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Abstract
Eco-friendly materials like carbohydrate-based polymers are important for a sustainable future. Starch is particularly promising as a result of its biodegradability and abundance but its processing to thermoplastic starch requires optimization. Here we developed thermoplastic maize starch materials based on three distinct manufacturing protocols, namely: (1) starch/glycerol manual mixing and extrusion, (2) starch/glycerol manual mixing, extrusion, and kneading, (3) starch/glycerol/water manual mixing and kneading. The thermal properties were investigated extensively by Differential Scanning Calorimetry and Thermogravimetric Analysis, whilst the molecular relaxation dynamics were explored via Broadband Dielectric Spectroscopy. As expected from a partially miscible blend, the dielectric spectra revealed two distinct α-relaxations for the glycerol-rich and the starch-rich phases respectively. By employing kneading after extrusion, the miscibility between the two phases was found to improve based on thermal and dielectric methods. On the other hand, the addition of water during the premixing stage was observed to facilitate phase separation between starch and glycerol, with the α-relaxation dynamics of the latter being comparable to that of pure glycerol. In the presence of water, the α-relaxation dependence of the starch-rich phase was also altered, pushed to higher frequencies (faster dynamics) which was observed to promote charge transport, highlighting that segmental motions assist the migration of ions.
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1. Introduction 
Understanding the ‘structure-property’ relationship in green polymers is paramount for the industrial development of new sustainable materials in various applications. The use of eco-friendly polymers in various applications is a necessity that aligns with the sustainable consumption and production patterns based on the Sustainable Development Goals Report of the United Nations 1. Towards that end, petroleum-based products like synthetic plastics need to be avoided unless they can be recycled, and alternative materials like agro-based polymers take their place 2,3. Plant-based polymers are often biodegradable and biocompatible which is important towards their sustainability and applicability, respectively 4–7. Starch is a common polysaccharide that can be implemented in various products used in agriculture after complete or partial gelatinization, including sports, hygiene, and food packaging, or storage industries 8. Despite its many advantages, starch has its flaws that greatly limit its potential applications such as insufficient mechanical and barrier properties, and vulnerability to moisture. From this point of view, starch-based materials can be developed by utilizing different plasticizers, inducing chemical modification, or blending with other sustainable polymers 9,10, as well as reinforcing with fillers to optimize their mechanical and thermal properties, mostly due to their sensitivity towards moisture 11–13.
Native starch does not exhibit a thermoplastic nature and it exists in a granular form. When starch granules are exposed to plasticizers, mechanical shear stresses, and heat, the crystalline structure is progressively destroyed, and plasticized or thermoplastic starch (TPS) is produced and is dominated by hydrogen bonds 14,15. Various types of plasticizers can be employed such as water, polyols (e.g. glycerol, sorbitol, mannitol), and compounds that possess amino groups (e.g. urea, formamide) 16. The degree of disruption of starch granules during their transformation into TPS is dependent on several factors, including the types of plasticizer, their amount, and the processing conditions 17. Accordingly, TPS and its blends and biocomposites that derive from it can be processed by various manufacturing methods, such as solvent casting, extrusion, blowing, compression molding, or injection molding 18–20 which are similar to those largely used in the manufacturing of traditional plastics. However, the processing of starch-based materials is much more complex and difficult to control than that for conventional plastics, due to intrinsic properties that interfere with processability such as high viscosity, gelatinization, water evaporation, fast retrogradation, molecular degradation, etc. 21. Furthermore, the various techniques rely on different phenomena to disrupt the granular structure of native starch. Extrusion and injection molding, for instance, are shear-intensive procedures that mostly rely on the shear stresses generated during the processing. Meanwhile, solvent casting is a plasticizer-intensive method during which the large amount of plasticizer enhances the mobility of the chain molecules by increasing the free volume between them and thereby reducing the internal hydrogen bonding 22. Considering these major differences, it is a major challenge to predict the resulting properties of the TPS materials achieved by various techniques. For instance, Sahari et al. 23 prepared glycerol-plasticized sugar palm-based TPS by solvent casting method followed by compression molding. The authors found that the lack of shear stresses during this technique leads to inadequate gelatinization of starch, unless sufficient amount of plasticizer (30-40% w/w) is applied. Other studies highlighted the various modifications of TPS, such as crosslinking, esterification, stabilization, pre-gelatinization, or blending can greatly influence its properties (e.g., mechanical properties, oxygen barrier, water vapor barrier, gas barrier, light barrier) that are essential when it comes to food packaging applications 24,25. According to the best knowledge of the authors, however, no previous study analyzed the effect of various processing techniques on the molecular properties of TPS, especially considering the temperature-dependent dielectric properties of this biopolymer. Therefore, further research to establish the structure-property relationship is needed that will allow the optimization of manufacturing protocols. 
[bookmark: _Hlk140759897]In the present work, three manufacturing protocols to prepare thermoplastic maize starch biofilms were investigated based on their effect on the resulting molecular properties. The manufacturing protocols applied were: (1) starch/glycerol manual mixing and extrusion, (2) starch/glycerol manual mixing, extrusion, and kneading, (3) starch/glycerol/water manual mixing and kneading. DSC and TGA indicated that extrusion and kneading improve the interaction between starch and glycerol and thus enhance thermal durability. To extract additional molecular information, samples prepared based on the three manufacturing protocols of interest, were examined and compared by means of Broadband Dielectric Spectroscopy. 

