
 

 

                                              

 

        Depósito de investigación de la Universidad de Sevilla  

 

                                  https://idus.us.es/ 

 

 

 “This is an Accepted Manuscript of an article published by Elsevier in:  

INTERNATIONAL JOURNAL OF BIOLOGICAL MACROMOLECULES 

on 2021, available at: https://doi.org/10.1016/j.ijbiomac.2021.08.043” 

 

 

https://idus.us.es/
https://doi.org/10.1016/j.ijbiomac.2021.08.043


 1 

Rice bran-based bioplastics: effects of the mixing temperature on 1 

starch plastification and final properties. 2 

María Alonso-González1,*, Manuel Felix2, Antonio Guerrero2, Alberto Romero1 3 

1Departamento de Ingeniería Química, Facultad de Química, Universidad de Sevilla, 41012, 4 

Sevilla, Spain. 5 

2Departamento de Ingeniería Química, Escuela Politécnica Superior, Universidad de Sevilla, 6 

41011, Sevilla, Spain. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

*MARÍA ALONSO GONZÁLEZ 15 

Departamento de Ingeniería Química 16 

Universidad de Sevilla, 17 

41011, Sevilla (Spain) 18 

E-mail: maralonso@us.es 19 

Phone: +34 635313411  20 

mailto:maralonso@us.es


 2 

ABSTRACT 21 

The agro-food industry produces huge amounts of wastes and by-products with high 22 

levels of carbohydrates and proteins, basic food groups that, properly treated, can be 23 

employed for the development of bioplastics. These high added-value products represent 24 

an alternative to traditional polymers. In this research work, rice bran was mixed with 25 

glycerol and water obtaining homogeneous blends which then are processed into 26 

bioplastics via injection moulding. The mixing temperature aids starch plastification and 27 

thus, affects the properties of the final specimens. In this way, the mechanical 28 

characterization revealed improvements for the highest temperature (110 ºC) used which, 29 

at the same time, exhibited poor physical integrity during water immersion. Although the 30 

mechanical properties of the dried system obtained at 80 ºC are slightly inferior to those 31 

obtained for the non-dried 110 ºC system, these specimens are considered more adequate 32 

since they exhibited higher physical integrity and, consequently, better operating 33 

conditions.  34 

Keywords: bioplastics; starches; injection-moulding.   35 
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1. INTRODUCTION  36 

The annual production of plastics exceeded 368 million metric tons in 2019 [1]. One of 37 

the main environmental impacts of plastic production is pollution, caused by its difficult 38 

decomposition by microorganisms present in the soil [2]. One possible solution to solve 39 

this problem is the production of eco-friendly plastics, that is, bioplastics exhibiting 40 

biodegradable capacity. Bioplastics can be generated from two different sources: 41 

biodegradable polyesters (petroleum-based), and biopolymers from biodegradable 42 

resources [3]. 43 

Bioplastics formulated with plant proteins are becoming an increasingly popular source 44 

of raw materials for bioplastic products, since they are not only biodegradable but are also 45 

made from renewable resources, such as polysaccharides (i.e., starch), lipids and proteins 46 

[4]. Bioplastics from plant proteins have been already developed based on the protein 47 

content of plant protein concentrates commercially available, such as rice [5], pea [6], 48 

wheat gluten [7], and soy [8] among others. In addition, a large number of studies have 49 

been carried out using proteins, coming either from plant sources such as zein, wheat 50 

gluten or soybean [9–11] or from animal sources such as milk proteins, collagen or gelatin 51 

[12,13]. For this purpose, they are often mixed with certain plasticizers such as glycerol, 52 

sorbitol, water or ethylene glycol [14], to reduce the protein-protein interactions, 53 

replacing them with protein-plasticizer ones. Thus, the resulting material is suitable for 54 

processing by thermomechanical techniques [15]. However, the scientific literature 55 

related to the development of bioplastics based on their starch content is scarce except for 56 

the research related to thermoplastic starches processed by extrusion [16,17] 57 

Starch can be found in different plants, such as wheat, maize, potato and rice [18]. This 58 

material has a granular structure, which consists of two main carbohydrate polymers: the 59 

linear amylose and the highly branched amylopectin. Although starch is in abundance all 60 
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over the world, there are not many applications in material science, since the granular 61 

structure must be totally destroyed in order to produce thermoplastic starch (TPS), a 62 

process called gelatinization. For this purpose, starch is processed under the action of 63 

temperature (between 70 and 90 ºC), shearing action and water excess. Although water is 64 

required, when used on its own it produces brittle products so it is often included with the 65 

aid of another plasticizer [19].  66 

Proteins and carbohydrates are two basic food groups that can be found in wastes from 67 

the rice industry as is the case of rice bran (RB). RB is a residue from brown rice obtained 68 

during the rice milling process [20]. Nowadays, this by-product is mostly used for animal 69 

feeding due to its low price and nutritional richness [21]. Rice is the staple food for more 70 

than half of the world´s population, and yet by 2030, global rice production must doble 71 

to meet the demand [22] thus, emerging technologies that allow the valorization of its by-72 

products are highly convenient. The European Commission has granted projects for a 73 

