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ABSTRACT 48 

 49 
This work aims to evaluate the influence of the processing temperature on thermoplastic starch (TPS) 50 

for scalable production at the industrial level. Thus, it analyses the impact of six different extruding 51 

temperature profiles to plasticize native starch with water as well as with glycerol to obtain 52 
thermoplastic starch (TPS) produced by melt-extrusion. The temperature profiles ranged from 70 to 53 

150 ºC. At temperature profiles below 100 ºC, the extrusion conditions were insufficient to disrupt 54 

the starch granules completely. Therefore, the material did not plasticize correctly, and the starchy 55 

matrix plasticizes partially using a temperature profile of 100 ºC. The water evaporation process 56 
affects the final material's microstructure. At temperature profiles above 100 ºC (i.e., 110 and 130ºC), 57 

the extrusion conditions allowed the disruption of the starch granule as well as a good material 58 

plasticization to obtain TPS. Although TPS obtained with a temperature profile of 150 ºC displayed 59 
the highest mechanical properties, the material shows signs of thermal degradation under these 60 

conditions. Therefore, TPS processed at a profile with a maximum temperature of 130 ºC showed a 61 

higher plasticization effect, good thermal and mechanical properties, and good water uptake 62 
capability. With its potential for successful industrial production, TPS can be obtained by processing 63 

native starch with water and glycerol at low share rates of 20 rpm and using 130ºC as a maximum 64 

processing temperature, offering a range of benefits. 65 

 66 
 67 

Keywords: thermoplastic starch, temperature profile, extrusion, plasticization, retrogradation 68 

 69 
3.1.1. INTRODUCTION 70 

 71 

Bio-based and biodegradable materials play an essential role in helping conserve the 72 

environment, replacing non-degradable synthetic plastics with more friendly alternatives that could 73 
reduce the accumulation of plastic garbage due to lack of degradation or poor waste management 74 

(Ruhul Amin et al., 2020). Bio-based materials such as biofibers, bio-composites, and bioplastics are 75 

an alternative to synthetic plastics in different industrial products, mainly in short-term applications 76 
or disposable products such as the case of plastic bags, disposables (i.e., plates, cups, cutlery, and 77 

straws), food packaging or agricultural mulch films (Vinod et al., 2020). In this regard, the European 78 

Commission specified that where sustainable alternatives are effortlessly accessible and affordable, 79 
single-use plastic products cannot be used (European Commission, 2023). Even though the European 80 

Commission encourages the use of recycled plastic in single-use products, the present legislation 81 

establishes stringent requests regarding food safety and for food contact materials does not permit the 82 

direct use of recycled plastics coming from recycled streams (European Commission, 2022). 83 
Therefore, fully biobased and biodegradable plastics can be used in single-use products directly 84 

interacting with food. Consequently, the production of food contact materials based on bioplastics is 85 

increasing. In this regard, bioplastics are materials produced from biomass, agro-resources, 86 
microorganisms, or synthesized from bioderived monomers (Vinod et al., 2020), for instance: 87 

cellulose (Gopi, Balakrishnan, et al., 2019; Gopi, Pius, et al., 2019; Rayón et al., 2013), alginates 88 

(Farokhi et al., 2019), proteins such as casein or caseinates (Arrieta et al., 2013), and starch (Aldas et 89 
al., 2021; Nevoralová et al., 2019; Pavon et al., 2021).  90 

 91 

Although still substantially less than traditional plastics, the current biopolymer worldwide 92 

production is about 2.18 million tons (European bioplastics, 2023), and 18.7% of the total bioplastic 93 
production comes from starch (European Bioplastics, 2021) and the packaging sector is the largest 94 

market segment for bioplastics (with 43 % of the total bioplastics market in 2023). Therefore, starch 95 

seems to be one of the most promising bioplastics for outspreading bioplastics applications in food 96 
packaging and disposables. Starch is usually used as raw material for the development of biopolymer 97 

formulations as it is abundant in nature, inexpensive, comes from renewable sources, and due to its 98 
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intrinsic biocompatible and biodegradable character (Ismail et al., 2017; Jiménez et al., 2012; X. 99 

Zhang et al., 2022). In general, bioplastics based on starch are used as blends with biodegradable 100 
polyesters (Ferri et al., 2018; Pattanayaiying et al., 2019), with synthetic polymers to add a grade of 101 

sustainability to the final formulation as it is biobased and compostable (Sessini et al., 2019), as a 102 

matrix in biocomposites (Hassan et al., 2019; Jung et al., 2019; Rabe et al., 2019), and also in coatings 103 
and packaging developments (Arrieta et al., 2017; Gadhave et al., 2018). Additionally, there are 104 

commercial starch bioplastics such as Mater-Bi from Novamont, Bioplast from Biotec, Eslon Green, 105 

and Greenpol from Yukong LTD (Bastioli, 1998; Mitrus & Wojtowicz, Agnieszka Moscicki, 2009), 106 

which have been blended with other natural additives to modify their properties (Aldas et al., 2019; 107 
Aldas, Rayón, et al., 2020; Scaffaro et al., 2018; X. Zhang et al., 2022). 108 

 109 

Starch is a natural biopolymer synthesized by plants and some cyanobacteria whose primary function 110 
is to store carbohydrates in spherical granules, whose size, quantity, and composition vary depending 111 

on the species that produce it (Apriyanto et al., 2022; Jiménez et al., 2012). The most common starch 112 

sources are cereal grains, such as barley, oats, and wheat; corn or potatoes; and cassava tubers 113 
(Jumaidin et al., 2020). Structurally, starch is a semicrystalline polymer made up of two D-glucose 114 

homopolymers: amylose, usually a linear polymer with α (1 → 4) linkages, and amylopectin, with α 115 

(1 → 6) linkages, which are highly branched (Apriyanto et al., 2022; Bertoft, 2017; Iaccheri et al., 116 

2023). The content of amylose and amylopectin in the starch structure depends on various factors, 117 
such as the source of origin, age, or the extraction technique of the granules. A common starch has 118 

amylose contents between 20 % and 25 % and amylopectin contents between 75 % and 80 % 119 

(Marichelvam et al., 2019). In its native state, starch is found as solid, insoluble granules, so for its 120 
processing, it is required to transform the granule to a fluid state (Xie et al., 2014). As reviewed by 121 

Jiménez et al. (2012), starch has mainly been investigated for developing edible and biodegradable 122 

films using the film formation method by solvent casting (Jiménez et al., 2012). Nevertheless, for its 123 

industrial uses, starch must be transformed into thermoplastic starch (TPS), a polymeric material 124 
based on a starchy matrix that interests the plastic processing industry. Since starch degradation 125 

temperature is inferior to starch melting temperature, to obtain a TPS, starch requires the action of 126 

heat and shear forces in addition to the incorporation of a plasticizer such as water, glycerol, or 127 
sorbitol (Xie et al., 2014; Y. Zhang, Rempel, & McLaren, 2014). As already commented, solvent-128 

casting can obtain TPS at a laboratory level. However, for its industrial use, TPS can be processed 129 

using identical techniques employed for processing conventional polymeric systems, like extrusion 130 
or injection molding. (Aldas, Pavon, et al., 2020b; Jumaidin et al., 2020; Mitrus, 2009; Oniszczuk & 131 

Janssen, 2009) It is expected that with the replacement of petrol-based materials for more sustainable 132 

solutions, the processing conditions for TPS-based materials at the industrial scale would improve. 133 

In obtaining TPS at an industrial scale level, it should be considered that plasticizers are used to 134 
decrease the starch melting temperature and help destroy its crystalline structure. In its natural state, 135 

starch has a crystalline structure that can hinder its processing. The addition of plasticizers disrupts 136 

this structure, making the starch more amorphous and easier to process. (Montilla-Buitrago et al., 137 
2021). It is worth mentioning that water helps to plasticize starch and prevents starch degradation 138 

during melt extrusion (Mitrus, 2009; Montilla-Buitrago et al., 2021). When the starch heats up with 139 

a plasticizer, gelatinization occurs, which involves granule swelling, followed by a disruption of the 140 
crystal structure that will lead to the starch melting. (H. Ma et al., 2022; Xie et al., 2014). On the other 141 

hand, shear forces, apart from producing a homogeneous blend, also cause the destructuration of the 142 

crystal structure. In addition, they can physically break the granules to allow plasticizers to enter the 143 

starch structure, affecting the final performance of the thermoplastic material (Xie et al., 2012). Thus, 144 
heating, shear forces, and plasticizers contribute to the starch melting process, successfully leading 145 

to TPS formation (Jumaidin et al., 2020).  146 

 147 
Another factor to consider for the industrial production of TPS is that the temperature and the shear 148 

forces applied during melt extrusion can degrade the material (Wilpiszewska & Spychaj, 2006; Ye et 149 
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al., 2018). The degradation degree will depend on a more significant measure of the processing 150 

parameters, for instance, the temperature profile used during the extrusion process and the rotation 151 
speed of the screws. Still, it also will depend on the composition and moisture content present in the 152 

material (Wilpiszewska & Spychaj, 2006; Xie et al., 2012). Although many authors stated that the 153 

processing conditions are of fundamental importance in TPS production for its scalable manufacture 154 
because they can considerably affect the final performance of the starchy material, including the 155 

temperature profile and the moisture content (Toro-Márquez et al., 2018), there are no studies on the 156 

obtained properties of TPS-based materials as affected by different processing temperatures which 157 

are of fundamental importance for the plastic processing industry. 158 
 159 

The existing literature related to TPS extrusion processing focuses more on the study of the 160 

plasticizer's influence on the material properties (Montilla-Buitrago et al., 2021; Schmitt et al., 2015a; 161 
Yunos & Rahman, 2011; X. Zhang et al., 2022) and the impact of the extrusion variables (i.e., L/D 162 

ratio, shear force, rotational speed, among others) (Artz et al., 1990; Souza & Andrade, 2002a; 163 

