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Abstract 22 

Although the number of studies focused on bio-based plastics is constantly rising, an 23 

important challenge to overcome is migrating from casting to extrusion, an industrially 24 

scalable method of production. In this work, we studied starch modification by dry 25 

heating treatment (DHT) and the production of cassava starch films or sheets, by casting 26 

or extrusion processes, respectively. The molecular changes promoted by the DHT 27 

process resulted in a new matrix. Furthermore, the slower drying in casting, and the faster 28 

drying in extrusion, promoted different molecular arrangements, which affected the 29 

material performance. The main results showed that DHT for 4 h in cassava starch 30 

produced bio-based plastics with increased mechanical properties and opacity while 31 

decreasing water permeability, moisture content and light transmittance. In conclusion, 32 

DHT showed to be an interesting alternative to produce biodegradable plastics with 33 

potential use in different industries. 34 

Keywords:  films, sheets, biodegradable composites, biodegradable plastics, biobased 35 

plastics  36 
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Nomenclature 37 

A area (m2) 

DHT_2h dry-heating treatment for 2 h 

DHT_4h dry-heating treatment for 4 h 

E Young's Modulus (MPa) 

p pressure (kPa) 

RC Relative Crystallinity 

t time (h) 

TS Tensile Strength (MPa)  

WVP Water Vapor Permeability (g·mm/m2·day·kPa) 

x thickness (mm) 

Y opacity (%) 

Subscripts 38 

b black standard 

w white standard 

Greek 39 

ε elongation at break (%) 

  40 
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1. Introduction 41 

Packaging developed from renewable sources is gaining increasing attention, but 42 

to substitute conventional plastics deriving from petroleum is currently a challenge.  In 43 

fact, biopolymer films rarely have a competitive edge against synthetic plastics (Bora and 44 

Mishra, 2016). In this sense, some alternatives are being proposed to overcome their 45 

limitations, such as polymer modification, reinforcement with nanoparticles, blend of 46 

polymer matrices and multilayer strategies (Siqueira et al., 2020). 47 

Starch is one of the most used biopolymers to obtain biodegradable plastics, due 48 

to aspects such as availability, costs, and efficiency. However, the native starches are 49 

limited by nature and the properties of the plastics obtained fall short. Among the different 50 

types of starch modifications, dry heating treatment (DHT) is a simple physical technique 51 

with the potential to increase starch performance: it does not generate effluents to be 52 

treated and the products obtained do not present traces of chemical components, therefore 53 

making it a “green technology” (Maniglia et al., 2020; Maniglia et al., 2021). According 54 

to these studies, starch molecules are oxidized during dry heating treatment to produce 55 

carbonyl groups; nevertheless, this oxidation was not drastic enough to produce carboxyl 56 

groups. Moreover, molecular depolymerization occurred mainly for the intermediate size 57 

molecules, forming two well-defined groups with larger and smaller molecules. All these 58 

modifications change the tendency of the molecule’s re-association and their interactions. 59 

To our knowledge, few studies in the literature focused on the production and 60 

characterization of films from dry heated starches (Freitas et al., 2021; Gao et al., 2017; 61 

Li et al., 2008) – while there are many related to the heat moisture treatment (HMT).  62 

Moreover, most of the studies are conducted with the lab-scale casting technique 63 

as the production method. Although it is a well-known method characterized by its 64 



5 
 

simplicity, there are challenges to overcome when planning to scale up this technology, 65 

such as the long processing time and the need to evaporate large amounts of solvents 66 

(Siqueira et al., 2020). In turn, extrusion is the technology most used to produce plastics 67 

at the industrial level, with a wide variety of thicknesses and thus a promising approach 68 

to produce bio-based plastics. Several studies are reported in the literature using different 69 

starch matrixes, e.g. corn (Dean et al., 2007),  potato (Thuwall et al., 2006), cassava 70 

(Huntrakul et al., 2020), cassava modified by acetylation, hydroxypropylation, or 71 

oxidation (Zanela et al., 2020) and mixtures of native  (Zanela et al., 2018)  and cationic  72 

(Wang et al., 2017) cassava starches with other polymers e.g. Polyvinyl alcohol. 73 

However, there is no study in the literature on the production of plastics by extrusion 74 

based on starches modified by dry-heating technology.  75 

Moreover, few studies compare both casting and extrusion technologies 76 

considering different matrices e.g., gelatin (Andreuccetti et al., 2012; Park and Whiteside, 77 