“near zero-waste” society such as the NoAW (No Agro-Waste) proposal [23]. In this 74 

sense, the development of innovative approaches that allow the conversion of growing 75 

agricultural wastes and by-products into eco-efficient bio-based products has been in the 76 

spotlight in recent years. In this way, RB could be transformed into high-added-value 77 

materials after suitable processing, meeting the requirements of circular economy, which 78 

aims at enhancing the continuous flow of technical and biological materials while keeping 79 

products, components and materials at their highest utility and value and reducing waste 80 

to a minimum [24].  81 

This research work aimed to analyse the effect of the mixing temperature during the 82 

processing of RB-based bioplastics via injection moulding. The temperature employed 83 

during the mixing of the raw materials is believed to be a key factor in the properties of 84 

the final bioplastics specimens. In order to evaluate the effects of this parameter, different 85 
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mixing temperatures will be used characterizing the properties obtained by these means. 86 

The different temperatures were selected with respect to the gelatinization of starch, 87 

which is estimated to happen between 70 and 90 ºC. In this way, the authors aim to verify 88 

that temperatures around 80 ºC will allow starch gelatinization, producing materials 89 

suitable for injection mounding with proper mechanical and functional properties. In this 90 

process, the RB/plasticizer ratio was kept constant, whereas the mixing temperature 91 

varied from 50 to 110 ºC. To evaluate the effects of the different mixing temperatures on 92 

the final specimens, the mechanical properties were measured through frequency and 93 

temperature sweep tests (rheological characterisation) and tensile tests. Finally, water 94 

absorption tests were carried out to evaluate the water uptake capacity and soluble matter 95 

loss, whereas SEM microscopy was employed to study the surface morphology of the 96 

different specimens.  97 

2. EXPERIMENTAL 98 

2.1 Materials 99 

The rice bran (RB) was provided by Herba Ingredients (San José de la Rinconada, Seville, 100 

Spain). The by-product supplied by this company is obtained from the polishing process 101 

of the rice variety “vaporized indica white rice”. This variety contains for 7.06 ± 0.09% 102 

moisture, 10.50 ± 0.16% ashes, 13.22 ± 0.52% proteins, 22.77 ± 1.33% lipids and 103 

approximately 19 and 22 % starch and fibre, respectively (results not published yet). The 104 

remaining percentage, i.e., 46.45% of the sample, can be attributed to carbohydrates, 105 

according to previous works [25,26]. Water (W) and glycerol (Gly) were employed as 106 

plasticizers; the former was deionized-grade water, and the latter was supplied by 107 

PANREAC S.A. (Spain). All other reagents were supplied by Sigma Aldrich (USA). 108 

2.2. Processing and characterization of blends 109 
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2.2.1. Mixing of blends 110 

To obtain homogeneous blends, sieved RB (< 500 m) along with water and glycerol 111 

were introduced into a HAAKE POLYLAB QC (ThermoScientific, Germany) mixer 112 

equipped with counter-rotating rotors. Water is needed in order to break the hydrogen 113 

bonds present in starch, which allows its gelatinization, obtaining TPS [15]. In addition, 114 

it is well established that, when used on its own, water (W) produces brittle products, thus 115 

it is often used along with some other plasticizers such as glycerol (Gly) or sorbitol [27], 116 

which are also compatible with proteins [8,28,29]. In this research work, different blends 117 

containing 55% RB and 45% plasticizer mixture (2:1 W/Gly) were obtained by mixing 118 

the raw materials for 1 h at 200 rpm, while different mixing temperatures (50, 80, 90 and 119 

110 ºC) were analysed to evaluate the influence of the mixing temperature used on the 120 

plasticization process of RB-based bioplastics.  121 

2.2.2. Drying of blends 122 

In general, the blends mixed at 50, 80, 90 and 110 ºC, which can be denoted as M50, 123 

M80, M90 and M110, respectively, had to be subjected to drying to lose some of their 124 

moisture content. This process was carried out in opened containers at room temperature, 125 

achieving a final moisture content below 30%. Otherwise, the bioplastics obtained with 126 

high moisture-containing blends exhibited voids and cracks that were easily observed, 127 

probably due to the water excess that evaporated in the mould cavity, as can be seen in 128 

Figure S1. It is worth mentioning that the boiling point of glycerol/water solutions is 129 

strongly affected by concentration as reported in the literature [30]. Thus, the boiling point 130 

of the solution containing 33,3% Gly in water is ca. 103ºC, which is clearly exceeded 131 

inside the mould. During this drying process, they acquired a firmer appearance, which 132 

was quantified by the determination of the linear viscoelastic moduli every 24 h until they 133 

were ready for injection moulding. Only the blend obtained at 110 ºC was suitable for 134 



