351 
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 352 

Figure 3. SEM images of the cryo-fractured sections from the different corn starch films 353 

pre-conditioned at 85% RH: (A) S85, (B) S85+5%Cell, (C) S85+10%Cell and (D) 354 

S85+20%Cell. 355 

 356 

Since these films are intended to be used in food packaging applications, transparency is 357 

a vital attribute to be evaluated. This was done by measuring their internal transmittance, 358 

as shown in Figure 4. As deduced from the results, the S85 films showed slightly higher 359 

transmittance values (i.e. greater transparency) than the S53 films. This is indicative of 360 

the lower crystallinity in the former ones due to the greater starch gelatinization extent 361 

induced by moisture (cf. Figure 1). The general trend with the incorporation of cellulose 362 

loadings up to 20% was a slight gradual decrease in the transparency of the films, 363 

originated by the presence of small cellulose aggregates, as evidenced by SEM. A marked 364 

decrease in the transparency of the S53+40%Cell film was observed, which is in 365 

agreement with the poor filler dispersion attained in this sample.  366 
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 367 

  368 

 369 

 370 

 371 

 372 

 373 

 374 

Figure 4. Spectral distribution of internal transmittance (Ti) of the pure corn starch and 375 

biocomposite films with cellulose. Starch pre-conditioned at (A) 53% RH and (B) 85% 376 

RH. 377 

 378 

The mechanical properties of the pure starch and the biocomposite films were evaluated, 379 

and the results are summarized in Table 1. The first clear observation is that, when 380 

comparing the pure starch films, the one pre-conditioned at a lower relative humidity, i.e. 381 

S53, showed ca. 2-fold greater values for the elastic modulus and the tensile strength and 382 

more than 3-fold lower elongation at break than the S85 film. This again, can be correlated 383 

with the fact that starch pre-conditioning at lower relative humidity conditions limited the 384 

gelatinization extent during the mixing step, thus leading to the formation of more 385 

crystalline films (as confirmed by XRD analyses, cf. Figure 1 and Table 2) which were 386 

stiffer and less ductile. Regardless of the starch pre-conditioning conditions, the general 387 

trend with the incorporation of cellulose was an increase in the elastic modulus and tensile 388 

strength, while the elongation at break was reduced, i.e. stiffer materials were obtained 389 

with the cellulose addition. The same effect has been previously reported for starch films 390 

reinforced with cellulosic fillers due to the inherent greater mechanical performance of 391 
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cellulose as compared with starch (Luc Avérous, Christophe Fringant, & Laurence Moro, 392 

2001; Hietala et al., 2013; Kaushik et al., 2010).  393 

A relevant aspect to be highlighted is that, although the general trend was the same, the 394 

extent to which the incorporation of cellulose affected the mechanical performance of the 395 

starch films was different depending on the starch pre-conditioning. In particular, while 396 

the addition of 20% cellulose led to an increase of ca. 4-fold in the elastic modulus and 397 

tensile strength and a reduction of ca. 5-fold in the elongation at break of the S53 film, an 398 

increase of ca. 19-fold and 5-fold in the elastic modulus and tensile strength, respectively 399 

and a reduction of ca. 21-fold in the elongation at break was observed in the case of the 400 

S85 film. From these results, it is evident that the incorporation of cellulose had a much 401 

stronger impact on the mechanical performance of the starch pre-conditioned at higher 402 

relative humidity. Although this might be related to the better dispersion of cellulose in 403 

the S85 blends, it should also be taken into account that due to the more amorphous 404 

character of the pure S85 starch, there was a greater improvement margin with the 405 

addition of cellulose. Overall, the best material in terms of mechanical properties was the 406 

S53+20%Cell, since it presented a stiffer behavior, while minimizing the reduction in the 407 

elongation. 408 

 409 

Several difficulties have been found when comparing these results with those previously 410 

reported in the literature: (i) most of the works make use of the casting methodology 411 

(which is easier to develop at lab scale, but has a very limited industrial applicability), (ii) 412 

there is a huge variation in the processing conditions (starch pre-conditioning, moisture 413 

content during processing, melt mixing or extrusion parameters, amount and type of 414 

plasticizer added) and (iii) the properties of the cellulose filler may be strongly dependent 415 

on the raw source and on the mechanical and/or chemical treatments to which it may have 416 
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been subjected. As a reference, the cellulose extracted from Posidonia oceanica biomass 417 

presented a greater reinforcing effect than that reported for softwood cellulose fibers 418 

incorporated into corn starch pre-conditioned at 58% RH by casting (Müller et al., 2009), 419 

cotton cellulose microfibers incorporated into corn starch by extrusion at different RHs 420 