2008); and a mixture of gelatin and commercial maize starch (Fakhouri et al., 2013)  or 78 

commercial cassava with lentil protein (Ochoa-Yepes et al., 2019). 79 

Therefore, this study is the first to report the production and characterization of 80 

cassava starches films and sheets, priorly modified by the dry heating treatment (DHT), 81 

focusing on comparing both technologies and correlating the material characteristics with 82 

the starch modification processes. 83 

2. Material and Methods  84 

2.1.Materials  85 

Native cassava starch (Amilogill 1500, moisture content of 12.0 g/100 g) was 86 

provided by Cargill Agrícola - Brazil.  Samples of 50 g of cassava starch were distributed 87 

into aluminum foil envelops (30 x 30) cm2 and then set in a hot-air convective oven 88 
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(FABBE-PRIMER, model MOD.219, Brazil), in which dry heating treatment (DHT) was 89 

performed at 130 °C for 2 h or 4 h according to Maniglia et al. (2020), then cooled, 90 

grounded and, sieved (250 mm). The starch dry-heated for 2h (DHT_2h, moisture content 91 

of 6.8 g/100 g) or 4h (DHT_4h moisture content of 6.7 g/100 g) were packaged and stored, 92 

at room temperature, until further use. Glycerol P.A. grade (Sigma-Aldrich, Brazil) and 93 

distilled water were also used for plastic production.  94 

2.2.Starch characterization 95 

The complete characterization of modified starches was performed by Maniglia et 96 

al. (2020). Even so, gels were produced from the starches obtained to evaluate and 97 

compare them with previous literature. A suspension containing 10.7 g/100 g of cassava 98 

starch (native and DHT modified) was homogenized for 10 min with a magnetic stirrer 99 

(GEHAKA, HU-30/2, Brazil), followed by heating at ~95 °C in a jacked glass reactor 100 

with water recirculation for 20 min, then rested in cups (40 mm diameter × 20 mm height) 101 

and kept at 5 °C. After 24 h, the gel firmness was evaluated through a puncture assay to 102 

a distance of 10 mm using a cylindrical probe P/6 (d = 6 mm) at 1 mm·s−1 in a texture 103 

analyzer TA TX Plus (Stable Micro Systems Ltd., Surrey, UK) with a load cell of 5 kgf 104 

(49 N). The firmness was expressed by the energy required to penetrate the gel (obtained 105 

by integrating the curve of force versus penetration depth). 106 

2.3. Bio-based plastic production 107 

2.3.1. Casting process 108 

The casting process was based on our previous study (La Fuente et al., 2019). A 109 

suspension of 5 g/100 g of starch (native, DHT_2h or DHT_4h) was homogenized for 10 110 

min with a magnetic stirrer (GEHAKA, HU-30/2, Brazil). Then, it was heated for 45 min 111 

until starch gelatinization, which occurred at ~70 °C. Glycerol was added as the 112 
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plasticizer (43.1 g/100 g of starch) and then heated for 15 min more under agitation. Next, 113 

the filmogenic solution was ultrasonicated for 30 min at 70 ºC (154 W, 25 kHz; UNIQUE, 114 

model USC-1850, Brazil). Finally, it was poured into acrylic Petri dishes (0.15 g/cm2) 115 

and dried at 35 °C for ~ 12 h in a hot-air convective oven (NOVA ÉTICA, model 410/4, 116 

Brazil). 117 

2.3.2. Extrusion process  118 

The formulation for extrusion was set to maintain the same starch/glycerol 119 

proportion of the casting, although a different proportion of water was needed, which was 120 

based on Vedove et al. (2021). 121 

Pre-mixes of starch (native, DHT_2h and DHT_4h), glycerol (43.1 g/100 g of 122 

starch) and water (25.9 g/100 g of starch) were homogenized in a mixer (Brastemp, 123 

Kitchen Aid 525 Brazil) and then extruded in a co-rotating twin-screw extruder (Process 124 

11, Thermo Fisher Scientific - Germany) L/D 40, and 11-mm screw diameter to produce 125 

pellets. The premixes were fed through a double screw feeder (Volumetric Minitwin 126 

Process 11, Brabender, Germany), at a feed rate of 0.05 kg/h and a thread speed of 80 127 

rpm. The temperature profile to obtain the pellets from the feed zone (1) to the extrudate 128 

outlet (zone 8) was  (60, 75, 90,100,110, 110, 105, 100) °C based on the study reported 129 

by Vedove et al. (2021), with some modifications. Then, the cylindrical material obtained 130 

was cut into pieces of 2 mm to obtain the pellets.  131 

To fabricate the sheets, the pellets were fed from a conical feeder (Kulturstrasse 132 

55-73, Brabender, Germany), at a flow rate of 0.2 kg/h to the same co-rotating twin-screw 133 

extruder (Process 11, Thermo Fisher Scientific - Germany). The sheets were obtained by 134 

the extrusion process using the same temperature profile (60, 75, 90,100, 110, 110, 105, 135 
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100 °C), the die (3 cm x 1 mm) with the mold for forming the sheet at 105 °C and the 136 

thread speed at 80 rpm. 137 

2.4.Bio-based plastics characterization 138 

The materials from the casting and extrusion processes were conditioned for 7 days 139 

in desiccators (75 % RH) at room temperature (~ 25 °C) and then evaluated through their 140 

morphology, structure, mechanical, physical and thermal characteristics. 141 

2.4.1. Morphology 142 

Bio-based plastics were visualized by both scanning electron microscopy (SEM) 143 

and atomic force microscopy (AFM).  144 

For SEM, the materials were coated with 10-nm platinum and observed using the 145 

microscope (FEI, model Quanta 600FEG, Netherlands) at 15 kV. The magnification for 146 

surface images was 350x with insets at 1000x, for cross-section images at 130x with insets 147 

at 600x (sheets) and 2500x with insets at 5000x (films). 148 

The materials were also analyzed by AFM (Multimode 8, Bruker, UK) at a scan 149 

speed of 1.0 Hz. The treatment of the images was performed through the Nanoscope 150 