Thuwall et al., 2006; Ye et al., 2018), not on the temperature influence. These studies used glycerol 164 
extensively as a plasticizer because of its availability, low cost, and high boiling point (290 ºC) 165 

(Kaseem et al., 2012). In this regard, it is well known that glycerol and water are suitable plasticizers 166 

because of their small molecular size, allowing them to enter the three-dimensional structure of starch 167 

easily (Montilla-Buitrago et al., 2021; Y. Zhang, Rempel, & Liu, 2014). Additionally, glycerol is a 168 
by-product of the biodiesel manufacturing process, and its use as a plasticizer allows the 169 

revalorization of a low-grade by-product, contributing to a circular economy (Arrieta et al., 2013). 170 

Corn starch is the type of starch most used for TPS elaboration due to its high availability around the 171 
world (Ciardelli et al., 2019), and since its high amylose content helps both in the starch gelatinization 172 

and the enhancement of the tensile properties of the biopolymers obtained, concerning TPS produced 173 

from low amylose starches (Marichelvam et al., 2019). However, it is worth mentioning that Enrione 174 

et al. (2010) studied the glass transition temperature (Tg) of different sources of thermoplastic starches 175 
and no significant differences were observed in the glass transition temperature between extruded 176 

rice starches and waxy maize, nonetheless at high contents of glycerol did form glycerol-rich zones 177 

in these polymeric systems which could affect the overall Tg of TPS (Enrione et al., 2010). Therefore, 178 
the glycerol plasticizer should be homogeneously distributed into the starchy matrix to achieve an 179 

excellent thermoplastic material. 180 

 181 
As was previously commented, with the new legislation, the production of TPS-based polymeric 182 

formulations is increasing in the industrial sector. Even more, research regarding TPS production via 183 

thermoplastic extrusion is gaining significant interest in the revalorization of wastes to obtain starch 184 

and promote new starch sources of thermoplastic starch. Costa et al. (2022) used modified loquat seed 185 
starch as a non-conventional source of starch to produce films for food contact applications, and the 186 

obtained films seemed to be attractive for low and medium water content foodstuff as kinds of pasta 187 

and baked food (Costa et al., 2022). Romeira et al. (2021) used potato starch acquired from potato-188 
washing slurries produced by a Food Company. They revalorized it, preparing thermoplastic starch 189 

films with an adequate cost and a potential application in film-forming solution for its use as papaya 190 

fruit coating (Romeira et al., 2021). Moro et al. (2017) mixed the residues of the passion fruit juice 191 
industry with starch in the film-forming process by thermoplastic extrusion. The researchers found 192 

that the residue added in 4 % enhanced the mechanical strength and Young’s modulus and decreased 193 

the water vapor permeability (Moro et al., 2017). Therefore, to extend the applications of TPS-based 194 

products at the industrial level, understanding the effect of processing temperature on the final overall 195 
performance of TPS-based materials is of fundamental importance. 196 

 197 

Even though the processing temperature is a fundamental parameter to achieving gelatinization and 198 
granules melting of starch, few published studies address the influence of different extrusion 199 

temperatures on TPS's overall performance. It should be appropriately studied as TPS production and 200 
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use rapidly increase for single-use food contact materials applications. Among them is a work done 201 

by Schmitt et al. in 2015, which analyzes the effect of different plasticizers over the retrogradation of 202 
thermoplastic starch. Even though the study analyses four different extrusion temperature profiles on 203 

TPS processing, 110–115–115 °C, 90–90–110 °C, 105–110–110 °C and 105–110–110 °C, each 204 

temperature profile was used for processing a different material with different plasticizers: 110–115–205 
115 °C for water and glycerol, 90–90–110 °C for sorbitol, and 105–110–110 °C for glycerol/sorbitol 206 

as well as urea/ethanolamine blend. As the primary objective of these studies was to analyze the 207 

effects of the used plasticizer, the temperature profile was not isolated, and there is no more profound 208 

analysis of the temperature profile used (Schmitt et al., 2015b) and thus, no deeper analysis on the 209 
effect of the processing temperature on the TPS performance. Pushpadass et al. 2008 studied the 210 

effect of extrusion temperature on TPS processing. However, the study assessed only two 211 

temperatures (110 °C and 120 °C). Furthermore, this parameter is not isolated since changes in TPS 212 
composition with different plasticizers were also analyzed (stearic acid, urea, and sucrose). Thus, the 213 

study only concludes that TPS's physical and functional properties depend primarily on the type of 214 

plasticizer without a clear conclusion on the processing temperature (Pushpadass et al., 2008). 215 
 216 

On the other hand, literature reports a wide range of TPS processing temperatures (from hopper to 217 

die) used by different authors for TPS production. For instance, Schmitt et al. (2015) work with wheat 218 

starch and blends of various plasticizers (i.e., glycerol or sorbitol, as well as a blend of 219 
glycerol/sorbitol, or urea/ethanolamine blend), and in this work, different temperature profiles of 110-220 

-115-115 °C; 90-90-110 °C; 105110-110 °C and 105-110-110 °C were used with an screw speed of 221 

60 rpm (Schmitt et al., 2015a). Ghanbari et al. (2018) processed TPS from corn starch and glycerol 222 
with an extrusion speed of 80 rpm under the temperature profile of 80-100-110-115-120 °C-125 °C 223 

(Ghanbari et al., 2018). Mitrus (2005) studied TPS with potato starch and glycerol, and they used an 224 

extrusion temperature profile from 75 to 140 °C and a speed from 60 to 100 rpm (Mitrus, 2005). 225 

Wang and Huang (2007) processed TPS from corn starch using glycerol and ethanolamine as 226 
plasticizers, and they used a temperature profile of 110-115-120-125 °C and a speed of 20 rpm (Wang 227 

& Huang, 2007a). Souza and Andrade (2002) processed corn starch and glycerol with an extrusion 228 

speed from 20 to 40 rpm and a temperature profile of 70-80-95-115 °C (Souza & Andrade, 2002b). 229 
Liu et al. (2010) used a temperature profile of 50-80-140 °C and a rotation speed of 180 rpm when 230 

working with corn starch, glycerol, and water (Liu et al., 2010).  231 

 232 
Van Soest et al. (1996) worked with a rising and falling temperature profile of 85-140-145-120-80-233 

95 °C and an extrusion screw speed of 55 rpm. The final temperature was below 95 °C to prevent 234 

water from boiling and obtain a non-porous material (Van Soest et al., 1996). In brief, most 235 

temperature profiles established for processing TPS are in rising order, with a gradual increase in 236 
temperature. In most cases, the intervals are between 5 and 10 °C to avoid undesired effects such as 237 

changes in viscosity and degradation rate, which temperature variations could produce during 238 

extrusion (Liu et al., 2010). While it seems that the use of different temperature profiles will affect 239 
the overall performance of the TPS, there are no deep analyses of the effect of this processing 240 

parameter on the structure and overall performance of the obtained TPS. 241 

 242 
In most cases, the temperature processing conditions are determined from previously reported 243 

experiences and by trial-and-error practice during the processing of the materials until good-quality 244 

TPS samples are obtained. Therefore, a deeper study on the effect of different processing temperatures 245 

is still needed to extend TPS production from the laboratory scale to the industrial level and its 246 
massive applications in single-use plastics. This study intends to fill the gaps in deeper analyses of 247 

the influence of the processing temperature profile on the general performance of TPS obtained from 248 

corn starch and further plasticized with water and glycerol by the melt extrusion process intended for 249 
sustainable food packaging applications. Glycerol was selected as it is food grade and the most used 250 

plasticizer for TPS production at the industrial level. This study uses a screw speed of 20 rpm to 251 
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ensure that starch degradation due to high shear does take place, while the mixing time was 5 min. 252 

Then, six TPS-based formulations were prepared by melt extrusion using six different maximum 253 
processing temperatures of 70 ºC, 90 ºC, 100 ºC, 110 ºC, 130 ºC, and 150 ºC. The obtained 254 

formulations were characterized to get insights on the effect of processing temperature on the 255 

obtention and the performance of TPS for their scalable production in the industrial sector. Thus, the 256 
paper analyzes obtained TPS's morphology, structural, mechanical, thermal, transparency, and UV-257 

blocking properties as affected by the processing temperature used to get information regarding the 258 

industrial processing conditions to extend the TPS commercial applications in the food packaging 259 

field. Additionally, as the moisture gain in materials intended for food contact applications is a critical 260 
issue, surface wettability and water absorption measurements were also conducted. This work 261 

determined the optimal temperature profile and made recommendations to understand the 262 

processability of TPS made with starch, glycerol, and water in which the hydroxyl groups of glycerol 263 
destroy the original hydrogen bonds previously established in starch molecules between them and 264 

allow to obtain starchy matrix in its thermoplastic form showing it potential industrial scalability. 265 