 7 

injection right after the mixing stage (M110*) following the processing conditions 135 

mentioned above. This is because moisture was already lower than 30% after mixing at 136 

110ºC. In this way, this system was the only one injected as soon as it was homogenised 137 

during the mixing stage. 138 

2.2.3. Dynamic Mechanical Thermal Analysis (DMTA) of blends 139 

A dynamic mechanical analyser (RSAIII, TA Instruments, USA) was employed in 140 

compression mode using a cylindrical geometry (8 mm in diameter) for each blend 141 

everyday during drying. Strain sweep tests were performed at constant frequency (1 Hz) 142 

and temperature to establish the linear viscoelastic region (LVR). Subsequently, the lower 143 

critical strain was selected to characterize the viscoelastic modulus at 1 Hz and room 144 

temperature. Finally, once the blends remained unchanged, a temperature sweep test was 145 

also carried out at 5 °C/min to study the rheological behaviour of the blends between 30 146 

and 160 °C. In these measurements, the storage modulus (E’), loss modulus (E’’) and loss 147 

tangent (tan ) were determined for the whole temperature range studied. In addition, the 148 

water content was calculated during the drying process by following the A.O.A.C. 149 

methods [31]. In this way, 3 g of sample were placed in a conventional oven (Memmert 150 

B216.1126, Germany) at 105 ºC for 24 h to calculate the exact water content by mass 151 

difference.  152 

For comparison purposes, the M110 blend, was also characterized during drying to 153 

evaluate this system processed under the same conditions.  154 

2.2.4. Scanning Electron Microscopy (SEM) of blends 155 

Scanning electron microscope (SEM) observations were carried out to determine the 156 

importance of the mixing temperature to produce the TPS material. For this purpose, two 157 

blends obtained for the same mixing velocity and time, but different mixing temperature 158 
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(room temperature, M20, and 80 ºC, M80) were compared to another blend obtained by 159 

milder conditions (M20mc, mixing for 10 min at 50 rpm and room temperature with no 160 

added water) trying to observe the starch structure with minimal modifications. The 161 

samples were first sputtered with a 10 nm thickness Pd/Au coating using an AC600 162 

Metallizer (Leica, Germany), and then they were observed at 10 kV acceleration voltage 163 

and 500x magnification. 164 

2.3 Processing and characterization of bioplastics 165 

2.3.1. Injection moulding 166 

Each resulting blend either mixed at 50, 80, 90 or 110 ºC after drying (M50, M80, M90 167 

or M110) or at 110 ºC right after mixing (M110*), was introduced in the cylinder of a 168 

Haake pneumatic piston injection moulding equipment (MiniJet II ThermoScientific, 169 

Germany) at 50 ºC. The temperature of the mould was fixed at 150 ºC to favour the 170 

thermosetting of the specimens according to the results obtained from the temperature 171 

sweep tests of the blends and a previous study [32]. Regarding injection and holding 172 

pressures, they both were fixed at 500 bar, selecting 15 and 200 s for injection and holding 173 

time, respectively. By employing these conditions, 60 x 10 x 1 mm rectangular bioplastic 174 

specimens, denoted as I50, I80, I90, I110 and I110*, were obtained for subsequent 175 

characterization.  176 

2.3.2. Dynamic Mechanical Thermal Analysis (DMTA) of bioplastics 177 

DMTA tests were carried out with an RSA-III (TA Instruments, USA) on I50, I80, I90, 178 

I110 and I110* rectangular specimens using two grips, one at the bottom and one at the 179 

top, to study their rheological behaviour in tension mode. Firstly, strain sweep tests were 180 

performed to establish the LVR at 1 Hz and room temperature. Then, frequency sweep 181 

tests were carried out within the LVR at room temperature from 0.01 to 20 Hz. Finally, 182 
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temperature sweep tests were also carried out within the LVR at 1 Hz between 30 and 183 

140 ºC using a heating rate of 5 ºC/min. 184 

2.3.3. Tensile tests of bioplastics 185 

Tensile tests were performed with the RSA III (TA Instruments, USA) equipment in 186 

continuous deformation mode. Measurements were carried out according to the ISO 527-187 

2:2012 [33], using I50, I80, I90, I110 and I110* rectangular specimens and an extensional 188 

rate of 1 mm/min at room temperature. Strain-stress curves were obtained for each sample 189 

and three parameters were calculated: maximum tensile strength (max), Young´s modulus 190 