Analysis 1.50 software (Bruker, UK). The arithmetic average of the surface height 151 

deviations (Ra) and the root mean square average of height deviations (Rq) were calculated 152 

according to Eq. (1) and (2). 153 

2
i

q

z
R

N
= ∑           (1) 154 

1

1 | |N
a jj

R z
N =

= ∑          (2) 155 

wherein: z is the peak to valley difference in height values within the analyzed region, 156 

and N is the number of points within the box cursor (during the image capture). 157 
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2.4.2. Crystallinity  158 

The crystallinity of the materials was analyzed through an X-ray diffractometer 159 

(PANalytical, model X’Pert PRO, Netherlands) operating at 45 mA, and a voltage of 40 160 

kV. The scanning rate was 0.02°/s with 2ϴ angles varying between 2° to 40°. The 161 

software Origin 2020 was employed for data analyses (OriginLab Corporation, 162 

Massachusetts, USA).  163 

2.4.3. Fourier-transform infrared (FTIR) analysis   164 

The films and sheet spectra were investigated by Fourier-Transform Infrared 165 

Spectroscopy (Pekin Elmer Frontier IR-4700, USA) in attenuated total reflectance (ATR) 166 

mode using a diamond ATR crystal at a wavenumber range from 540 to 4000 cm−1; 32 167 

scans were recorded per sample.  168 

2.4.4. Mechanical Properties 169 

The thickness was determined at five random positions using a digital micrometer 170 

(precision of 0.001 mm) (MITUTOYO, Japan).  171 

The mechanical properties for the bio-based plastics were evaluated for ten strips 172 

(100 mm x 25 mm) of each formulation through a uniaxial tensile assay, according to  173 

ASTM D882-12 - Standard Method (ASTM, 2012). Tensile strength (TS) and percent 174 

elongation at break (ε) were evaluated using the A/TGT self-tightening roller grips fixture 175 

on a texture analyzer (TAXT2i Stable Micro Systems, UK) with a load cell of 5 kgf (49 176 

N) at a crosshead speed of 1 mm·s-1. Young's modulus (E) was calculated as the slope of 177 

the initial linear portion of the stress versus strain curve. 178 

2.4.5. Water vapor permeability 179 

The water vapor permeability (WVP) of films was determined through the 180 

gravimetrical method according to the ASTM E96/E96M-16 Standard Method (ASTM, 181 
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2013b), in triplicate. The bio-based plastics were placed in circular permeation cells 182 

containing silica gel and then placed in a desiccator (75 % RH) and at a temperature of 183 

25 °C. The weight gain was recorded hourly for 8 h and the WVP was calculated 184 

according to Eq. (3). 185 

24m xWVP
t A p

∆ ⋅ ⋅
=
∆ ⋅ ⋅∆

                (3) 186 

wherein: Δm/Δt is the moisture gain per unit of time (g·h−1); A is the film area exposed to 187 

permeation (4.9·10−4 m2); x is the film thickness (mm); Δp is the vapor pressure difference 188 

(kPa) of the atmosphere over silica gel and pure water. 189 

2.4.6. Wettability 190 

The bio-based plastic wettability was determined by the measurement of the contact 191 

angle with water, according to ASTM D7334 − 08 Standard Methods (ASTM, 2013)  192 

thought an OCA15- Dataphysiscs (OCA 15, Dataphysiscs, Germany). The contact angle 193 

was defined as the average of six angle measurements quickly carried out due to water 194 

vaporization.  195 

2.4.7. Moisture content 196 

The bio-based plastic moisture was determined according to Gontard et al. (1993) 197 

in an oven at 105 °C until a constant mass was reached (~24 h).  198 

2.4.8. Opacity  199 

The bio-based plastic opacity was determined, in triplicate, with the CIELab scale 200 