 266 
 267 

1. MATERIALS AND METHODS 268 

 269 

1.1. Materials 270 
 271 

Food-grade corn starch composed of 27% amylose, provided by Cargill (Barcelona, Spain), was used 272 

to elaborate TPS. Glycerol with a purity of 99% provided by Panreac (Barcelona, Spain) and distilled 273 
water were used as plasticizers. Glycerol was added at 25 wt.% and water at 10 wt.% of the total 274 

blend. Then, the materials were manually premixed in an airtight polyethylene bag. They were stored 275 

for 24 hours to ensure the plasticizers, water, and glycerol entrance into the starch granules 276 

(Oniszczuk & Janssen, 2009). 277 
 278 

1.2. Thermoplastic starch processing 279 

 280 
Before extrusion, the blend was stirred to guarantee material homogeneity and regular feeding 281 

(Oniszczuk & Janssen, 2009). The blend was processed at 20 rpm using a co-rotating twin-screw 282 

extruder with an L/D ratio 25 from Dupra S.L. (Castalla, Spain). Five different temperature profiles 283 
were used to study the influence of processing temperature on the overall performance of TPS, which 284 

varied in steps of 20 °C between each profile. In addition, a temperature profile at 100 °C was used 285 

to verify the behavior of TPS at the water boiling temperature. The samples were labeled according 286 

to the maximum temperature used in the processing profile. Table 1 lists the labels with corresponding 287 
extrusion profiles. 288 

 289 

Table 1. Label of the TPS studied materials according to the extrusion temperature profile 290 

Sample 

label 

Extrusion temperature profile (ºC) 

Zone 1 

(Die) 

Zone 2 Zone 3 Zone 4 

(Feeding hopper) 

T70 70 60 50 40 

T90 90 80 70 60 

T100 100 90 80 70 

T110 110 100 90 80 

T130 130 120 110 100 

T150 150 140 130 120 

 291 

The die of the extruder was a round sheet with holes of a diameter of 3.5 mm. The extrusion process 292 

allowed filaments with diameters between 3 and 4.5 mm to be obtained. The filaments undergo the 293 
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respective characterization. Meanwhile, to determine the transparency, UV-blocking effect, and 294 

surface wettability, the obtained filaments were pelletized and processed into films at 10 ºC higher 295 
than the maximum temperature used in the processing profile for each film (i.e., for T70 80ºC, for 296 

T90 100ºC, for T100 110ºC, for T110 120ºC, for T130 140ºC, and T150 160°C) in a hot press 297 

(WTPR-20, MrHide). The pellets were kept between the plates at atmospheric pressure for 4 min 298 
until melting, then to the following pressure profiles: 3 MPa for 1 min, 5 MPa for 1 min, 10 MPa for 299 

1 min, and 30 MPa for 2 min. Then, films were quenched at room temperature at atmospheric 300 

pressure. Since the environmental conditions influence TPS-based materials' properties, the obtained 301 

starchy samples were kept at 25 °C and 50 ± 5% HR immediately after extrusion and before being 302 
characterized (Aldas et al., 2019). 303 

 304 

 305 
1.3. Thermoplastic starch characterization 306 

 307 

1.3.1. Visual and optical characterization 308 
 309 

Visual and color characterization evaluated the obtained filaments' color, surface appearance, and 310 

diameter. The visual and optical examination of the filaments evaluates their appearance. The optical 311 

examination uses an Olympus optical microscope, model SZX7 from Olympus Iberia (Barcelona, 312 
Spain), and a digital microscopic camera to photograph the filaments. Filamnet’s diameters were 313 

measured with an electronic digital caliper, model Pro-Max, from Fowler High Precision (Newton, 314 

Massachusetts, USA). The color was measured on a Colorflex-Diff2 458/08 colorimeter from 315 
HunterLab (Reston, VA, USA) using the CIEL*a*b* space by determining L *, a *, and b * 316 

coefficients. The average of ten measurements determined color and sample diameter. The results 317 

report the mean values with the corresponding standard deviation.  318 

 319 
The significant differences were statistically analyzed with the one-way analysis of variance 320 

(ANOVA), using OriginPro 8 software, at a 95% confidence level according to Tukey's test for the 321 

significant differences among starchy samples. 322 
 323 

UV-visible transmittances of the samples analyzed the transparency of the TPS-based materials 324 

through processed into films in the 800-250 nm region by using a Varian Cary 1E UV-Vis 325 
spectrophotometer (Varian, USA) equipped with an integrating sphere and using a scanning speed of 326 

400 mm/min. The film samples were of 1 cm × 3 cm shapes to fit the measuring cell. 327 

 328 

 329 
1.3.2. Microstructural characterization 330 

 331 

Field Emission Scanning Microscopy (FESEM) was carried out on a Zeiss Ultra 55 microscope at 1 332 
kV over the surface of the filaments. Before the analysis, the obtained filaments were cryo-fractured 333 

and covered with a layer of gold-palladium alloy using a Sputter Mod Coater Emitech SC7620, 334 

Quorum Technologies (East Sussex, UK) to allow electrical conduction. 335 
 336 

X-ray Diffraction (XRD) studied the crystallinity variations in the thermoplastic starch structure due 337 

to the changes in the processing temperature profile. A Bruker D8 Advance X-Ray Diffractometer 338 

with a linear detector Lynxeye XE allowed the X-ray Diffraction patterns to be obtained. The 339 
experiment used scattering angles (2θ) from 4° to 50° at a rate of 1°/min. The measurements used a 340 

1 mm thick sample with a smooth surface.  341 

 342 
Attenuated total reflectance–Fourier transform infrared spectroscopy (FTIR-ATR) was employed to 343 

analyze the molecular interactions of TPS components and their changes due to the processing 344 
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temperature profile. The analysis runs at ambient temperature in transmission mode in a Nicolet iS10 345 

FTIR spectrometer (Thermo Scientific, Waltham, MA, USA) coupled with a Smart iTX ATR 346 
accessory. The experimental wavenumber range was within 4000–600 cm−1, the resolution was 16 347 

cm−1, and 16 scans were performed. 348 

 349 
 350 

1.3.3. Mechanical characterization 351 

 352 

Tensile test measurements were carried out on an Ibertest Elib 30 SAE Ibertest (Madrid, Spain) 353 
universal testing machine following ISO 527 standard (International Standards Organization, 2012), 354 

with a 5 kN load cell and 10 mm/min speed. The tensile test used extruded filament samples of 80 ± 355 

1 mm length and constant diameter as test specimens with a grip distance of 50 mm.  356 
 357 

The average of five measurements determined Young's modulus, tensile strength, and elongation at 358 

break. The area under the stress-strain curve was calculated using the OriginPro2015 program to 359 
determine the TPS’s toughness. The mean value and the standard deviation for each sample are 360 

reported. The significant differences in the measurements were calculated using the same parameters 361 

previously described. 362 

 363 
 364 

1.3.4. Thermal characterization 365 

 366 
Thermogravimetric analysis (TGA) was conducted on a TGA Q500 TA Instruments thermal analyzer 367 

(Selb, Germany). A dynamical analysis was carried out from 35 °C to 700 °C with a heating rate of 368 

10 °C/min using nitrogen with a 30 mL/min flow rate as circulating gas. The onset decomposition 369 

temperature was determined when the materials lost 5% of their weight (T5%). The end decomposition 370 
temperature is when the materials lose 90% of their initial weight (T90%). The maximum 371 

decomposition rate temperature (Tmax) was determined at the minimum of the first derivative of the 372 

TGA curve (DTG). 373 
 374 

Differential scanning calorimetry (DSC) was conducted on Mettler DSC821e equipment (Toledo, 375 

Spain). The samples were analyzed using a dynamic thermal cycle consisting of a heating step from 376 
-50 °C to 170 °C, followed by a cooling step to -50 °C, and second heating from - 50 °C to 170 °C. 377 

The speed was 10 °C/min in all the steps, and the circulating atmosphere air was nitrogen (flow of 30 378 

mL/min). The second heating curves were used to obtain the transition temperatures (Tg). 379 

 380 
Dynamic mechanical thermal analysis (DMTA) was conducted in DMA1 Mettler-Toledo 381 

(Schwerzenbach, Switzerland) using filaments of constant diameter as samples. The analysis was 382 

carried out using a single cantilever mode and a maximum deformation of 10 μm. The samples were 383 
analyzed within −100 up to 100 °C with a heating rate of 2 °C/min and a frequency of 1 Hz. 384 

 385 

1.3.5. Water contact angle 386 
 387 

The surface wettability of films was studied by measuring the water contact angle (WCA) using an 388 

Ossila Contact Angle Goniometer equipped with a high-resolution camera and analysis software. The 389 

WCA followed the UNE: EN ISO 828:2013 standard (International Standards Organization, 2013) 390 
by randomly adding at least five drops of distilled water (20 μL) with a syringe to the films’ surfaces 391 

at room temperature and measuring the contact angle after 10 s of the water drop deposition. 392 