(Ma, Yu, & Kennedy, 2005), or even kaolin fillers added at higher contents (up to 60%) 421 

in corn starch by melt compounding at 43% RH (De Carvalho, Curvelo, & Agnelli, 2001). 422 

These results demonstrate the potential of the cellulose extracted from Posidonia 423 

oceanica biomass to improve the mechanical properties of starch. 424 

 425 

Table 1. Mechanical properties (Young’s modulus (E), tensile strength and elongation at 426 

break(εb) from the pure starch and biocomposite films loaded with Posidonia oceanica 427 

cellulose.  428 

 E (MPa) Tensile Strength (MPa) εb (%) 

S53 546.3 ± 181.1a 6.1 ± 0.7a 8.5 ± 3.1a  

S53+5%Cell 1259.0 ± 168.9b 14.7 ± 2.3b 2.6 ± 0.7b 

S53+10%Cell 1771.3 ± 164.5c 18.1 ± 1.6c 2.0 ± 0.3b 

S53+20%Cell 2347.9 ± 161.0d 24.1 ± 0.4d 1.8 ± 0.1b 

S53+40%Cell 3214.1 ± 164.9e 24.6 ± 3.1d 1.4 ± 0.1b 

S85 93.1 ± 14.7a* 3.5 ± 0.5a* 29.7 ± 2.9a*  

S85+5%Cell 419.9 ± 91.4a* 4.8 ± 0.3a* 13.3 ± 2.1b*  

S85+10%Cell 1036.2 ± 222.4b* 12.2 ± 2.7b* 2.6 ± 0.4c  

S85+20%Cell 1782.4 ± 124.2c* 18.0 ± 2.8c* 1.4 ± 0.2d  
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Values in the same column with different letters are significantly different (p≤0.05). * 429 

indicates significant differences (p≤0.05) between the S53 and S85 samples with the 430 

same cellulose content. 431 

 432 

Water vapor permeability (WVP) was also measured and the results are shown in Figure 433 

5. As observed, the pure starch film pre-conditioned at higher relative humidity (S85) 434 

showed higher barrier in comparison with that pre-conditioned at lower relative humidity 435 

(S53). This was unexpected since the lower crystallinity of the S85 film, due to its greater 436 

gelatinization extent during processing, should, in principle, lead to the formation of more 437 

permeable materials. The more amorphous character of the S85 film may have promoted 438 

water sorption in the material, producing greater swelling of the starch matrix and, hence, 439 

yielding a more compact structure which impedes water diffusion to a greater extent. To 440 

corroborate this hypothesis, water contact angle measurements were carried out to 441 

evaluate the water affinity of the films. As shown in Figure 6, the S85 film presented 442 

significantly lower contact angle values than S53, showing its much more hydrophilic 443 

nature, in agreement with its decreased crystallinity (see XRD results, cf. Figure 1 and 444 

Table 2). This supports the hypothesis of an increased water sorption in the S85 film due 445 

to its more hydrophilic character.  446 

The incorporation of cellulose led to a significant decrease in the WVP of starch, with a 447 

maximum reduction of 54% (with respect to the pure starch) for the S53+40%Cell film. 448 

The barrier effect of cellulose has been widely reported in several studies (Aila-Suárez et 449 

al., 2013; Benito-González et al., 2018; Ma, Chang, & Yu, 2008; Wittaya, 2009) and has 450 

been attributed to its relatively high crystallinity. In the particular case of starch, cellulose 451 

nanofibers have been reported to reduce the moisture diffusion coefficient and the water 452 

sorption in extruded biocomposites (Hietala et al., 2013; Kaushik et al., 2010). However, 453 
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loadings greater than 10% were seen to be detrimental for the barrier and mechanical 454 

performance, which was attributed to nanofiller agglomeration. Interestingly, the 455 

incorporation of cellulose had a stronger effect in the S85 films than in the S53 films, 456 

leading to a larger WVP drop for the same cellulose loading (i.e. 43% vs 23% for a 457 

cellulose loading of 20%). As shown in Figure 6, the addition of cellulose affected in a 458 

different way the water affinity of the S53 and S85 films. While the relatively 459 

hydrophobic behaviour of the S53 film was unaffected (since the crystallinity was not 460 

affected by the presence of cellulose), the more hydrophilic character of the S85 film was 461 

significantly modified towards a more hydrophobic behaviour when the cellulose content 462 

was increased. This effect may be originated by the higher crystallinity induced by the 463 

presence of cellulose in the S85 samples (cf. Table 2). Moreover, the water permeability 464 

and mechanical properties of the films showed a greater impact of cellulose in the films 465 

pre-conditioned at higher relative humidity conditions, pointing out that, apart from the 466 

better dispersion of cellulose, the greater gelatinization extent produced in the S85 467 

samples may have also promoted the formation of stronger starch-cellulose interactions. 468 