2. Materials and Methods
2.1. Materials
[bookmark: _Hlk173081029]As a matrix material, native maize starch was employed, which was purchased from Brenntag, Slovakia (Meritena 100). The amylose/amylopectin ratio of this starch is 25/75 as reported in the literature 26,27. Before sample preparation, the starch powder was conditioned in a WGLL-125 BE type drying chamber by Huanghua Faithful Instrument overnight at 80 °C to eliminate any moisture content. Glycerol provided by CentralChem, Ltd. (99% purity) was employed in all samples as a plasticizer. Deionized water was utilized solely in sample 3.

2.2. Manufacturing Protocols
Overall, three manufacturing protocols were utilized to prepare thermoplastic starch samples as summarized in Table 1.



Table 1. Manufacturing protocols for each sample.
	Sample
	Mixing Materials
	Extrusion
	Kneading

	1
	Starch:Glycerol
(2:1)
	✔
	✖

	2
	
	
	✔

	3
	Starch:Glycerol:Water
(2:1:4.6)
	✖
	



[bookmark: _Hlk173081113][bookmark: _Hlk173081166][bookmark: _Hlk173081197][bookmark: _Hlk172899396][bookmark: _Hlk173081286]To prepare samples 1 and 2, initially, the starch powder was premixed with glycerol, and the resulting dry mixtures were extruded by an LTE 20-44 co-rotating twin screw extruder (Labtech Engineering). The extruder consisted of a 10-temperature barrel set at 85, 90, 95, 100, 100, 100, 110, 110, 120, and 120 °C from feeder to die end. The rotation speed was set to 75 rpm and the screw diameter, and the l/d were 20 mm and 44, respectively. The screw configuration of the extruder is shown in Scheme 1. After extrusion, sample 2 was further processed via kneading, in a laboratory mixer Plastograph Brabender PLE331 for 10 min at 130 °C and 100 rpm. To prepare sample 3, starch powder was manually premixed with glycerol and water and then annealed at 80 °C for 10 min under continuous mixing for complete gelatinization. Since the lack of an extrusion step decreased the overall shear inflicted on starch, an additional plasticizer was required for sample 3 in order to achieve proper gelatinization in this case as well. To maintain the starch:glycerol ratio at the same level for all samples, water was used as an additional plasticizer, which was expected to evaporate during melt processing. The amount of water was an optimized value that was successfully applied in our previous works for the development of TPS using this technique 28. Subsequently, obtained mixtures were heated in an oven at 100 °C for 5 hours and then 60 °C overnight, to prevent moisture absorption and evaporate any excess water. Finally, the mixture was further mixed via kneading, under the same conditions as with sample 2 discussed previously.