 393 
1.3.6. Water uptake 394 

 395 
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The water uptake test followed ISO 62 standards (International Standards Organization, 2008). 396 

extruded filament specimens of 25 ± 1 mm length and constant diameter were the samples in the test. 397 
The initial weight (W1) was determined by drying the samples at 50 °C for 48 h. Then, each sample 398 

was placed in a container with 300 mL of distilled water at room temperature. The samples were 399 

weighed every 15 min during the first hour, then every 30 min until 3 hours of testing, and every hour 400 
until 8 hours of testing to plot the change in sample weight evolution over time due to water 401 

absorption. For each measurement, the specimens were removed from the flasks, the surface was 402 

wiped out with filter paper, and weighed again (W2). The water absorption (c) at each point was 403 

determined with Equation 1. Three specimens of each material were tested. The mean values were 404 
reported with their corresponding standard deviation, and the significant differences were statistically 405 

calculated with the same parameters previously mentioned. 406 

 407 

 408 

 409 
 410 

2. RESULTS 411 

 412 
2.1. Thermoplastic starch formulations, processing, and visual characterization 413 

 414 

It is known that starch can exhibit thermoplastic properties when processed with plasticizers, applied 415 
shear, and at elevated temperatures. In the present work, glycerol was selected as a plasticizer as it is 416 

the most widely used plasticizer for TPS production at the industrial level. It is a food-grade product 417 

obtained as a by-product during biodiesel manufacturing. Therefore, from a circular economy point 418 

of view, using glycerol as a plasticizer increases its added value from a low-grade by-product to a 419 
plasticizer for sustainable biopolymeric formulation production (Arrieta et al., 2013). Moreover, 420 

glycerol and water are considered the most effective plasticizers for TPS production mainly because 421 

of their small size as well as their hydrophilic nature, which make them compatible with the starch 422 
matrix, allowing ease of penetration within the three-dimensional starch networks (Pushpadass et al., 423 

2008).  424 

 425 

The percentages of glycerol and water were established in this work according to the literature 426 
because TPS production widely uses glycerol. In this sense, Oniszczuk and Janssen. (2009) have 427 

proven that 25 wt.% of glycerol is enough to complete starch gelatinization. While minor contents 428 

that are more than 25 wt.%, do not produce a complete plasticization, with higher contents, a 429 
migration of glycerol occurs (Oniszczuk & Janssen, 2009). Furthermore, the researchers added water 430 

at 10 wt.% since Liu et al. (2010) showed that adding water to the blend aided the gelatinization and 431 

prevented the degradation of the starch granules (Liu et al., 2010; Y. Zhang, Rempel, & Liu, 2014). 432 
To avoid thermomechanical degradation of TPS polymer in the melt extrusion, since starch 433 

degradation temperature is lower than its melting temperature, not only the temperature profile should 434 

be carefully selected, but also screw speed as well as mixing time.  435 

 436 
In this work, before processing, the materials were manually premixed in sealed plastic bags and then 437 

allowed to rest for 24 hours to promote the entrance of plasticizers, water, and glycerol. The obtained 438 

swelled mixtures of starch, glycerol, and water were then fed into the extruder and processed at a 439 
screw speed of 20 rpm to avoid starch degradation due to high shears. Fig 1 and Table 2 present the 440 

appearance of the different filaments obtained and the optical micrographs, respectively.   441 

 442 

 
𝑐 =

𝑊2 −𝑊1

𝑊1
× 100 (1) 
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 443 
Fig 1 Visual appearance and microscopic view (1.6X) of TPS filaments obtained at different 444 

temperatures at a screw speed of 20 rpm 445 

Table 2. Visual characterization results of the obtained filaments  446 
Sample 

label 

Filament 

diameter 

(mm) 

Superficial appearance  Color 

   L* a* b* YI 

T70 3.2±0.1ª Matte, rough, heterogeneous 

surface with scales and opaque. 

73.0±1.1ª 0.4±0.1a 9.4±0.5a 22.7±1.1ª 

T90 3.1±0.1ª Matte, rough, heterogeneous, 
and opaque surface with scales.  

63.6±0.6b 0.8±0.1a 9.5±0.2a 26.0±0.7b 

T100 4.4±0.1b Matte, smooth, homogeneous, 

and opaque surface. 

81.3±1.8c -0.7±0.1b 9.6±0.4ª 18.6±0.4c 

T110 3.7±0.1c Matte, rough, homogeneous, and 

translucent surface.  

46.4±0.6d -1.7±0.2c 7.9±0.6b 24.8±1.3a,b 

T130 3.5±0.1d Matte, rough, homogeneous, and 

translucent surface with scales 

51.1±1.1e -0.5±0.8b 8.7±0.4a,b 25.3±2.0b 

T150 3.6±0.1d Shiny, smooth, homogeneous, 

and translucent surface.  

32.9±0.6f 2.5±0.2d 12.2±0.7c 55.4±1.3d 

a–f Different letters within the same property indicate statistically significant differences between materials (p < 447 
0.05). 448 
 449 
The diameters of the filaments processed at low (T70, T90) and high temperatures (T130 and T150, 450 

respectively) do not show significant differences among them (p> 0.05). The filaments processed 451 

below 100 °C have a smaller diameter than those processed at 100 ºC or higher temperatures. Also, 452 

the filament processed at 100 °C presents the largest diameter of all the studied materials (4.4 ± 0.1 453 
mm). This behavior is because, at this temperature, the water in the blend evaporates just as the 454 

filament leaves the extruder, which causes the swelling of the material. Therefore, the diameter 455 

increases, as was observed by Mitrus (Mitrus, 2009). Regarding the surface appearance of the 456 
filament and the color, the processed materials at temperatures below 100 °C (T70 and T90) present 457 

a heterogeneous surface, which suggests a poor and heterogeneous plasticization of the starch matrix 458 

(Fig 1 and Table 2). There is also a color change in these filaments. For the T100 material, the L* 459 
coordinate, which indicates the material luminosity, is 81.3 ±1.8, so the filament is seen in white 460 

tones. This change in color and the smooth appearance of the filament are due to water evaporation. 461 

For T130, the luminosity shows a reduction on the L* coordinate concerning T100, but it is 462 
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significantly higher than T100, suggesting intermediate lightness between these two samples. 463 

Meanwhile, the color is mainly similar to that of T110 since they showed similar values of b* 464 
coordinate and YI (p >0.05), indicating a trend to a certain degree to yellow. However, in the case of 465 

T150 materials, which represent the highest temperature used here, the smooth appearance of the 466 

surface may suggest the beginning of a degradation process due to the high processing temperature 467 
used, corroborated by the color change. This sample's coordinates, a* and b*, tend to have higher 468 

positive values, so the material displays a brown hue. In addition, the yellowing index increases 469 

significantly (p <0.05) from YI = 25 (in the previous processing temperature of 130) to YI = 55 (in 470 

T150), suggesting that the material suffered thermal degradation during processing. Finally, a 471 
reduction in the L* value shows a loss of clarity (luminescence), suggesting a starch recrystallization. 472 

 473 

In food packaging, transparency is a vital consumer requirement when looking at the packed food. 474 
Therefore, a light transmission analysis was performed in the visible and UV regions in the films of 475 

the materials. Fig 2 shows the transparency results obtained by UV-Vis assessment. Results show that 476 

formulations extruded at T100, T110, and T130 maximum profile temperatures have the highest 477 
transparency. These results show that starch granules break down completely, creating a plasticized 478 

TPS and, therefore, one-phase materials (as shown in FESEM micrographs, Fig 3). These 479 

microstructures confer higher transparency to the materials. When processing TPS with the maximum 480 

profile temperatures below 100 °C (T70 and T90), the incomplete disruption of the starchy granule 481 
generates two-phase materials (broken and unbroken granules), as further shown in FESEM 482 

micrographs (Fig 3), and thus, the transparency decreases. At the T150 as the maximum temperature 483 

profile, crystalline structures reappear in the TPS-based formulation due to the recrystallization 484 
process, leading to a two-phase microstructure and decreasing the transparency of this material.  485 

 486 

 487 

Fig 2. Transmittance percentage of light in the range of 250 to 800 nm for TPS obtained at different 488 

processing temperature profiles. 489 

Regarding the UV spectra region (250-400 nm), although in all the TPS-based materials, the UV-B 490 

(280 to 315 nm) and UV-A (400 to 315 nm) light passes through the film, there is a reduction of the 491 
light transmission on the UV-C region (280-100 nm), usually produced by artificial light sources, 492 

showing that TPS transmits less UV-C light than LDPE (Auras et al., 2004). 493 

 494 
2.2. Microstructural characterization  495 

 496 

https://www.sciencedirect.com/topics/chemistry/ultraviolet-spectrum
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Fig 3 displays the morphological changes on the TPS matrix due to the different processing 497 

temperatures. Fig 3-a shows the corn starch granules, whose morphology and size (between 5 and 12 498 
µm) agree with that reported in the literature (Wilpiszewska & Spychaj, 2006; Xie et al., 2014; Y. 499 

Zhang, Rempel, & Liu, 2014). T70 and T90 (Fig 3-b and Fig 3-c) presented two phases within the 500 

same material, a continuous phase formed by the plasticized starch granules and a dispersed phase 501 
consisting of whole or partially broken starch granules (X. Ma & Yu, 2004; Yang et al., 2006; Zullo 502 