(E) and strain at break (max).  191 

2.3.4. Water uptake capacity of bioplastics and soluble matter loss 192 

The absorption capacity of the bioplastic samples was evaluated by water uptake capacity 193 

measurements following the ASTM D570 standard [34]. I50, I80, I90, I110 and I110* 194 

rectangular specimens (20 x 10 x 1 mm) were used. According to the standard, the 195 

samples were subjected to a dehydrothermal treatment in an oven at 50 ºC for 24 h to 196 

determine the initial dry weight, followed by the weighing of the sample after immersion 197 

in distilled water for 24 h. Finally, the specimens were subjected to freeze-drying in a 198 

LyoQuest freeze-dryer with a Flask M8 head (Telstar, Spain). Water uptake capacity 199 

(WUC) and soluble matter loss (SML) were determinate by Eqs. (1) and (2): 200 

𝑊𝑈𝐶 (%) =
𝑤2 − 𝑤3

𝑤3
· 100             (1) 201 

𝑆𝑀𝐿 (%) =
𝑤1 − 𝑤3

𝑤1
· 100                   (2) 202 

Were 𝑤1, 𝑤2 and 𝑤3 are the weights of the sample after the dehydrothermal treatment, 203 

after the immersion step and after the freeze-drying stage, respectively. Samples obtained 204 



 10 

after freeze-drying were denoted as F50, F80, F90, F110 and F110*, depending on the 205 

initial mixing and drying conditions of the blends used. 206 

2.3.5. Scanning Electron Microscopy (SEM) of freeze-dried bioplastic matrices  207 

The microstructure of each final bioplastic after the freeze-drying treatment (F50, F80, 208 

F90, F110 or F110*) was observed to determine the influence of the mixing temperature 209 

on the structure generated in the bioplastics after water absorption according to the 210 

protocol described by Julavittayanukul et al. [35]. The samples were first sputtered with 211 

a 10 nm thickness Pd/Au coating using an AC600 Metallizer (Leica, Germany), and then 212 

they were observed at 10 kV acceleration voltage and 500x magnification. 213 

2.4 Statistical analyses 214 

At least three replicates of each measurement were carried out. Statistical analyses were 215 

performed using t-test and one-way analysis of variance (ANOVA) (p <0.05) using the 216 

STATGRAPHICS 18 software (Statgraphics Technologies, Inc, NJ, USA). Standard 217 

deviations from some selected parameters were calculated. Significant differences are 218 

indicated by different letters. 219 

3. RESULTS AND DISCUSSION 220 

3.1. Characterization of blends 221 

3.1.1. Dynamic Mechanical Thermal Analysis (DMTA) of blends 222 

Two parameters were monitored to evaluate the drying process of the blends obtained 223 

after mixing: the elastic modulus at a constant frequency of 1 Hz (E1’) and the moisture 224 

content (%). Figure 1 shows the evolution of these two parameters over time for the four 225 

different blends obtained after mixing at 50, 80, 90 and 110 ºC (M50, M80, M90 and 226 

M110). As can be seen, the first three blends (M50, M80 and M90) underwent the same 227 

evolution, with E1’ increasing with time for the first 6-7 days and then remaining 228 
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unchanged until the end of its monitoring after 10 days of drying. The values obtained 229 

show no significant differences, with E1’ being slightly higher for the M80 and M90 230 

blends. At the same time, the water content followed the same behaviour as the elastic 231 

moduli for the different blends, observing a stabilization after drying for six days. 232 

However, its values decreased during the firsts days, from 40 - 45% moisture right after 233 

mixing to less than 30% at the end of the experiment, for all the studied systems. At this 234 

point, the three blends were suitable for injection moulding. Moreover, the relationship 235 

between both parameters shows that the elastic modulus increased when the moisture 236 

content decreased, which reflects the plasticizer effect of the water contained in the 237 

sample [36]. 238 

On the other hand, the M110 blend did not follow such a clear tendency. Right after 239 

mixing (day 0), E1’ values were higher than the ones obtained for the other blends and, 240 

contrary to the increasing tendency observed before, the values for this system remained 241 

practically unchanged. Regarding water content, right after mixing, the moisture content 242 

was low, near 20 %, due to the high temperature employed in this process (110 ºC). 243 

However, after 1 day, the M110 blend absorbed some moisture causing the observed 244 

fluctuation. It is worth mentioning that, after several attempts, it was found that blends 245 

were only suitable for injection moulding when the water content was below 30 %, and 246 

no successful processing was achieved for higher values. Therefore, the moisture content 247 

of the blends was found to be the critical parameter to be evaluated before proceeding 248 

with injection moulding. Thus, as mentioned above, excess water (i.e. moisture higher 249 

than 30%) seems to lead to severe water/glycerol evaporation inside the mould cavity, 250 

which is maintained at 150ºC, causing the formation of voids and cracks as can be seen 251 

in Figure S1.  252 
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As can be observed in Figure 1, the only blend that can be readily injected after mixing is 253 

the one mixed at 110ºC, denoted as M110* to distinguish it from the dried blends. This 254 

blend was also injected after 10 days of drying as the other systems for comparison 255 

purposes, which also ensures that the moisture content was below 30%.  256 

Once the blends were stabilized (i.e., 10 days after mixing), temperature sweep tests were 257 

carried out between 30 and 160 ºC using a heating rate of 5 ºC/min. Figure 2 shows the 258 

evolution of the elastic and viscous moduli (E’ and E’’, respectively) with temperature. 259 