Scheme 1. The applied screw configuration in the twin-screw extruder.
[image: ]

Thermoplastic starch is known to undergo a recrystallization process denoted as retrogradation, which causes the compounding-induced structure to transform over time. According to previous studies 13, the retrogradation process is fastest right after the melt compounding and it slows down over time. To eliminate its effect, and to achieve TPS materials with quasi-constant properties, the samples were stored for one year before characterization. 

2.3. Characterization Methods
2.3.1. Differential Scanning Calorimetry (DSC)
The DSC thermographs were obtained using a Mettler Toledo DSC820. The device was calibrated with reference to pure indium (melting point 156.6 °C) and pure zinc (melting point 419.5 °C) at a heating rate of 10 °C/min. The tests comprised heating, cooling, and re-heating scans, from -30 °C to 220 °C at 10 °C/min in a nitrogen atmosphere.

2.3.2. Thermogravimetric Analysis (TGA)
Thermal degradation was characterized using a Perkin-Elmer Pyris 1, TGA analyzer. The platinum sample holders were routinely cleaned by holding at 900 °C (air environment), for 30 min. The TPS samples were tested (nitrogen environment) at a temperature range of 30 °C – 600 °C and a heating rate of 10 °C/min.

2.3.3. Broadband Dielectric Spectroscopy (BDS)
[bookmark: _Hlk173081913][bookmark: _Hlk173081454]Samples for Broadband Dielectric Spectroscopic analysis were compression molded using an SRA-100 type heated press (Fontijne Presses) at 130 °C. At first, the molds were closed for two minutes without any applied pressure and subsequently were closed for two minutes under the influence of 2.65 MPa stress. Cylindrical specimens resulted in thicknesses of 329, 394, and 284 μm for samples 1–3, respectively. The dielectric spectra of the materials under study were investigated by means of an Alpha analyzer using a BDS-1200 dielectric test cell in a Quattro temperature-controlled system, all provided by Novocontrol Technologies, Germany. To ensure good contact, gold electrodes were plated into the samples with a diameter of 20 mm. The dielectric measurements were carried out as isothermal scans starting from low to high temperatures at a constant voltage amplitude Vrms of 1 V. The samples were examined at broad temperature and frequency ranges, -20 to 150 °C in steps of 10 °C, and 10−1 to 107 Hz, respectively. Before testing, all samples were conditioned overnight at 50 °C under vacuum to eliminate any potential adsorbed humidity. 

3. Results and discussion
3.1. Thermal Properties
[bookmark: _Hlk173077807]Figure 1 displays the thermal properties of the three types of thermoplastic starch, by means of DSC and TGA at Fig. 1a and 1b, respectively. The DSC thermographs show a first-order, endotherm, phase transition in the vicinity of 140 C to 160 C that is attributed to the evaporation of glycerol 29. This explains the noisy heat flow response we observe in all cases and since glycerol acts as the plasticizer, after its evaporation the material irreversibly changes, as observed in inset of Figure 1a for sample 3 where no thermal events are recorded. During the manufacturing process of sample 3, water was also included, the evaporation of which (bound water) can be observed as a weak endotherm peak around 120 °C. Although samples 1 and 3 show their glycerol evaporation peak at approximately the same temperature, for sample 2 it is shifted to higher temperatures by 20 °C indicating stronger interactions between starch and glycerol after extrusion and kneading. This effect is going to be discussed further later in the text. It is no surprise that the area under the glycerol evaporation peak is very similar between the samples since in all cases the same starch-glycerol ratio is employed. The TGA analysis presented in Figure 1b revealed a gradual mass loss initially up to 130 °C attributed to bound water, where all the samples exhibited a similar response, as highlighted in the inset I. At 130 °C the water loss was observed to be 6.5%, 6.2%, and 6.0% for samples 1, 2, and 3, respectively. Between 130 °C and 300 °C i.e. the glycerol evaporation regime, it is evident that sample 2 is the more thermally stable, indicating stronger interactions between starch and glycerol, as stated previously for DSC. The major mass loss takes place at the 300–350 °C range and is attributed to the thermal decomposition of starch 30 where all the samples exhibit identical curves. 