(L*, a*, b*), using a colorimeter (HUNTERLAB, model ColorQuest XE, USA). The 201 

opacity (Y) was determined using Eq. (4).      202 

b

w

YY
Y

=                  (4) 203 
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wherein: Yb is the opacity on the black standard and, Yw is the opacity on the white 204 

standard.  205 

2.4.9. Light Transmittance 206 

UV to a visible light transmission of the materials was measured with a 207 

spectrophotometer from 200 nm to 800 nm (FEMTO, model 700 Plus, Brazil). 208 

2.4.10. Thermogravimetric analysis (TGA) 209 

The thermogravimetric analysis was performed using a thermal analyzer (TA 210 

Instrument model TGA-Q500 V20.13, EUA), using ~ 10 mg of samples, which were 211 

heated from 25 °C to 700 °C, at a rate of 10 °C/min under nitrogen flow. 212 

2.5. Statistical analyses  213 

Experimental data was evaluated through a Multifactor Analysis of Variance 214 

(ANOVA), applying Tukey`s test (p < 0.05) through Statgraphics Centurion XV software 215 

(StatPoint, Inc., USA). 216 

3. Results and Discussion 217 

Figure 1 presents the firmness and visual aspect of the native cassava starch gels 218 

and those produced with the modified starches (DHT for 2 h and 4 h). The dry heating 219 

treatment produced several changes in the structure of cassava starch, affecting the 220 

molecular interaction and the properties obtained: for instance, the DHT process 221 

increased the firmness of the gel, which is easily visualized (Fig. 1) as described 222 

previously in Maniglia et al. (2020). However, the behavior of the starches obtained for 223 

bio-plastic production was still unknown – being evaluated in the present work. 224 

 Figure 2 presents the visual aspect of the materials produced by casting and 225 

extrusion. For the extruded materials, the cylinders obtained before pelletizing are also 226 

presented. The different aspects of both plastics can be easily visualized: while the casting 227 
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materials are transparent and thinner (with ~ 0.10 mm), extruded materials look opaquer 228 

and thicker (~ 1.00 mm) (Table 2). In this sense, according to the standard terminology 229 

of ASTM D882-18 (ASTM, 2018), the plastics obtained from casting techniques are 230 

considered “films”, while those obtained from extrusion are “sheets” (the value of 0.250 231 

mm is considered the limit). These differences in thickness due to the different processing 232 

techniques (casting vs. extrusion) were already reported in the literature (Andreuccetti et 233 

al., 2012; Park and Whiteside, 2008), while in a few studies the thickness of the materials 234 

was similar (Ochoa-Yepes et al., 2019). 235 

3.1.Morphology 236 

Figure 3 presents the morphology of the materials obtained by MEV. In general, 237 

native and DHT films (2h and 4h) present compact and smoother structures on the 238 

surfaces and cross-sections. Homogeneity in cassava films (modified or not) produced by 239 

casting was described in the literature (La Fuente et al., 2019, 2020). 240 

However, heterogeneity and roughness were observed in the extruded sheets. 241 

Moreover, the surface images also show that the starch granules did not completely 242 

gelatinize in those treatments, with marked presence in DHT_2h, followed by DHT_4h 243 

and then the native extruded material. Additionally, in the inset images, some granules 244 

partially damaged (DHT_4h, extrusion) can be seen. In the cross-section images, porous 245 

can also be observed in DHT_2h and DHT_4h materials, in comparison to the native one.   246 

The rapid evaporation occurred in extrusion in comparison to casting, results in 247 

micropores and cracks due to the expansion of water vapor (Fakhouri et al.,2013; Park 248 

and Whiteside, 2008), which favored by the high temperature and mechanical shearing, 249 

leading to the destructurization of starch granules, as reported in previous studies (Fitch-250 



13 
 

Vargas et al., 2016; M. Li et al., 2015). Horvat et al. (2014) reported bubbles/droplets 251 

formation in the exit section of the extruder favoring the formation of porous morphology, 252 

which in this study was intensified by the DHT modification process.  253 

Previous studies reported that the treatment of DHT in cassava starch provokes 254 

partial damages in the semi-crystalline and crystalline regions of the granules 255 

(Chandanasree et al., 2016). Regarding films, Freitas et al. (2021) observed that DHT 256 

(130 ºC -4 h) in corn films resulted in ungelatinized starch granules into the polymeric 257 

matrix, which is in accordance with the results reported herein. However, the authors 258 

observed enhanced mechanical and barrier properties of DHT corn starch films, in 259 

comparison to non-modified corn starch (Freitas et al., 2021).  Fitch-Vargas et al., (2016) 260 

proposed that the physical damage caused by the extrusion process in corn starch granules 261 

favored the interactions with the plasticizers, improving mechanical and barrier 262 

properties. 263 

Figure 4 presents the morphology, by AFM, of the films and sheets obtained, 264 

whose roughness (average and the root square) are presented in Table 1. In the figure, 265 

note that due to the difference in roughness, the color scales (in z dimension) are different 266 

for casting and extruded materials. Indeed, all values of roughness were higher for the 267 

extruded sheets in comparison to the casting films. The average roughness (Ra) and the 268 

root mean square roughness (Rq) were higher for DHT sheets (2 h and 4 h), as shown in 269 

Table 1, and. These results are in accordance with those reported by Park and Whiteside  270 