Although all blends showed a predominantly elastic character, with the elastic modulus 260 

being higher than the viscous modulus for the whole range studied, different behaviours 261 

can be observed when the temperature increased. First, the M80 and M90 blends, show a 262 

decrease in E’ and E’’ with increasing temperature up to 100-120 ºC (from 2.6 and 1.5 263 

MPa to 1.1 and 0.7 MPa, respectively). Then, both moduli increased again up to 2.0 and 264 

1.3 MPa, tending to equilibrate at high temperature. For the whole temperature range, 265 

both viscoelastic moduli obtained for the M80 blend are higher than those obtained for 266 

M90. On the other hand, the M50 blend followed the same tendency for the first part of 267 

the test (between 30 and 100-120 ºC). However, above this temperature, the viscoelastic 268 

moduli underwent an abrupt decrease accounting for the lowest measured values. Finally, 269 

the blend mixed at 110 ºC was characterized after drying for 10 days (M110), just like the 270 

other systems, and right after mixing (M110*). Both blends followed a very similar 271 

tendency. At the beginning of the experiment (between 30 and 70 ºC), the viscoelastic 272 

moduli were higher for the M110* than for M110 (e.g. E’ was around 1.0 and 0.6 MPa, 273 

respectively). Between 70 and 110 ºC, both blends followed the same behaviour slightly 274 

decreasing with increasing temperature (e.g. from 0.3 to 0.2 MPa). However, both 275 

systems diverge above 110 ºC up to the end of the experiment, being again M110* above 276 

M110 for the higher temperatures used (at which E’ values drops from 0.09 to 0.04 MPa, 277 
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respectively). As can be seen, M80 and M90 were the only blends that showed certain 278 

thermosetting potential, with both moduli increasing above 110 ºC up to 150ºC. For this 279 

reason, and based on the results obtained in previous studies by Alonso-González et al. 280 

[32], 150ºC was selected as the temperature of the mould for injection moulding. It can 281 

be assumed that the higher temperatures used hinder the thermosetting potential of the 282 

mixed blends leading to lower viscoelastic moduli for the whole studied range. 283 

The thermosetting potential exhibited by the M80 and M90 samples has been previously 284 

observed for pea protein-based blends prepared using a similar procedure at lower 285 

temperatures [37]. On the other hand, Felix et al. [38] produced crayfish-based bioplastics 286 

from protein/glycerol blends whose viscoelastic moduli upon temperature sweep tests 287 

exhibited a decreasing tendency during the whole studied range, thus no thermosetting 288 

potential was observed, showing a behaviour similar to that recorded for the two blends 289 

mixed at 110 ºC. 290 

3.1.2. Scanning Electron Microscopy (SEM) of blends 291 

The SEM images revealed that after mixing with mild conditions the M20mc blend still 292 

contains some granular starch (Figure 3A). It can be observed that the addition of water 293 

while mixing at 200 rpm for 1 h leads to a blend (M20) where the granular structure was 294 

partly destroyed (Figure 3B). This structure disappeared completely for the M80 sample 295 

(Figure 3C), indicating that the mixing temperature is a key parameter to obtain TPS. Tábi 296 

et al. [39] obtained similar SEM images during TPS obtention through extrusion and 297 

injection moulding.  298 

3.2. Characterization of bioplastics 299 

3.2.1. Dynamic Mechanical Thermal Analysis (DMTA) of bioplastics 300 
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The results obtained for the frequency sweep tests between 0.01 and 20 Hz at room 301 

temperature are shown in Figure 4 for all the bioplastics injected using either the blends 302 

mixed at different temperatures and dried for 10 days (I50, I80, I90 and I110) or with no 303 

drying (I110*). The mechanical spectra obtained shows that E’ was always higher than 304 

E’’, which indicates that all specimens exhibit a predominantly elastic character [40]. The 305 

viscoelastic moduli show a moderate frequency dependence, following a power-law 306 

tendency to increase with increasing frequency. The power-law exponent ranges from 307 

0.15 for I50 to 0.20 for I110*. This rheological behaviour has been previously observed 308 

for protein-based bioplastics which exhibited slightly lower power-law exponents from 309 