Thus, the formation of more hydrophobic film surfaces may also be explained by a 469 

decrease in the amount of free hydroxyl groups due to the establishment of starch-470 

cellulose interactions.  471 

It is worth noting that the WVP values of the materials presented in this work were lower 472 

than those previously reported for starch biocomposites reinforced with nanocrystals from 473 

corn or rice, at similar or even higher loadings (Le Corre, Bras, & Dufresne, 2010), once 474 

again showing the interesting properties of Posidonia oceanica cellulose as filler for the 475 

production of high performance biocomposites. 476 

 477 
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 478 

Figure 5. Water vapor permeability of the pure starch and biocomposite films with 479 

cellulose. Starch pre-conditioned at (A) 53 % RH and (B) 85% RH. Values followed by 480 

different letters are significantly different (p ≤0.05). * indicates significant differences 481 

(p≤0.05) between the S53 and S85 samples with the same cellulose content. 482 

 483 

 484 

Figure 6. Calculated contact angle values for pure starch and biocomposite films with 485 

cellulose. Starch pre-conditioned at (A) 53 % RH and (B) 85% RH. Values followed by 486 

different letters are significantly different (p ≤0.05). * indicates significant differences 487 

(p≤0.05) between the S53 and S85 samples with the same cellulose content. 488 

 489 
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3.2. Effect of pre-conditioning RH and Posidonia oceanica cellulose incorporation 490 

on the retrogradation of neat and biocomposite starch films 491 

After being gelatinized, starch undergoes a re-crystallization process upon cooling and 492 

storage, known as retrogradation, in which mainly the amylose chains are able to re-493 

associate and re-organize gradually to form a different ordered structure (Wang, Li, 494 

Copeland, Niu, & Wang, 2015). To evaluate the impact of cellulose on this retrogradation 495 

process, the pure starch films and the biocomposites loaded with 20% cellulose were 496 

stored over an extended time of two months (tf) and the crystallinity and mechanical 497 

properties of the films were studied and compared to those attained after storage for 3 498 

days following the melt mixing process (t0). Figure 7 displays the XRD patterns of the 499 

films at tf and Table 2 compiles the estimated crystallinity index values for the films at t0 500 

and tf. As observed, upon storage the crystalline structure of the films changed from the 501 

non-stable V-type mixture observed at t0 towards a VA type structure (J. J. Van Soest et 502 

al., 1996). Interestingly, two peaks located at ca. 17º and 22º, which are characteristic 503 

from the B-type allomorph, were also detected. Corn starch has been reported to re-504 

crystallize into a B-type structure when stored at low temperature (Shamai, Bianco-Peled, 505 

& Shimoni, 2003) or high relative humidity conditions (Fu, Wang, Li, Zhou, & Adhikari, 506 

2013). 507 

After storage for two months, all the samples showed increased crystallinity values as a 508 

result of the retrogradation process. This effect was much more evident in the case of the 509 

S85 and S85+20%Cell films. In particular, the S85 film showed the highest crystallinity 510 

increase (ca. 22.7%), as opposed to the low crystallinity increase detected in the S53 film 511 

(ca. 4%). The more amorphous character of the S85 film may have promoted water 512 

sorption upon storage. It is known that greater moisture contents favour starch re-513 

crystallization (J. Van Soest & Knooren, 1997; Wang et al., 2015), hence explaining the 514 
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greater crystallinity increase in the S85 and S85+20%Cell films as compared with S53 515 

and S53+20%Cell. The presence of cellulose also restricted the re-crystallization process 516 

(crystallinity increased ca. 7.8% in S85+20%Cell and 1.2% in S53+20%Cell, 517 

corresponding to crystallinity increases 66% and 72% lower than those observed in their 518 

respective starch controls). This could be due to a limited water sorption upon storage 519 

induced by the presence of the more crystalline cellulose component. Previous works 520 

have also pointed out that the retrogradation of starch may be hindered by the addition of 521 

fillers which interact with the hydroxyl groups from starch by the formation of hydrogen 522 

bonds (Ferrero, Martino, & Zaritzky, 1994; Ghanbarzadeh, Almasi, & Entezami, 2011). 523 

 524 

 525 

Figure 7. XRD patterns of the corn starch control films and the biocomposites with 20% 526 

cellulose after storage for two months (tf). The patterns have been offset for clarity. 527 