(2008) and Fakhouri et al. (2013), which are caused by rapid evaporation, resulting in 271 

micropores and cracks due to the expansion of water vapor within the material. 272 
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Therefore, the casting films resulted in homogenous morphology and lower 273 

roughness values, regardless of the DHT modification process, which was probably 274 

favored by the lower gelatinization temperature (70 ºC). For extruded sheets, the 275 

combination of both high temperature and mechanical shearing and DHT resulted in the 276 

presence of partially ungelatinized and damaged starch granules of the polymeric matrix, 277 

and higher values of roughness.  278 

3.2.Crystallinity 279 

The X-ray diffraction patterns of the films and sheets obtained show the semi-280 

crystalline characteristics (presence of amorphous and crystalline zones) as can be 281 

observed in Figure 5. Amorphous zones are caused by the disruption of the double helix 282 

conformations of the starch due to the starch gelatinization, while the crystalline regions 283 

were formed by the recrystallization favored by the formation of microcrystalline 284 

connections due to the presence of glycerol (Bergo et al., 2008). 285 

Casting films showed peaks at 5.5 °, 17.0 °, 19.5 ° and 22.0 °, in the same region 286 

as those reported for cassava films produced by casting (Gutiérrez et al., 2015; La Fuente 287 

et al., 2019; Valencia et al., 2018). The extruded sheets showed three peaks at 13.4 °, 20.0 288 

° and 22.3°, similar to those observed in native cassava starch sheets produced in similar 289 

conditions (Vedove et al., 2021). According to Gonzáles-Seligra et al. (2017), a decrease 290 

in the number of peaks from casting to extrusion is probably caused by the destruction of 291 

the crystalline structure of starch granules during extrusion.  292 

For the casting films, a significant increase was observed in the relative 293 

crystallinity for the DHT_4h in comparison to those others (p<0.05), while for the 294 

extruded sheets, no significant differences were observed among native and the DHT (2h 295 
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and 4h) (p>0.05). Comparing both processes, no statistical difference was observed 296 

between native film and sheet, while, for the DHT materials (2 h and 4 h) a statistical 297 

difference was observed due to the process production (p<0.05). In the latter case, this 298 

could be explained by the new structured matrix formed due to the dry-heating process. 299 

Indeed, the drying conditions were quite different: the sheets were quickly dried at high 300 

temperatures and high shear stress during extrusion, while the films were slowly dried 301 

(~12 h) at rest by casting at low temperatures. Therefore, the casting conditions might 302 

promote better recrystallization in the matrix, which might be enhanced by the DHT 303 

treatment - while the quick drying at high temperatures and shears during extrusion results 304 

in the destruction of this crystalline structure.  305 

Those differences in process conditions can also change the molecular interaction, 306 

potentially affecting the plastic properties – as evaluated as follows. 307 

3.3.Fourier-transform infrared (FTIR) spectra  308 

Figure 6 presents the FTIR spectra of the films and sheets obtained from native 309 

cassava starch and modified by DHT (2 h and 4 h). In general, both spectra showed a 310 

typical behavior for cassava starch films plasticized with glycerol (Bergo et al., 2008; 311 

Colivet and Carvalho, 2017). The band at 3200 cm-1 is associated with the free hydroxyl 312 

groups (O—H), while near 2900 cm-1 is related to C—H stretch present in the starch 313 

(Bergo et al., 2008; Colivet and Carvalho, 2017). Moreover, Colivet and Carvalho (2017) 314 

assigned the region close to 1650 cm-1 to the bending vibration of H—O—H water 315 

molecules absorbed in the amorphous region, while in the region between 1200 and 900 316 

cm-1 the bands are associated to C—O, C—C and C—O—H vibrations  (Bergo et al., 317 

2008; Colivet and Carvalho, 2017), usual spectra for this kind of materials. No differences 318 
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were observed between samples (native, DHT_2h and DHT_4h) or processes (casting and 319 

extrusion), probably because changes in starch molecules were not drastic enough to be 320 

identified by this technique. 321 

3.4.Mechanical properties  322 

Table 2 shows the mechanical behavior during a tensile assay of the obtained materials 323 

by casting and extrusion. In general, an increase in the tensile strength and decrease in 324 

the elongation at break is observed due to the dry heat treatment for 4 h. Moreover, the 325 

Young's modulus was significantly higher for the DHT_4h film in comparison to the 326 

native ones. The results indicate that the DHT processing of cassava starch produced 327 

stronger plastics - it is worth mentioning the relevance of this result.  328 

Similar values were reported in native starch extruded materials by Vedove et al. 329 

(2021) and casting by Gao et al. (2017) and Li et al. (2008) also using DHT. Indeed, Gao 330 

et al. (2017) produced films with waxy corn starch, zein and distarch phosphate mixtures, 331 

reporting an increase in tensile strength (TS) of >20 % due to the dry heating treatment. 332 