0.15 to 0.18 [41] and from 0.12 to 0.14 [42] for the soy/nanoclay based composites which 310 

seems to indicate that the starch content induces stronger frequency dependence. In 311 

addition, it should be highlighted that the higher viscoelastic moduli are found for the 312 

bioplastics obtained from the blend injected right after mixing, with no drying process, 313 

being clearly superior as this system exhibits 180 and 55 MPa for the elastic and viscous 314 

moduli, respectively, which are clearly above the second highest one, which would be the 315 

I90 system, with 68 and 23 MPa for these two parameters. The other four systems showed 316 

lower viscoelastic moduli, especially the probe obtained from I110, with E’1 being ca. 30 317 

MPa, and the other three having higher and more similar values (ca. 46 and 60 MPa for 318 

I50 and I80, respectively). This behaviour could be related to the fact that the system 319 

obtained from the blend without drying, was injected with lower moisture content 320 

(~22%), as a result of the higher mixing temperature and no water absorption during 321 

drying. This fact involved a lower content of plasticizer which contributed a higher 322 

viscoelastic response. However, the lower proportion of water in the plasticizer also led 323 

to an increase in its boiling point, giving rise to a reduction in the evaporation inside of 324 

the mould cavity [30]. The other systems (dried ones) were injected with similar water 325 
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contents (< 30%), and thus showed more similar values. However, the higher 326 

temperatures used for the mixing stage led to slightly higher values, indicating the 327 

convenience of increasing temperature during starch gelatinization. Regarding the I110 328 

bioplastic, the water absorbed during drying did not take place in the gelatinization 329 

process, only contributing to hindering the injection moulding stage, leading to poorer 330 

results.  331 

The systems were also subjected to temperature sweep tests between 30 and 140 ºC 332 

(Figure 5). In this case, all specimens, except the one obtained from the dried blend mixed 333 

at 110 ºC (I110), followed the same behaviour, with E’ and E’’ decreasing with increasing 334 

temperature up to 90-100 ºC and reaching, at this point, a plateau value, with the 335 

viscoelastic moduli remaining almost unchanged. In addition, the elastic moduli began 336 

clearly differentiated at 30ºC, with the I110* system showing the best results (127 and 48 337 

MPa for E’ and E’’ values, respectively), followed by the I80 and I90 systems, which 338 

exhibited similar results, with 71 MPa for E’ and 23-25 MPa for E’’, for the two different 339 

systems), with the 50 ºC system showing the worst results (E’ = 36 MPa and E’’ = 10 340 

MPa). Although, once the plateau value was reached, they all showed more similar values, 341 

being the elastic modulus around 13 MPa and the viscous one approximately 3 MPa. 342 

Finally, the specimens obtained from the dried blend I110 began with the same tendency, 343 

where both moduli decrease with increasing temperature up to 90 ºC, with the elastic 344 

modulus decreasing from 16 MPa to 6 MPa although, at this point, E’ and E’’ underwent 345 

a more abrupt decrease (about one order of magnitude), and then reached a steady value 346 

around 120-140 ºC, with E’ stabilizing at around 0.7 MPa. Again, this differentiated 347 

behaviour could be attributed to the fact that this system was the only one absorbing water 348 

after the mixing stage. Thus, this water did not ease the production of TPS but hindered 349 

the injection of the specimens resulting in higher sensitivity to temperature. Similar 350 
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tendencies can be observed for the same tests performed on defatted rice bran with similar 351 

protein/starch composition processed by extrusion [17] and also with other protein-based 352 

bioplastics [43]. 353 

3.2.2. Tensile tests of bioplastics 354 

Figure 6 shows the stress-strain curves obtained from the tensile tests of all the samples 355 

evaluated in this work. All systems exhibited a similar behaviour. The system not 356 

submitted to drying exhibited the highest stiffness, although it only achieved the second-357 

lowest elongation at break. The rest of the curves presented much more similar tendencies 358 

with varying parameters, with the I80 system showing the higher slope, followed by the 359 

I90 system, and finally by the I50 and I110 specimens. Regarding toughness, although 360 

the I90 specimens presented poorer stiffness than I80 samples, the former exhibited 361 

greater elongations, leading to similar areas under the curve and therefore similar 362 

toughness. To finish with, the two systems with similar slopes (50 and 110 ºC) exhibited 363 

quite different elongations, with the system processed at 50 ºC being the one with the 364 

greatest toughness and the I110 system being the one with the worst tensile properties. 365 

Table 1 allows a more accurate evaluation of the three parameters obtained from the 366 

stress-strain curves: Young´s modulus (E), maximum tensile strength (max) and strain at 367 

break (max). Beginning with the four systems obtained from the dried blends (I50, I80, 368 

I90 and I110), it can be seen that all parameters improved when the mixing temperature 369 

increased from 50 to 80 ºC, although further increases had no beneficial effects, especially 370 

for the system processed at 110 ºC, which is in agreement with the previously mentioned 371 

detrimental effect for the water absorption during drying. In this way, E increased from 372 