 528 



26 
 

The retrogradation process was also assessed through the analysis of the mechanical 529 

properties, which are compiled in Table 2. As expected, as a consequence of the re-530 

crystallization produced upon storage, all the materials became stiffer (higher Young’s 531 

modulus and tensile strength) and the elongation at break remained almost constant for 532 

most of the samples, while it decreased for S85. Since a greater re-crystallization occurred 533 

in the S85 and S85+20%Cell samples, the effect on their mechanical properties was more 534 

pronounced than in the S53 corresponding samples. Furthermore, the incorporation of 535 

20% cellulose also limited the impact on the mechanical properties of the films after 536 

prolonged storage. Interestingly, since the increase in the Young’s modulus and tensile 537 

strength were much more remarkable in S85+20%Cell (47% and 25%, respectively) than 538 

in the case of S53+20%Cell, (25% and 15%, respectively), the mechanical properties of 539 

both films were very similar after storage. These results show that comparable 540 

improvements in the mechanical performance of starch films may be attained with the 541 

addition of Posidonia cellulose irrespective of the pre-conditioning of starch prior to the 542 

melt mixing process. However, S53+20%Cell would be the optimum choice in terms of 543 

material stability upon storage. 544 

 545 

Table 2. Crystallinity index determined from the XRD patterns and mechanical properties 546 

of the different corn starch and biocomposite films with 20% cellulose immediately after 547 

being processed by melt mixing (t0) and after storage for two months (tf).  548 

 
Xc (%) E (MPa) 

Tensile 

Strength (MPa) 
εb (%) 

S53 t0 19.2 546.3 ± 181.1 6.1 ± 0.7 8.5 ± 3.1 

S53 tf 23.5 1034.2 ± 127.3* 11.9 ± 1.0* 8.6 ± 2.1 

S53+20%Cell t0 14.6 2347.9 ± 161.0 24.1 ± 0.4 1.8 ± 0.1 
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S53+20%Cell tf 15.8 3000.8 ± 286.7* 27.8 ± 0.9* 1.9 ± 0.1 

S85 t0 5.6 93.1 ± 14.7 3.5 ± 0.5 29.7 ± 2.9  

S85 tf 28.3 285.5 ± 29.7*  5.1 ± 0.6* 15.7 ± 1.4* 

S85+20%Cell t0 11.7 1782.4 ± 124.2 18.0 ± 2.8 1.4 ± 0.2 

S85+20%Cell tf 19.5 2634.5 ± 211.3* 22.6 ± 2.3* 1.6 ± 0.1 

* indicates the existence of significant differences between the values corresponding to t0 549 

and tf (p≤0.05). 550 

 551 

4. Conclusions 552 

Biocomposite materials based on corn starch and cellulose extracted from Posidonia 553 

oceanica waste biomass have been developed by the industrially meaningful melt 554 

compounding technique and their properties and retrogradation behaviour upon storage 555 

have been investigated. Cellulose loadings up to 40% were incorporated into starch, 556 

although the poor processability at the highest cellulose loading would restrict its 557 

industrial applicability. 558 

Pre-conditioning of corn starch at different relative humidity conditions (53 and 85% RH) 559 

has been shown to substantially modify the properties of the films. The greater amount of 560 

moisture held by starch pre-conditioned at 85% RH (S85) promoted the gelatinization 561 

process during the melt mixing step, hence producing more amorphous materials. As a 562 

result, more hydrophilic, transparent and ductile starch films were obtained. These films 563 

presented a greater barrier to water vapor, which can be explained by a reduction in the 564 

diffusion as a result of water sorption and starch swelling. 565 

The incorporation of cellulose seemed to prevent to some extent the disruption of the 566 

crystalline starch structure during melt mixing also improving mechanical and water 567 
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barrier performance. The greater amount of moisture in the S85 samples facilitated the 568 

dispersion of cellulose and the establishment of stronger starch-cellulose interactions. 569 

The retrogradation of starch was significantly affected by the amount of moisture during 570 

the melt mixing processing and the presence of cellulose. The more amorphous starch in 571 

the S85 films was seen to re-crystallize to a greater extent than the S53 samples. The 572 

presence of cellulose limited the degree of re-crystallization, most likely due to a reduced 573 

water uptake of the materials upon storage. Thus, the S53+20%Cell film would be the 574 

optimum material presenting a good compromise between processability, mechanical and 575 

barrier properties, as well as material stability upon storage. 576 

These results show, the potential of Posidonia oceanica cellulose as a filler to partially 577 

replace corn starch and produce biocomposites with improved mechanical and barrier 578 

performance, as well as increased stability upon storage, outperforming the properties 579 

previously reported for starch biocomposites loaded with cellulose or cellulose 580 

nanocrystals obtained from other natural sources.  581 
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