& Iannace, 2009). The unbroken granules show that the maximum temperatures of 70 ºC and 90 ºC, 503 

used in the temperature profiles for processing T70 and T90, respectively, are not enough to disrupt 504 

the starchy granule completely. Therefore, the plasticizer cannot fully enter the starch granular 505 
structure, which does not allow the transformation process from starch to TPS to be completed (Xie 506 

et al., 2012). 507 

 508 
On the other hand, T100 (Fig 3-d) displays a porous structure produced by the boiling and evaporation 509 

of water contained in the initial TPS formulation (Mitrus, 2009). Meanwhile, T110 (Fig 3-e) presents 510 

a ductile fracture surface with a few holes, suggesting the presence of starch granule residues. Thus, 511 
the images indicate that T100 and T110 structures are partially plasticized. Quite the opposite, T130 512 

(Fig 3-f) presents a smooth and soft surface where starch granules cannot be distinguished, showing 513 

a material free of defects. Arredondo-Ochoa et al. (2017), studied edible films of oxidized corn-starch 514 

plasticized with sorbitol prepared by solvent casting method and observed a similar compact structure 515 
(Arredondo Ochoa et al., 2017). In the current work, the homogeneous material obtained at this 516 

temperature (T130 ºC) indicates a good combination of temperature and shear force in the extrusion 517 

process, allowing a better granule disruption (Zullo & Iannace, 2009). In this way, a strong interaction 518 
between starch, glycerol, and water occurs, producing adequate material plasticization at a maximum 519 

temperature of 130ºC Similar findings were observed by Ma and Yu, who prepared 520 

formamide/glycerol plasticized TPS (X. Ma & Yu, 2004). However, although amide groups have 521 

shown their effectiveness in plasticizing starchy matrices as a consequence of the electronegativity 522 
of their functional groups, they are not permitted for food contact materials due to their toxicity 523 

(Montilla-Buitrago et al., 2021). 524 

 525 
T150 (Fig 3-g) exhibited new structures on the material surface (expanded area Fig 3-g,) which could 526 

be ascribed to thermal degradation due to the high temperature during the extrusion process. Thermal 527 

degradation mainly affects amylopectin molecules (Stepto, 2006a; Xie et al., 2014). In this condition, 528 
the amylopectin chains interact among them, which causes recrystallization on cooling, resulting in a 529 

more rigid and crystalline structure (Hoover, 2001; Paridah et al., 2016). Furthermore, the high 530 

temperatures to which T150 is subjected may break the amylose chains, facilitating a rearrangement 531 

of the chains upon cooling (Y. Zhang, Rempel, & Liu, 2014). Additionally, the material color change 532 
previously commented on (see T150 in Fig 1) suggests that thermal degradation had taken place in 533 

T150, which confirms the retrogradation (recrystallization) phenomenon (Paridah et al., 2016; Stepto, 534 

2006b). Other works also observed these crystalline structures when studying a Mater-Bi type 535 
bioplastic, a commercial thermoplastic based on a thermoplastic starch matrix widely used in the 536 

bioplastic processing industry (Aldas, Rayón, et al., 2020). The cracks observed on the surface may 537 

have resulted from the cryofracture of the sample. 538 
 539 

 540 

 541 
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 542 
Fig 3 a) Corn starch granules and TPS obtained at different processing temperature profiles: b) T70 543 

°C, b) T90 °C, d) T100 °C, e) T110 °C, f) T130 °C and g) T150 °C 544 

 545 
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The X-ray diffraction (XRD) patterns obtained for all thermoplastic starch materials prepared at 546 

different temperature profiles are presented in Fig 4 with native corn starch XRD pattern for 547 

comparison. Native corn starch XRD pattern shows a type A crystallinity typical of cereals, 548 

characterized by a strong intensity peak at 2θ = 15.2°, a double peak at 2θ =17.2° and 18.1°, and 549 

another strong intensity peak at 2θ = 23° (Angellier et al., 2006). After the extrusion process, the 550 

crystalline structures of native starch change with all the temperature profiles since the shape of all 551 

peaks changes from an A-type crystallinity to a V-type crystallinity, and the halo of the curve is 552 

modified. The crystallinity of the samples significantly decreases concerning native corn starch due 553 

to the granular disruption of starch due to the extrusion process (Angellier et al., 2006; Castillo et al., 554 

2019). The V-type crystallinity in TPS, in which natural crystals have been mainly destroyed by the 555 

combination of temperature and shear forces, is produced because starch chains compounded with 556 

glycerol and water can crystallize during hot-melt extrusion (Chen et al., 2020). Moreover, the 557 

diffractograms show that the crystalline peaks and the amorphous halo of thermoplastic starch are 558 

dependent on the processing temperature. T70 presents similar peaks to those of native starch, at 2θ 559 

=15°, a double peak at 2θ = 17° and 18°, a peak at 2θ = 23°, as well as a new low-intensity peak 560 

centered at 2θ = 19.7° associated to crystallinity induced during processing (VH-subtype) (Chen et 561 

al., 2020). In the XRD of T90, low-intensity peaks of VH- subtype crystal structure (12.6°, 19.6°, and 562 

22.4°) formed by the crystallization of amylose during hot-melt extrusion or during cooling are 563 

observed. However, residual A-type crystallinity peaks are still seen at 15° and 17.2° due to non-564 

plasticized starch. Therefore, temperature profiles of 70 °C and 90 °C are not enough to completely 565 

disrupt native corn starch granules, confirming the FESEM characterization results. T100, T110, and 566 

T130 display VH-type peaks at 2θ = 12.6°, 19°, and 22° and present the typical amorphous halo of 567 

semicrystalline thermoplastic starches centered on 19° (Campos et al., 2013a; Ostafińska et al., 2017). 568 

Besides, the absence of A-type crystal peaks confirms that the starch structure was completely 569 

destructured in these TPSs (Mendes et al., 2016). The intensity in the VH-type peak centered at 19.7º 570 

could be related to the progress in the formation of thermoplastic starch. T70 and T90 present a low-571 

intensity peak, which indicates incomplete plasticization. T100 and T110 present a medium-intensity 572 

peak, indicating that the material is plasticizing to form TPS. T130 displays a high-intensity peak, 573 

showing further plasticization and formation of the TPS structure. Finally, T150 presents a shift of 574 

the peaks to 18º and 21º, pointing to a transition to an A-type structure due to retrogradation (Lendvai 575 

et al., 2019). Besides, the XRD pattern of T150 significantly reduces the amorphous fraction of TPS 576 

since the amorphous halo is almost flat, which shows that this material is more crystalline than those 577 

obtained at lower temperatures. This behavior agrees with the FESEM observations, where the 578 

material's recrystallization was inferred due to the thermomechanical degradation in the extrusion 579 

process. Moreover, T100, T110, and T130 XRD patterns have a peak at 16.8°, which is associated 580 

with the recrystallization of short chains of amylopectin produced by short-term aging (B-type 581 

crystallinity) (Campos et al., 2013b). 582 



15 

 

 583 
Fig 4 X-ray diffraction patterns of native corn starch and thermoplastic starch (TPS) processed at 584 

different temperature profiles T70, T90, T100, T110, T130, and T150 585 

Fig 5 plots the FTIR spectra of thermoplastic starches processed at different temperatures. Changes 586 

in the spectra are found in the O-H stretching and -C-H stretching groups Fig 5-b. The O-H stretching, 587 

typically located at around 3300 cm-1 in TPS-based materials (Romeira et al., 2021), is located at 3283 588 

cm-1 in T70, at 3325 cm-1 in T90 and T100, at 3338 cm-1 in T110 and T130, and 3340 cm-1 in T150. 589 

As Zong et al. stated, this hydroxyl group's vibration shift to higher frequencies from T70 to T150 590 

results from the temperature increase, which causes the hydrogen-bond interaction to break down. 591 

(Zhong et al., 2022) Moreover, the –CH stretching band's intensity at 2928 cm-1 increases with 592 

temperature. The growth in the intensity –CH band accompanied by the shift of –OH wavenumber 593 

with increasing temperature can suggest that the hydrogen bond between starch becomes weaker as 594 

new bonds are formed due to the plasticization. The –OH peak's intensity increases when temperature 595 

increases from 100ºC to 130 ºC. This behavior shows that the rise in temperature to higher values 596 

than 100ºC (i.e., T110 and T130) enhances the interaction between the plasticizer and the hydroxyl 597 

groups, allowing –OH groups from glycerol to destroy the original hydrogen bonding interactions 598 

between starch molecules, which in turn make it thermoplastic (Shi et al., 2007). In T150, the peak 599 

intensity decreases, accompanied by the peak shift to a higher frequency, suggesting a decrease of the 600 

average strength of the hydrogen bonds and a broadening of the distribution (Dang & Yoksan, 2015). 601 

Regarding the fingerprint region of the spectrum, three characteristic peaks appeared between 1200 602 

and 900 cm-1, ascribed to the C–O bond stretching of starch: at 1150 cm-1, there is a peak attributed 603 

to the C–O bond stretching of the C–O–H group in starch. Two additional peaks at 1080 and 1020 604 

cm-1 arescribed to the C–O bond stretching of the C–O–C group in the anhydroglucose ring (X. Ma 605 

et al., 2007). X. Ma et al. (2007) studied starch plasticized with different plasticizers and attributed 606 
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the shifts of the C-O bond stretching peaks to the interaction between starch and plasticizers (X. Ma 607 

et al., 2007). According to Pawlak and Mucha (2003), the lower the peak frequency, the stronger the 608 

interaction (Pawlak & Mucha, 2003). Fig 5-c shows that T110, T130, and T150 interact more with 609 

the plasticizer than T70, T90, and T100. The three TPS samples have a higher wavenumber (lower 610 

frequency) than 1120 cm-1. Nevertheless, T130 presents the highest wavenumber (1125 cm-1), 611 

indicating the best interaction between starchy polymeric matrix and glycerol.  612 