[image: ]
Figure 1. Thermal events examined by means of: (a) DSC including an inset that includes 3 thermal cycles, heating-cooling-heating, and (b) TGA including 2 insets, inset I shows the mass decomposition between 50 and 200 °C, and inset II shows 220 to 350 °C.

3.2. Dielectric response
The dielectric response of the samples under study is investigated via the dielectric permittivity formalism with the complex relative dielectric permittivity ε*(ω) defined as seen below: 

where ε'(ω) and ε''(ω) are the real and imaginary parts of relative dielectric permittivity respectively. In Figure 2, the dielectric response as represented by the imaginary part of dielectric permittivity as a function of frequency-varying temperature is presented for the three samples manufactured at the examined conditions. The open symbols correspond to the experimentally measured values and the lines are superpositions of the observed dielectric relaxation phenomena. To discern and analyze its dielectric relaxation, the semi-empirical Havriliak-Negami (HN) function model was employed, as shown below in its generalized complex permittivity form for N relaxation processes and dc conductivity contribution:


where ε0 is the free space permittivity (8.854x10−12 F/m), ω is the angular frequency, and  corresponds to the average value of the HN relaxation time. As  is the dielectric relaxation strength equals to  with  and  being the static and infinite frequency permittivity values respectively ( and ). Shape parameters m and n correspond to the symmetrical and asymmetrical distribution of relaxation times, respectively with 0 < m ≤ 1 and 0 < mn ≤ 1; for m = n = 1 Equation (2) reduces to the Debye model for a single relaxation time 31. The dc conductivity σdc is assumed to result in pure losses without producing any polarization effects and we expect it to be dominated mostly by electrons.

[image: ]
Figure 2. The imaginary part of dielectric permittivity as a function of frequency varying the temperature for: (a) sample 1, (b) sample 2, and (c) sample 3. The open symbols correspond to the experimentally measured values whilst the lines are superpositions of the HN function model presented in Equation (2). The corresponding real part of dielectric permittivity values (experimental data and fitting lines) are shown in the Supplementary Information in Figure S3.