The same behavior was observed by Li et al. (2008)  on casting films produced using rice 333 

starch modified by DHT.  334 

As exposed previously, dry heating results in depolymerization and oxidation of 335 

the starch molecules, producing carbonyl groups. Zhang et al. (2013) described that 336 

carbonyl groups are accessible to form strong hydrogen bonds with the hydroxyl groups 337 

of starch, resulting in more rigid films with reduced elongation. Furthermore,  338 

depolymerization facilitates the tendency of molecules reassociation, with potential 339 

greater interaction  (La Fuente et al., 2019, 2020). Therefore, the new polymeric matrix 340 
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formed has different interactions among the molecules of starch, glycerol, and water, here 341 

resulting in stronger plastics. 342 

Comparing both processes, casting films were proportionally stronger than the 343 

extruded sheets, a similar behavior observed in gelatin films (Andreuccetti et al., 2012; 344 

Park and Whiteside, 2008). According to Park and Whiteside (2008), even though the 345 

film made from the extruded/hot-pressed method was 3 times thicker than that of casting, 346 

the tensile strength and the Young Modulus values were higher for the casting films, due 347 

to the different film-forming mechanisms e.g., melting and dissolving, which resulted in 348 

a different polymer matrix. Andreuccetti et al. (2012) suggested that the extrusion favors 349 

a chain alignment in the direction of the flow, which results in a more flexible material. 350 

Therefore, extrusion is expected to produce plastics whose molecules are more aligned 351 

and organized, while they may be entangled in the casting technique. Consequently, 352 

different polymeric matrixes can be obtained. Those differences could explain the 353 

resulting behavior, as well as how organized the biopolymer network is and how water 354 

can later interact and permeate it. 355 

3.5.Water vapor permeability, wettability, and moisture content  356 

Table 2 allows observing that the DHT decreased the water vapor permeability. 357 

This is in accordance with the study conducted by Li et al. (2008), in which both water 358 

vapor and oxygen permeabilities were reduced for the DHT modified starch-based films. 359 

This is a good achievement, attributed to the new highly structured matrix formed 360 

inhibiting the diffusion of gases and decreasing the water vapor permeability. 361 

Regarding the plastic process production, higher values of water vapor 362 

permeability (WVP) for extruded sheets were found in comparison to casting films. The 363 
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same behavior was observed for gelatin films (Park and Whiteside, 2008). This can be 364 

explained by the presence of micro-voids (Park and Whiteside, 2008) and cracks 365 

(Fakhouri et al., 2013) in extruded plastics, probably caused by the accelerated drying 366 

process. Allied to that, the more aligned matrix from extrusion, different from the 367 

entangled and denser matrix from casting, which causes less interstitial space between 368 

the molecules, might explain the lower WVP values in casting films (Park and Whiteside, 369 

2008). 370 

Furthermore, the DHT materials (2 h and 4 h) produced from casting resulted in a 371 

more hydrophobic surface, in comparison to the native ones, the same behavior observed 372 

by Gao et al. (2017) in waxy corn DHT casting film. However, the sheet behavior was 373 

the opposite: the native sheet resulted in more hydrophobicity than the DHT sheets. La 374 

Fuente et al. (2019) discussed that the hydrophilicity could be related to the new 375 

molecular allocation due to the newest conformation, which could cause a decrease of 376 

hydrophobicity, explaining the results observed in the casting films. Regarding the 377 

extruded sheets, the higher hydrophilicity in the DHT modified sheet can be explained by 378 

the different structure configurations due to the process production, which probably 379 

changed the accessibility of the polar groups and the surface characteristics (higher 380 

roughness -Table 1). 381 

Comparing both processes, the native sheet presented a higher hydrophobic 382 

characteristic than the native casting film; the same was observed by Ochoa-Yepes et al. 383 

(2019) in native cassava films and sheets, which could be possibly explained again by the 384 

higher value of roughness for the native sheet in comparison to native film (Table 1).  385 

Both cassava starch films and sheets produced from the DHT for 4 h presented the 386 

lowest moisture content (p<0.05) that, according to Gutiérrez et al. (2015), which can be 387 
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explained by the increased crystal phase (increased RC), confirming the results observed 388 

in casting films ( Fig. 5A). 389 

 Therefore, water vapor permeability and wettability were affected by the new 390 

matrix conformation, as a result of the DHT, which explains the results from casting films. 391 

However, the micropores and cracks caused by the rapid evaporation of water increased 392 

the roughness, and the more aligned matrix during extrusion was the predominant 393 

phenomenon that shapes the characteristics of the sheet. Those characteristics also 394 

influence other properties described as follows. 395 

3.6.Opacity and Light transmittance 396 

DHT films and sheets presented higher opacity than the native materials and the 397 

process production (casting or extrusion - Table 2) did not significantly influence that 398 

behavior. Furthermore, sheets (native and DHT modified) increased opacity in 399 

comparison with the films (native and DHT modified), which can easily be visualized in 400 