 613 

Fig 5 (a) FTIR spectra of thermoplastic starch (TPS) processed at different temperature profiles 614 

T70, T90, T100, T110, T130, and T150 (b) expanded area of -O-H stretching and -C-H stretching 615 

groups and (c) expanded area of C-O bond stretching 616 
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2.3. Mechanical characterization 617 

 618 
The material's mechanical resistance is of fundamental importance in food packaging because it is 619 

required to protect the food from its surroundings during transport and storage. Table 3 shows the 620 

mechanical properties obtained from the tensile strength test. Fig 6 displays the typical stress-strain 621 
curve for the different studied starchy materials. Regarding Young's modulus, materials T70, T90, 622 

and T150 present a modulus of up to six times greater than T100, T110, and T130. In T70 and T90, 623 

this stiffening effect is produced by the unplasticized starch granules in the TPS polymeric matrix, as 624 

verified through FESEM micrographs (Fig 3-a and Fig 3-b). These starch granules could act as fillers, 625 
thus reinforcing the polymeric matrix. Sessini et al. (2016) studied TPS reinforced with starch 626 

nanoparticles. The starch-based nanofillers reinforce the TPS matrix due to the nanoparticles and 627 

matrix interaction (Sessini et al., 2016). In the present work, the good interaction between 628 
unplasticized starch granules and the TPS polymeric matrix increases the elastic modulus value. 629 

However, the granules also constitute stress concentration points (physical joints) in T70 and T90 630 

materials, which also produce a decrease in the flexibility and the resistance of thermoplastic starch, 631 
as can be seen in the tensile strength and elongation at break values (Table 2) which resulted in the 632 

lowest when are compared to the materials processed at higher temperatures. 633 

 634 

Table 3. Tensile properties of the TPS obtained at different temperatures. 635 

Sample 

label 

Young's modulus 

(MPa) 

Tensile strength 

(MPa) 

Elongation at break 

(%) 

Toughness 

(kJ/m
3
) 

T70 12.6 ± 1.5a 0.17 ± 0.11a 4.5 ± 1.8a 7 ± 3ª 

T90 20.4 ± 1.9b 0.42 ± 0.03b 5.5 ± 0.4a 12 ± 1 a 

T100 5.1 ± 0.3c 0.45 ± 0.03b 22.2 ± 2.1 b 60 ± 2 b 

T110 4.4 ± 0.3c 0.95 ± 0.11c 34.4 ± 6.3c 304 ± 14 c 

T130 5.2 ± 0.7c 0.82 ± 0.06c 70.1 ± 4.3d 380 ± 53 d 

T150 32.2 ± 2.7d 3.28 ± 0.20d 169.5 ± 30.1e 4832 ± 535 e 
a-d Different letters within the same property show statistically significant differences between formulations (p < 0.05) 636 
 637 

 638 
Fig 6 Typical stress-strain curve of filaments of TPS obtained at different processing temperature 639 

profiles  640 
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T100 displayed a low Young's modulus and tensile strength, attributed to the porosities observed in 641 

the microstructural characterization of this material, caused by the water evaporation from the blend 642 
when the material was extruded, as was verified in the FESEM analysis (Fig 3-d). These pores act as 643 

stress concentrators, which lead to a material with low tensile strength and, in general, poor overall 644 

mechanical performance (Mitrus, 2009). However, the significant increase in the elongation at break 645 
in T100 concerning T70 and T90 indicates that the material has begun to plasticize. T110 and T130 646 

also present a progressive intensification in the elongation at break values, indicating greater 647 

plasticization. The elongation at break of T130 is statistically greater (p <0.05) than the elongation at 648 

break of T100 and T110, indicating greater cohesion of the structure and, therefore, higher 649 
plasticization. Moreover, no significant differences (p> 0.05) were found for Young's T100, T110, 650 

and T130 modulus. Tensile strength significantly increases in T110 and T130 to T100, indicating 651 

better cohesion due to the absence of holes and higher cohesion. 652 
 653 

The mechanical properties of starchy materials are dependent on the interaction between the 654 

polymeric matrix and the additives used, achieving a good plasticization effect when good flexibility, 655 
low brittleness, as well as improved stretching ability, are obtained (Arredondo Ochoa et al., 2017). 656 

The similarity in the mechanical properties values (Table 2) and the changes in the microstructure 657 

seen in the FESEM micrographs (Fig 3) indicate that the materials begin to plasticize at temperatures 658 

of 100 °C. These processing conditions allow the breakage of starch granules by the shear action due 659 
to the extrusion process and the temperature, which disrupts the starch granules, producing a greater 660 

interaction with the plasticizer and allowing a better plasticization (Paridah et al., 2016; Van Soest et 661 

al., 1996). 662 
 663 

T150 seems to have the best mechanical properties among all the studied samples, showing much 664 

higher modulus values, tensile strength, and elongation at break. FESEM micrographs (Fig 3) of T150 665 

exhibit crystalline domains, which increase the mechanical properties of the starchy material. 666 
Conversely, as the material suffers thermal degradation during the extrusion process at high 667 

temperatures, the resultant material is a highly plasticized starch with crystalline structures inside. 668 

Moreover, within T150, shorter starchy polymeric chains are generated because of the polymer 669 
thermal degradation. These chains contribute to the maximum elongation at break of these materials. 670 

On the other hand, crystalline structures act as reinforcing elements, according to Mathew and 671 

Dufresne. (2002), there is also a crosslinking effect (between the amorphous and crystalline parts) 672 
that improves the material mechanical properties (Mathew & Dufresne, 2002). Consequently, when 673 

T150 experiments with a tensile deformation, the crystalline domains, and polymer chains are 674 

reoriented toward the applied stress, and strain hardening occurs. As a result, the material toughness 675 

increases (Paiva et al., 2018). Table 3 displays the toughness values of the materials T150 has the 676 
highest toughness due to the strain hardening. Moreover, T130 has a higher toughness than T110, 677 

indicating a higher plasticization for T130. Meanwhile, T70 and T90 reported the lowest toughness 678 

value due to plasticization failures.  679 
 680 

Fig 6 shows an average stress-strain curve of the studied blends. In the graphic, T110 and T130 681 

present close toughness. However, T130 has higher elongation, which is typical for a plasticized 682 
material. T100 also has a characteristic stress-strain curve of a plasticized material. However, the 683 

presence of porosities in the material detracts from the properties of the TPS. Finally, T150 also 684 

showed the typical stress-strain curve of plasticized starch. At temperatures greater than 100 °C, under 685 

the processing conditions described in this study, starch can be plasticized, presenting partial 686 
plasticization at T100 and T110 and high plasticization at T130 and T150. Even when T150 presents 687 

good overall tensile properties, it shows signs of thermal degradation, which is essential for future 688 

applications due to the color characteristics and, most importantly, because the material already 689 
exhibits signs of retrogradation. 690 

 691 
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2.4. Thermal characterization 692 

 693 
Fig 7 compares the thermal decomposition curves of TPS processed at different temperatures and 694 

pure starch. For all the analyzed materials, the thermal degradation curve (TGA) presents three 695 

decomposition stages (Fig 7-a). In the case of pure starch, according to Paridah et al. (2016), the first 696 
stage occurs up to 120 °C and matches the loss of free water in the starch (Paridah et al., 2016). In 697 

the starch curve (solid blue line), the curve remains constant without mass loss between 160 °C and 698 

290 °C after an initial mass loss. For plasticized materials at different temperatures (TPS), the limits 699 

of the decomposition stages are found at higher temperatures than those of pure starch. The first stage, 700 
for instance, extends until temperatures of 290 °C. At this stage, the degradation occurs in two steps. 701 

Yunos and Rahman (2011) attribute this phenomenon to the effect of glycerol on starch-based 702 

polymers (Yunos & Rahman, 2011). For all processed TPS, the material loss due to evaporation of 703 
free water in the material occurs between 35 °C and 160 °C. In comparison, between 160 °C and 290 704 

°C, it is considered that happens the loss of the bound water of the material (Ismail et al., 2017; 705 

Paridah et al., 2016) together with the evaporation of the glycerol that starts at 200 °C and ends around 706 
300 ° C (Shi et al., 2007; Yunos & Rahman, 2011). In this way, in the first stage of thermal 707 

decomposition, the plasticizers (water and glycerol) are removed from the TPS structure during TGA 708 

heating. 709 

 710 
In the second stage of thermal degradation, which takes place from 290 °C to 336 °C, the breakage 711 

of the starch chains and the oxidation of the glucose rings occurs (Ismail et al., 2017). During the 712 

second stage, TPS showed lower thermal stability than neat starch. This behavior has been ascribed 713 
to the ability of glycerol to reduce the inter-and intra-molecular bond interaction within the starchy 714 

polymeric matrix, which decreases the material's thermal stability (Sessini et al., 2016). Finally, in 715 

the third thermal decomposition stage, organic waste is degraded and the residue is turned into ashes 716 