10  1 to 33  6 MPa when the temperature of the mixing stage increased from 50 to 80 373 

ºC, although lower values (20  1 and 10  1 MPa) were obtained for the I90 and I110 374 
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systems, respectively. Again, max reached a maximum value for the I80 system, showing 375 

its minimum value for I110 specimens. Finally, max also improved from I50 to I80 and 376 

I90 systems, being the only parameter that displayed higher values for I90 than for I80 377 

bioplastics. The dried system mixed at 110 ºC (I110) still showed the lowest value for the 378 

final elongation. Similar values have been found for protein [44] and starch-based [17] 379 

systems obtained by similar processing techniques. 380 

On the other hand, the system with the highest Young´s modulus and tensile strength is 381 

the only one that was not subjected to the drying process. The only property that did not 382 

improve in this case was the elongation at break, reaching the poorest values (1.0  0.1%.) 383 

The obtained results indicate that higher temperatures during mixing lead to stiffer 384 

materials with lower elasticities. This last behaviour is typical of protein-based systems, 385 

where E increases with the processing temperature, whereas the elongation at break does 386 

not [8]. 387 

3.2.3. Water uptake capacity of bioplastics and soluble matter loss 388 

Figure 7A shows the water uptake capacity values for the different bioplastics obtained. 389 

The highest values are those obtained for the systems mixed at the highest temperature, 390 

either with the dried (I110) or non-dried systems (I110*), achieving 234  21%, and 252 391 

 75%, respectively. The other three systems (I50, I80 and I90) exhibited lower 392 

absorption capacities, not showing any significant difference among them. These values 393 

of water uptake capacity are between those typically obtained by hydrophilic protein-394 

based bioplastics [37,45,46] and those shown by starch-based specimens [47,48]. 395 

High water uptake capacities correspond to high soluble matter losses, as can be seen in 396 

Figure 7B. In this way, the systems which underwent the highest losses were the two 397 

obtained from the blends mixed at 110 ºC, being 37  7 and 37  16% for the dried (I110) 398 
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and non-dried (I110*) systems, respectively. In addition, these two systems did not 399 

maintain their integrity during water immersion, appearing fissures in the specimens, 400 

which resulted in higher specific surfaces and, thus, higher water uptake capacity values. 401 

The appearance of the fissured specimens can be seen in Figure S2. On the other hand, 402 

the I50, I80 and I90 systems exhibited lower values, especially the last one with 25  1%. 403 

The other two specimens (I50 and I80) obtained SML values of 31.6  0.3% and 27  404 

1%, respectively. This result is also in line with the ones reported in the aforementioned 405 

study [43].  406 

These results reveal the importance of selecting a proper mixing temperature. When the 407 

temperature was fixed to 50 ºC, the gelatinization of starch is not achieved, leaving a 408 

partial granular structure with poorer processability. Although the physical integrity is 409 

not compromised, the inferior mechanical properties evidence this fact. However, 410 

temperatures of 80 and 90 ºC allow complete gelatinization during mixing, providing a 411 

material suitable for injection moulding that undergoes retrogradation and some 412 

thermosetting phenomenon in the case of the protein fraction, resulting in specimens with 413 

both good mechanical performance and physical integrity. Finally, the poorer physical 414 

integrity provided by the higher temperature used could be because water is already lost 415 

during mixing at 110 ºC, leading to an early starch retrogradation even before injection, 416 

being the bioplastic sample entirely formed through protein-related events. Regarding the 417 

lipid and fibre fractions, no significant effects are expected during the bioplastics 418 

processing since rice bran does not undergo any changes before 150 ºC in thermal analysis 419 

[26]. However, certain fibre concentrations might have a reinforcing effect upon final 420 

properties [49]. 421 

3.2.4. Scanning Electron Microscopy (SEM) of freeze-dried bioplastic matrices 422 
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Figure 8 shows the SEM micrographs of the different bioplastics obtained after the freeze-423 

drying stage. As can be seen, the observed morphologies match the results obtained 424 

before, especially regarding functional properties, in such a way that greater surface 425 

homogeneities can be associated with higher WUC, improving from samples F50 and 426 

F80 (micrographs A and B) to samples F110 and F110* (micrographs C and D). It can be 427 

assumed that this higher temperature led to fewer voids and fissures, and thus a more 428 

homogeneous distribution of the active matter, which translates into higher absorption 429 

capacities. The obtained micrographs are similar to those obtained by Tábi et al. [39] and 430 

Ferreira et al. [50] for starch-based samples processed using water as the plasticizer.  431 