Figure 2, probably affected by the higher thickness of the extruded sheets (Table 2) and 401 

the roughness surface (Table 1).  402 

In this sense, the transmittance of the materials for different wavelengths is 403 

presented in Figure 7. It can be observed that, in general, the extruded sheets had less 404 

transmittance than casting films. Moreover, the modified starches (DHT_2h and 405 

DHT_4h) are observed to produce bio-based plastic with less transmission, confirming 406 

the results of opacity (Table 2) and the hypothesis of the denser network due to the new 407 

interactions. Furthermore, Fakhouri et al. (2013) reported that higher crystallinities (as 408 

observed in Figure 5 for casting films) result in more compact polymer chains that make 409 

it difficult for light to pass through (Trifol et al., 2019). Indeed, in the UV – region  (200 410 

to 400 nm), significantly lower values could be observed, which means that dry-heating 411 

treatment in starch improves the ability of the films to protect against UV radiation (Nouri 412 
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and Nafchi, 2014). This is an interesting application for the food industry, once it can help 413 

to prevent the oxidation of lipids or vitamins in foodstuffs, enhancing the quality and 414 

shelf-life (Cazón et al., 2019). In turn, in the red color region (625 to 740 nm) all casting 415 

films and native sheets showed good transmittance, which also could be an interesting 416 

application, e.g., for the package of red foodstuffs, in which those plastics could promote 417 

a better visual aspect. 418 

3.7.Thermal properties 419 

The thermo gravimetrical analysis (TGA) curves are shown in Figure 8.  In 420 

general, no remarkable changes in the thermal properties due to the DHT can be seen, and 421 

all plastics obtained can be considered stable at normal temperatures of storage. The first 422 

stage of degradation from 100 ºC to 150 ºC corresponds to water evaporation, a second 423 

stage from 180 ºC to 280 ºC is related to the decomposition of glycerol-rich phase and 424 

from 280 ºC to 350 ºC is attributed to starch degradation. (Gonzáles-Seligra et al., 2017; 425 

Ochoa-Yepes et al., 2019). Finally, up to 350 ºC, the breakdown of the glucose ring occurs 426 

(Liu et al., 2013). It can be observed that the casting films and sheets degrade at the same 427 

rate showing that DHT does not interfere with the thermal degradation of starch plastics. 428 

4. Final Remarks 429 

To summarize, the dry heating treatment promoted molecular changes resulting in 430 

a higher compact matrix. Different materials were obtained regarding the process 431 

production. Films obtained from casting and sheets from extrusion presented different 432 

crystallinities and morphologies, and possibly different polymeric matrix organization 433 

and entanglement, which affected their mechanical, barrier, thermal characteristics, and 434 

wettability. 435 
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For the casting films, the slow drying at low temperatures and steady conditions 436 

probably resulted in an entangled matrix, which was favored by the DHT. In turn, the 437 

extruded sheet production promoted different phenomena, such as crack and micro-void 438 

spaces formation probably by the faster drying and molecular alignment in the direction 439 

of the flow. Casting films resulted in homogenous morphology and lower roughness. In 440 

the extruded sheets, the combination of both DHT and extrusion resulted in partially 441 

ungelatinized and damaged starch granules inside the polymeric matrix, and higher values 442 

of roughness.  443 

The results showed that the starch DHT processing produced bio-based plastics with 444 

increased tensile strength, decreased elongation at break, water vapor permeability and 445 

moisture content, independently of the process of production (casting or extrusion). 446 

Regarding wettability, the behavior of films and sheets was the opposite: DHT increased 447 

hydrophobicity of the films, while for the sheets, the highest hydrophobicity was observed 448 

for the native sheet.  449 

5. Conclusions 450 

This work evaluated the dry heating treatment (DHT) as a modification process to 451 

obtain starch focused on producing bio-based plastics by both casting and extrusion 452 

techniques. Casting produced films (smaller thickness), while extrusion produced sheets 453 

(higher thickness). In both cases, DHT produced plastics with enhanced performance. 454 

The materials obtained presented different visual aspects, morphology, crystallinity, 455 

mechanical, barrier, thermal characteristics and wettability. 456 

Specifically, the DHT treatment of cassava starch for 4 h, produced films and 457 

sheets with increased tensile strength, Young's modulus, and roughness, while with 458 

decreased water vapor permeability, moisture content, elongation at break and light 459 
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transmittance (especially in the UV- region, which is suitable to prevent undesirable 460 

oxidation reactions).  461 

Consequently, DHT showed to be an interesting alternative to produce 462 

biodegradable plastics.  463 
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Figure Caption 607 

Figure 1. Gel Firmness (measured by the energy needed in a punctual assay) and visual 608 

aspect of the gels produced with cassava starch (native, DHT_2h, and DHT_4h). 609 

Figure 2. Films (casting) and sheets (extrusion) produced with cassava starch (native, 610 