(Paridah et al., 2016). 717 

 718 

The second and third stages of thermal decomposition are similar to all the studied TPS, with slight 719 

variations in the shape of the curve and the temperature ranges linked to the processing temperature 720 
profiles. Finally, in Fig 7-a, there is a very marked difference between the TPS studied and the pure 721 

starch due to the action of the plasticizer on the amylose and amylopectin chains, which gives it 722 

greater thermal resistance. In this way, the shape of the TGA curve corroborates that all the TPS 723 
formulations were plasticized to some degree despite the processing temperature. The formed 724 

materials can be classified into three groups if compared to starch: highly plasticized starch (T130 725 

and T150), partially plasticized starch (T100 and T110), and incompletely plasticized (just a mixture 726 

of plasticizers and starch granules) (T70 and T90). 727 
 728 

In the case of T130 and T150, in the first stage, the mass loss of these blends is less pronounced than 729 

that of the other materials analyzed. To extend this observation, Table 4 reports the values for the 730 
onset decomposition temperature (T5%), the end decomposition temperature (T90%), and the 731 

temperature of the maximum decomposition rate (Tmax). 732 
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 733 
Fig 7 a) TGA and b) DTG curves of neat starch and obtained TPS at different extrusion temperature 734 

profiles  735 

 736 
 737 

 738 

 739 
 740 

 741 
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Table 4. Onset decomposition temperature (T5%), Temperature of maximum decomposition rate 742 

(Tmax), and end decomposition temperature (T90%) for neat starch and the TPS obtained at different 743 
extrusion temperature profiles. 744 

Sample label T5% (°C) Tmax (°C) T90% (°C) 

Starch 76.6 314,5 532,7 

T70 89.5 316.0 501.9 

T90 100.7 317.1 494.6 

T100 82.5 317.9 479.1 

T110 107.7 319.6 489.6 

T130 130.1 316.7 505.6 

T150 150.5 317.6 504.2 

 745 

 746 

In Table 4, based on the T5% values, it is noted that the material's thermal stability increases with the 747 

increase in the extrusion temperature profile. An exception to this trend is the material processed at 748 
100 °C (T100), in which the onset decomposition temperature is lower than the other studied 749 

formulations. The water evaporation at the outlet of the extruder machine can explain this. The 750 

material becomes less thermally stable because the water reaches its boiling point and evaporates 751 
quickly from the polymeric matrix, thus generating a greater free volume and porosity. In addition, 752 

there is less chance that water will completely gelatinize the starch matrix, making the material more 753 

susceptible to thermal degradation (Mitrus, 2009). 754 
 755 

The increase in thermal stability confirms the TPS plasticization process. As discussed before, if the 756 

processing temperature profile increases, the granule breakage improves, so the number of starch 757 

granules that plasticize during the process increases. In this way, the starch chains interact, so high 758 
temperatures will be required to degrade the material structure, resulting in a higher thermal resistance 759 

(Nafchi et al., 2013; Paridah et al., 2016). For T150, T5% is around 15% and 60% higher than T130 760 

and T70, respectively, ascribed to the recrystallized structures in the material previously observed in 761 
FESEM images (Fig 3-g). These structures confer higher thermal stability since they require a higher 762 

temperature to degrade themselves, thus delaying the start of thermoplastic starch thermal 763 

decomposition. When the chain decomposition process begins in the second and third stages, there 764 
are no significant changes in Tmax or T90% for plasticized materials (TPS) because, after the plasticizers' 765 

evaporation (water and glycerol, from 290 °C), the composition of the materials is the same in all 766 

cases. However, for neat starch, the thermal stability is greater in these stages due to the granules not 767 

being subjected to disruption processes (extrusion and temperature), so it requires a higher 768 
temperature for its complete degradation, as shown in the T90% value (Table 4. 769 

 770 

Fig 8 shows the differential scanning calorimetric curves obtained from the first and second DSC 771 
heating scans for the different TPS obtained at different processing temperatures. This technique 772 

cannot detect the glass transition temperature of TPS as no inflection point is observed in the obtained 773 

DSC curves. The TPS thermal transitions reported in the literature for starch-glycerol materials 774 

(Aldas, Pavon, et al., 2020a; Rodriguez-Gonzalez et al., 2004; Wattanakornsiri et al., 2012) are not 775 
readily observable by this technique. According to Averous and Boquillon (2004) and Averous et al. 776 

(2001), at the glass transition temperature, TPS presents a low drop in heat capacity, so it is sometimes 777 

challenging to detect the glass transition of this material using analysis (Avérous et al., 2001; Averous 778 
& Boquillon, 2004). For the temperature range analyzed (-50 to 170 °C), the literature indicates that 779 

there is a thermal transition ascribed to the starch-rich phase (α relaxation), whose transition 780 

temperature (Tα) is between 34 and 70 °C and that it varies depending on the glycerol content and 781 
the moisture amount present in the material (Forssell et al., 2002; Wang & Huang, 2007b; 782 

Wattanakornsiri et al., 2012). 783 

 784 
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 785 

 786 
 787 

Fig 8 DSC a) first and b) second heating curves for TPS obtained at different extrusion temperature 788 

profiles 789 

 790 

The DTMA is a technique that detects thermal transitions more accurately (Averous & Boquillon, 791 

2004). Fig 9 shows the variations of the loss factor (tan(δ)) and the storage modulus (G') with 792 
temperature for all the studied materials. The tan (δ) curves (Fig 9-a) showed a heterogeneous system 793 
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with two relaxations (peaks), between -60 °C and -40 °C and between 20 °C and 40 °C. The 794 

heterogeneity of the studied TPS is due to a phase separation with glycerol-rich domains (β relaxation) 795 
and starch-rich domains (α relaxation) (Enrione et al., 2010; Taguet et al., 2009). Therefore, each 796 

peak is so-called Tβ and Tα, respectively, being Tβ a secondary transition of TPS and Tα a primary 797 

transition of TPS (Taguet et al., 2009; Teixeira et al., 2012). 798 
 799 

  800 
Fig 9 a) loss factor and b) storage modulus obtained from DMTA analysis for TPS containing 25 % 801 

glycerol and 10 % water processed at different temperature profiles 802 

 803 
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No differences were found in Tβ (located at ~ -57 °C) and Tα (located at ~ 30 °C) of T90, T100, T110, 804 

T130, and T150. Notably, T70 shows a broader and poor unresolved Tα peak, and its Tβ endset 805 
temperature is 10 °C higher than other TPS systems. This behavior confirms that starch was not 806 

completely plasticized at the temperature profile of 70 °C. Additionally, at higher processing 807 

temperatures than 90 °C, the extrusion temperature profile has a negligible effect on the TPS thermal 808 
transitions (Tα and Tβ). The breadth of the Tα transition peak of Fig 9-a of all the studied TPS is in 809 

good accordance with the literature (Averous & Boquillon, 2004; Wattanakornsiri et al., 2012). The 810 

broadness of the peaks points to a strong polydispersity in TPS due to different polymer chain lengths. 811 

Therefore, this explains the vague resolution of the thermal transitions in the DSC assessment and 812 
shows that this transition could only be observed with a DMTA analysis (Foreman, 2008). 813 

 814 

Regarding the storage modulus (G') plotted in Fig 9-b, the two identified relaxations, β and α 815 
relaxations, have two corresponding falls in the G' of the materials, at -63 °C and 25 °C, respectively. 816 

These falls show a reduced TPS stiffness (Chartoff & Sircar, 2005). The G' curves show that from -817 

100 °C to 25 °C, T150 has the highest storage modulus among the studied formulations. In 818 
temperatures above 30 °C, the G' of the T150 formulation constantly drops to similar values of the 819 

other formulations because the Tα was reached. Moreover, the storage modulus curve shows that T70 820 

material does not lose G' as fast as the other formulations because the plasticization was incomplete, 821 

and, consequently, the material does not have a thermoplastic behavior. As already discussed, the 822 
results confirm the good plasticization effect obtained for the extruded materials at temperatures 823 

above 100 °C.  824 

 825 
At 25 °C, T150 displays the highest storage modulus (117 MPa), followed by T110 (93 MPa) and 826 

T130 (80 MPa). However, the differences between the storage modulus of T110 and T130 are not too 827 

marked, as the tensile test results T110 and T130 statistically have the same Young's modulus. At the 828 

same time, T150 displays a higher value and suggests a similar outcome in the storage modulus. T100 829 
material presents a lower storage modulus (68 MPa) than T110, T130, and T150 due to its limited 830 

structure resistance because of the formed holes. T70 and T90 are not wholly plasticized materials; 831 

therefore, their storage modulus cannot be compared with Young's modulus. These results agree with 832 
the DRX patterns, an incomplete plasticization for T70 and T90 and a plasticized material for T100, 833 

T110, and T130.  834 

 835 

2.5.  Water contact angle 836 

 837 
Water resistance is critical in materials intended for food contact applications (He et al., 2020). 838 

Surface wettability was conducted to study the hydrophilic/hydrophobic behavior of the film surfaces 839 

by determining the water contact angle. Fig 10 displays the WCA comparison between the different 840 
TPS. The TPS-based materials mainly showed hydrophilic surfaces, as films from T70 to T130 841 

presented smaller water contact angle values than 65° (Hambleton et al., 2009), in good accordance 842 

with previous results (Pavon et al., 2021). The hydrophilic surface of TPS-based materials is due to 843 

the high number of hydroxyl groups in starch molecules (He et al., 2020). In addition, the WCA of 844 
TPS decreased with the plasticizer as it increased the polymer chain mobility (Dang & Yoksan, 2021). 845 