4. CONCLUSIONS 432 

The selected conditions, compatible with both proteins and starches, led to the successful 433 

development of RB-based bioplastics by injection moulding. The mixing stage, the one 434 

including the parameter under study, produced different blends that showed rheological 435 

differences during and after drying. Those differences made one of them (the M110* 436 

system) suitable for injection moulding right after mixing while the rest of them had to 437 

undergo an drying stage in order to lose some water before being subjected to injection 438 

moulding. It was concluded that, under the experimental conditions selected for the 439 

injection moulding process, moisture of blends had to achieve a content lower than 30% 440 

to obtain proper specimens. This limitation may be explained in terms of a reduction in 441 

the boiling point of the Gly/W solution with increasing water that may induce excessive 442 

evaporation from inside the mould cavity. 443 

The mechanical characterization carried out on the bioplastic samples revealed two 444 

superior specimens in terms of rheological and tensile parameters: the system processed 445 

at 110 ºC without drying (I110*) and the dried system mixed at 80 ºC (I80). When water 446 

uptake capacity was measured, the two systems mixed at the highest temperature (I110 447 
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and I110*) exhibited clearly improved values compared to the others, although they 448 

exhibited much poorer physical integrities, which could be due to their high soluble 449 

matter losses and the fact that they started to lose integral consistency upon water 450 

immersion. These two differentiated behaviours could be associated with different 451 

morphologies observed in the SEM micrographs, where the more homogeneous surfaces 452 

correspond to the systems processed at higher temperatures (110 ºC) leading to a more 453 

successful injection-moulding processed and a greater distribution of the active matter.  454 

This work evidences the possibility of manufacturing bioplastics from RB, as well as the 455 

effect of water as a plasticizer, which, on the one hand, is required during the mixing 456 

stage, and, on the other hand, determines the final mechanical and functional properties, 457 

based on its content. A proper mixing temperature (i.e., 80 ºC) is required to produce 458 

suitable bioplastics with balanced properties. Furthermore, the measured properties seem 459 

to be convenient for those applications that require materials exhibiting high water 460 

absorption behaviour and still require suitable end-use mechanical properties, ensuring 461 

their physical integrity. This should be the case of biodegradable water absorption 462 

materials for healthcare, agriculture or horticulture applications. In addition, the study of 463 

water uptake capacity in bioplastic systems is receiving increasing attention recently 464 

because of their important applications in the fields of biomedical, pharmaceutical, 465 

environmental and agricultural engineering.  466 
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FIGURE CAPTIONS 634 

Figure 1: Fit of the elastic modulus at 1 Hz (E1’) and moisture content over drying time 635 

of the M50, M80, M90 and M110 blends. The injectability limit (i.e. the maximum 636 

moisture content below which the blends can be injected) is also shown. 637 

Figure 2: Temperature sweep tests at 5ºC/min between 30 and 160 ºC for the blends 638 

obtained after mixing at different temperatures and drying for 10 days (M50, M80, M90 639 

and M110) or mixed at 110 ºC with no drying (M110*).   640 

Figure 3. SEM micrographs of the blends obtained by mixing (A) at 50 rpm for 10 min, 641 

room temperature and no added water (M20mc) (B) at 200 rpm for 1h and room 642 

temperature (M20) and (C) at 200 rpm for 1h and 80 ºC  (M80). 643 

Figure 4. Frequency sweep tests between 0.01 and 20 Hz for the bioplastics obtained 644 

from the different blends after drying for 10 days (I50, I80, I90 and I110) and with no 645 

drying (I110*). 646 

Figure 5. Temperature sweep tests at 5ºC/min between 30 and 140 ºC for the bioplastics 647 

obtained from the different blends after drying for 10 days (I50, I80, I90 and I110) and 648 

with no drying (I110*). 649 

Figure 6. Stress-strain curves from the tensile tests performed on the bioplastic samples 650 

obtained from the different blends (I50, I80, I90 and I110) and with no drying (I110*). 651 

Figure 7. (A) Water uptake capacity (WUC) and (B) soluble matter loss (SML) of the 652 

bioplastic samples obtained from the different blends: mixed at 50, 80, 90 and 110 ºC 653 

after drying and mixed at 110 ºC with no drying (110 ºC*). 654 

Figure 8. SEM micrographs of the bioplastic samples obtained after freeze-drying of 655 

bioplastics processed from different blends (A) F50, (B) F80, (C) F110 and (D) F110*. 656 
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TABLE CAPTIONS 

Table 1: Young´s modulus, maximum tensile strength and Elongation at break of the 

different processed systems. Different letters within a column indicate significant 

differences (p<0.05). 

System E (MPa) max (MPa) max (%) 

I50 10  1A 0.12  0.01A 1.9  0.2BC 

I80 33  6C 0.27  0.01B 2.4  0.3C 

I90 20  1B 0.19  0.01C 2.5  0.5C 

I110 10  1A 0.073  0.006D 1.4  0.5B 

I110* 80  1D 0.43  0.04E 1.0  0.1A 

 

 