DHT_2h, and DHT_4h). 611 

Figure 3. Surface and Cross-section images of native, DHT_2h and DHT_4h cassava 612 

starch films (casting) and native, DHT_2h and DHT_4h sheets (extrusion) obtained by a 613 

Scanning Electron Microscopy (MEV). Surface images were taken at 350x with insets at 614 

1000x. Cross-section images were taken at 130x with insets at 600x for sheets and at 615 

2500x with insets at 5000x for films. 616 

Figure 4. Morphology of native, DHT_2h and DHT_4h cassava starch films (casting) and 617 

native, DHT_2h and DHT_4h sheets (extrusion) observed through atomic force 618 

microscopy (AFM).  619 

Figure 5. X-ray diffraction patterns of the films (casting) and sheets (extrusion) prepared 620 

with cassava starch (native, DHT_2h, and DHT_4h).  621 

Figure 6. FTIR spectra of films (casting) and sheets (extrusion) produced with cassava 622 

starch (native, DHT_2h, and DHT_4h). 623 

Figure 7. The light transmittance of films and sheets produced with cassava starch 624 

(native, DHT_2h, and DHT_4h).  625 

Figure 8. Thermo gravimetrical analysis of films (casting) and sheets (extrusion) 626 

produced with cassava starch (native, DHT_2h, and DHT_4h). 627 
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Table 1. 628 

Average roughness (Ra), root mean square roughness (Rq) and Relative Crystallinity (RC) 629 

of films produced by casting and sheets produced by extrusion, prepared from cassava 630 

starch (native, DHT_2h, and DHT_4h) 631 

Means with different lower letters in the same column are significantly different and means with different 632 

capital letters in the same row are significantly different (p<0.05). 633 

Process  Ra (nm) Rq (nm) Relative Crystallinity (RC) (%) 

C
as

tin
g 

Native 11.4 8.4 4.24 ± 0.40 bA 

DHT_2h 9.0 7.0 6.87 ± 0.44 bA 

DHT_ 4h 7.8 6.0 7.09 ± 0.66 aA 

     

Ex
tru

si
on

 Native 13.0 9.2 4.14 ± 0.88 aA 

DHT_2h 75.3 53.7 4.47 ± 0.53 aB 

DHT_ 4h 127.0 99.2 4.92 ± 0.61 aB 
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Table 2.  634 

Thickness, Tensile strength, elongation at break, Young modulus, Water Vapor 635 

Permeability (WVP), water contact angle, moisture content and opacity of films (casting) 636 

and sheets (extrusion) produced with cassava starch (native, DHT_2h, and DHT_4h). 637 

Means with different superscripts in the column are significantly different (p<0.05); each process 638 

production (casting or extrusion) was analyzed separately. 639 

Process  
Thickness 

(mm) 

Tensile 

strength 

(MPa) 

Elongation  

at break  

(%) 

Young 

modulus 

(MPa) 

WVP 

(g⋅mm/m2⋅dia⋅kPa) 

Contact 

Angle 

 (°) 

Moisture 

content 

 (g/100 

g) 

Opacity 

(-) 

C
as

tin
g 

Native 
0.10 ± 

0.02ª 

1.79 ± 

0.28b 

35.40 ± 

5.88a 

14.85 ± 

2.79c 
30.53 ± 1.65ª 

37.49 ± 

4.91b 

22.06 ± 

1.14ª 

10.33 ± 

0.58b 

DHT_2h 
0.09 ± 

0.01ª 

2.11 ± 

0.34b 

21.94 ± 

3.52b 

26.42 ± 

5.92b 
22.64 ± 3.31ab 

56.99 ± 

8.35ª 

20.54 ± 

0.32ab 

20.00 ± 

1.00ª 

DHT_ 

4h 

0.09 ± 

0.02ª 

3.63 ± 

0.48ª 

29.16 ± 

9.31ab 

47.66 ± 

8.41ª 
15.29 ± 1.40b 

49.56 ± 

10.23ª 

18.90 ± 

0.31b 

17.33 ± 

2.08ª 

          

Ex
tru

si
on

 

Native 
1.19 ± 

0.00a 

1.13 ± 

0.11ab 

38.81 ± 

1.32a 

5.23 ± 

0.70a 
150.79 ± 14.31a 

56.52 ± 

8.15ª 

20.47 ± 

0.35ª 

49.33 ± 

1.15b 

DHT_2h 
1.55 ± 

0.19ª 

0.95 ± 

0.20b 

29.62 ± 

4.49b 

5.44 ± 

1.49a 
142.01 ± 7.52ab 

47.57 ± 

9.70b 

19.70 ± 

1.08ª 

97.33 ± 

1.53ª 

DHT_ 

4h 

1.43 ± 

0.27a 

1.47 ± 

0.21a 

24.60 ± 

1.81b 

8.60 ± 

2.11ª 
121.94 ± 8.49b 

41.01 ± 

6.42b 

16.60 ± 

0.29b 

98.33 ± 

1.15ª 