The lowest values were observed for T70 and T90 (WCAT70= 55.3 ± 1.7º and WCAT90= 53.6 ± 0.2º). 846 

This result could indicate more free OH groups in these formulations. T100 shows a slight increase 847 
in the WCA (WCAT100= 57.4 ± 0.4º). This behavior can be related to the fact that this material has 848 

less water to interact with at the surface, as at this processing temperature, the water evaporates just 849 

as the filament leaves the extruder. T110 and T130 showed an additional increase in the WCA values 850 

(WCAT110= 64.4 ± 1.2º and WCAT130= 63.2 ± 0.8º), which could be related to the fact that these 851 
processing temperatures permitted the disruption of the starch granules, leading to less –OH groups 852 

exposed to the surface. Finally, T150 showed the highest WCA value of WCAT150= 67.1 ± 0.7º). The 853 
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wettability is strongly dependent on the surface chemical and topographical properties; therefore, in 854 

T150, due to the recrystallization process, crystalline structures appear, thus affecting the roughness 855 
of the film and somewhat increasing the hydrophobicity of the surface. 856 

 857 

 858 
Fig 10 Water contact angle measurements of the TPS obatained at different temperatures. a-d Different 859 

letters within the same property show statistically significant differences between formulations (p < 0.05) 860 

 861 

2.6. Water Uptake 862 
 863 

Water absorption represents one of the most essential characteristics of TPS-based products for many 864 

food contact applications, i.e., packaging, compostable agricultural films, and bags. The strong 865 
hydrogen bonds of starch hold the starchy polymeric chains together when submerged in water, 866 

making starch granules not soluble in cold water. Nevertheless, partial solubilization of starch occurs 867 

since the crystalline structure is disrupted in the TPS-obtaining process. Thus, water molecules can 868 

interact with the hydroxyl groups of amylose and amylopectin (Jiménez et al., 2012), and this is 869 
directly related to the water uptake of the TPS-based materials. Fig 11 presents the different TPS 870 

water absorption curves. All the studied materials show a swift initial water absorption within the 871 

first 15 minutes of the test. Hoffman (2012) attributed this behavior to the hydrophilic nature of the 872 
starch and glycerol materials. In this way, the water that enters the material during the water uptake 873 

test interacts with the hydrophilic groups of thermoplastic starch, producing hydration of the system 874 

(Hoffman, 2012). After 15 minutes of testing, the behavior of the studied materials can be divided 875 

into three groups. First, the materials T90 and T70, with the lowest WCA and higher surface 876 
hydrophilicity, presented a maximum water absorption of 37% at 15 and 30 minutes of testing, 877 

respectively. Both materials suffered ruptures of the test specimens due to swelling by water 878 

absorption. Then, T110 and T130 reached the water absorption equilibrium at 60% after 360 minutes 879 
(6 hours) of testing. These two formulations did not suffer breaks by swelling during the test. The 880 

third group is T100 and T150, which also failed (break by swelling) at 64 minutes with a water 881 

absorption percentage of 78% and 180 minutes with a water absorption percentage of 86%, 882 
respectively. The failures detected during the T70, T90, T100, and T150 tests occurred since, after 883 

fast hydration of the TPS during the first 15 minutes, the water continues to enter the material and 884 

occupies the existing free volume between the chains. When the free volume is complete, the chains 885 

reach a limit where they can no longer expand and, in turn, produce a general swelling of the material. 886 
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However, because of the osmotic force of the chains, the water continues to enter within the material's 887 

structure. It exceeds the existing free volume, which produces an over-swelling of the material 888 
structure and the consequent collapse of the system with a failure due to hydration (Hoffman, 2012; 889 

Neus Angles & Dufresne, 2000). 890 

 891 

The diverse behavior of the materials detected for this test corroborates the influence of the extrusion 892 

temperature profile on the TPS plasticization process. On the one hand, the materials T70 and T90 893 

suffer premature failure due to the incomplete plasticization process of the material's structure during 894 

the water absorption. In the case of the T100 and T150 materials, with partially or fully plasticized 895 

structures, as observed by FESEM (Fig 3-d and Fig 3-g), the initial water absorption is higher than in 896 

the other TPS, reaching around 80%. In T100 material, the structure presents porosities that facilitate 897 

water penetration and increase the free volume in the material, and it allows the fast entry of a greater 898 

quantity of water (Hoffman, 2012; Neus Angles & Dufresne, 2000). Nevertheless, these same holes 899 

decrease the swelling resistance, so the material structure collapses after 64 minutes of testing. In 900 

contrast, T150 absorbed up to 86% of its weight since it presented a high elongation at break (as 901 

shown in the values in Table 4), allowing greater diffusion of water within its structure before 902 

breaking (Sen et al., 1998).  903 

The break by swelling of the material can be linked to the reduction in the mobility of the amylopectin 904 

chains in this TPS, which produce rigidity of the swollen material due to the formation of crystalline 905 

structures, previously discussed (see red arrows in Fig 3-g) (Neus Angles & Dufresne, 2000). T110 906 

and T130 have lower water absorption than T150 since they have a lower free volume. At the same 907 

time, they are the only TPS formulations that reach the steady absorption state without failure because 908 

of the flexibility of the material's chains, which can recover their shape after maximum swelling 909 

(Chang et al., 2010). These results corroborate the incomplete plasticization of T70 and T90 910 

structures, while T100, T110, T130, and T150 present plasticized structures, which agrees with the 911 

results of the previous properties. 912 

 913 
Fig 11 Water Uptake of TPS processed at different extrusion temperatures profiles. 914 
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 915 

3. CONCLUSIONS 916 

 917 

This work studied the effect of the extrusion temperature profile on the plasticization of native corn 918 
starch using water and glycerol as plasticizers to obtain fully biobased and biodegradable 919 

thermoplastic starch by melt-extrusion simulating the industrial conditions for single-use plastic and 920 

packaging applications. With this purpose, this paper evaluated the thermal, mechanical, optical, and 921 
microstructural characteristics of thermoplastic starch obtained at six different temperature profiles 922 

(T70, T90, T100, T110, T130, and T150) not only to find the best processing conditions for the 923 

obtention of food-grade TPS for scalable production at the industrial level but also to understand the 924 
effect of the processing temperature on TPS-based materials final performance. The study also 925 

determined TPS's surface wettability and water absorption to gain insight into surface water affinity 926 

because these materials are intended for food contact applications. FESEM analysis showed that to 927 

produce a complete disruption of the starch granule, temperatures of 110 ºC or higher are needed. 928 
Materials obtained at 70 ºC and 90 ºC present incomplete plasticization, and therefore, they display 929 

higher surface hydrophilicity and poor mechanical behavior; meanwhile, T100, T110, and T130 930 

present plasticized structures. T100 presents porosity in its structure because water evaporation occurs 931 
at the extruder die, affecting its overall mechanical properties. T110 presents some residues of starch 932 

granules that point to a partial plasticization effect of the starchy structure.  933 

 934 
Moreover, even though T130 and T110 have statistically equal tensile moduli and tensile resistance, 935 

T130 presents a greater elongation at break than T110, which suggests that T130 has a higher degree 936 

of plasticization due to the complete disruption of the starchy granule. T150 displays good mechanical 937 

properties, but the material suffers thermal degradation, as seen by its color change and the yellowish 938 
index. Moreover, T150 FESEM images showed recrystallization due to the high-temperature 939 

processing conditions. Thermogravimetric analysis showed higher thermal stability in the TPS 940 

prepared at higher temperature profiles. DMTA test showed that at 25 °C, the storage modulus of 941 
T150, T130, and T110 can correlate with Young's modulus. However, as T100 presents a lower 942 

storage modulus because of the holes in its structure and T70 and T90 are not completely plasticized, 943 

the storage modulus of these materials cannot be correlated with tensile modulus. It was determined 944 

that water uptake depends on the plasticization of the structure, as T70 and T90 are materials with 945 
low water absorption and are prone to premature rupture. Meanwhile, T100, T110, T130, and T150 946 

present high water absorption levels because the structure of the materials was partially or highly 947 

plasticized.  948 
 949 

When processed into films, the formulations with improved granule disruption (T100, T110, and 950 

T130) showed more transparency than those with inadequate plasticization (T70 and T90). 951 
Furthermore, because starch has high -OH groups, all the films displayed hydrophilic surfaces. The 952 

attained results conclude a direct relationship between the TPS extrusion temperature profile used 953 

and the TPS overall performance. Glycerol and water can produce the starchy polymeric matrix 954 

transition from a glassy state to a thermoplastic state at temperatures between 110 and 150 ºC by 955 
using the melt-extrusion process, which is already established in the plastic processing industry, and 956 

allowing to obtain materials with good overall mechanical, thermal and able to withstand water 957 

absorption without the material breaking due to its swelling capacity. Finally, the processing 958 
temperature conditions of starchy-based materials affect the final properties conferred by the 959 

plasticization of the thermoplastic starch structure. The study of different processing temperatures 960 

developed here opens the possibility of using these processing conditions at the food packaging 961 

industrial level. Besides, the materials showed high transparency and surface hydrophilicity, making 962 
the TPSs attractive for dry food product applications. 963 

 964 
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