[bookmark: _Hlk172900871]It is evident in Figure 2 that by increasing the temperature the dielectric spectra swift to higher frequencies due to the increased mobility of the dipoles indicating that the dipoles’ orientation is a thermally assisted process 32. In the examined temperature range (-20 °C to 150 °C) four dielectric processes were observed, as discussed below at increasing temperatures. According to a generally accepted and referenced hypothesis in the contemporary literature, glycerol-plasticized thermoplastic starches consist of two phases, one rich in starch and another rich in glycerol, which is the foremost reason for the occurrence of two separate relaxation processes. Consequently, the observed α-relaxations are assumed to correspond to the dynamic glass-to-rubber transition processes of the glycerol-rich and starch-rich areas, respectively 33–36. Note, that the presence of this heterogenous structure is mostly justified by the two glass transition temperatures detected during dynamic mechanical analyses (DMA), however, no morphological observations verified this theory as of now 37,38. Similarly, the samples prepared in this current study also seem rather homogenous based on the photographs prepared of cylindrical-shaped specimens obtained by compression molding presented in Figure S2a in the SI). Additionally, the SEM images also show a homogenous structure for all samples according to Figure S2b-d also in the SI.
[bookmark: _Hlk133442805]     The dynamic glass-to-rubber transition process corresponds to the cooperative relaxation of amorphous segments located at the main polymer chain whilst approaching the glass transition temperature (from high to low temperatures) 39–41. The fact that we observe two separate dynamic glass-to-rubber transition processes highlights that glycerol-plasticized starch is a partially miscible blend with starch-rich and glycerol-rich phases. Therefore, it is expected that the segmental dynamics of both phases are going to be affected by the presence of each other, particularly starch which undergoes a transition when gelatinized 3,11,13.
[bookmark: _Hlk133608280][bookmark: _Hlk173079182][bookmark: _Hlk133443434][bookmark: _Hlk133607196]At higher temperatures and lower frequencies than the two α-relaxation processes, the dielectric spectrum is dominated by the presence of the σ-relaxation. The physical mechanism behind the σ-relaxation in carbohydrates is the migration of hydrogen ions that hop due to the abundance of hydroxyl groups 42. Specifically for thermoplastic starch, due to the presence of plasticizers like glycerol and/or water, we observed a significant enhancement of the σ-relaxation (higher Δε values) indicative of increased ionic population 34. At the high temperature and low frequency edges of the dielectric spectrum, an additional dielectric process is observed attributed to the parasitic effect of electrode polarization (EP). EP is stronger in lossy dielectric materials and is caused by the concentration of charge carriers at the electrode/sample interface, often resulting to the shadowing of the intrinsic dipolar response of the dielectric material (i.e. the re-orientation of dipoles) and thus hinder molecular understanding 43,44. According to the pioneering work of Coelho 45, the contribution of EP in the dielectric frequency spectrum can be described with the Debye function, as extensively discussed by Klein et al. in single-ion polymer electrolytes 46. The obtained Havriliak-Negami shape parameters are provided in Table 2 below and an example of the fitting curves is provided for sample 3 in Figure 3 where a deconvolution of the dielectric response is presented. Across the broad temperature range, four temperatures were chosen, namely -20, 40, 100, and 150 oC, presented in Figures 3a, 3b, 3c and 3d respectively.
[image: ]
Figure 3. The imaginary part of dielectric permittivity as a function of frequency for sample 3 at: (a) -20 °C, (b) 40 °C, (c) 100 °C, and (d) 150 °C.

Figure 3 clearly shows that with the evolution of temperature, the dipolar and charge transport phenomena move to higher frequencies, indicative of the thermally-activated nature of such processes. It should be noted that thermoplastic starch also exhibits secondary relaxations at temperatures below -20 °C; information on such secondary relaxations examined via Broadband Dielectric Spectroscopy can be found elsewhere 34.

Table 2. The Havriliak-Negami function shape parameters obtained per dielectric process and sample. The values are averaged over temperature with the errors corresponding to the standard deviation. In cases where errors are not included, the shape parameter was constant throughout the whole temperature range.
	Dielectric Process
	Sample 1
	Sample 2
	Sample 3

	Cole-Cole shape parameter m

	α-relaxation (glycerol)
	0.511±0.021
	0.576±0.026
	0.480

	α-relaxation (starch)
	0.602±0.028
	0.650±0.060
	0.608±0.042

	σ-relaxation
	0.690±0.036
	0.770±0.044
	0.802±0.065

	electrode polarization
	0.735
	0.730±0.005
	0.735±0.125

	Davidson-Cole parameter n

	α-relaxation (glycerol)
	1.000
	0.749±0.050
	1.000

	α-relaxation (starch)
	1.000
	1.000
	1.000

	σ-relaxation
	1.450±0.073
	1.300±0.070
	1.254±0.097

	electrode polarization
	1.360
	1.369±0.010
	1.425±0.404



According to the shape parameter values presented in Table 2, both the σ-relaxation and the electrode polarization processes exhibit n values higher than 1 but always m*n ≤ 1. Although not a common feature, this is not prohibited by the Havriliak-Negami function and thus stands mathematically 47. Physically, the n > 1 values translate to average relaxation times that are lower than the reciprocal value of the corresponding angular frequency loss peak position, as described by Equation (3). By using m < 1 and n > 1 the imaginary part of the dielectric permittivity curve is anisotropic with a greater broadness towards lower frequencies. In the specific case that m*n = 1, then the high-frequency part of the loss peak resembles that of a Debye process. Finally, from the relatively low error values of the shape parameters of all dielectric processes and samples, it is evident that m and n depend loosely upon temperature. 
The temperature dependence of the relaxation times of the observed dielectric processes was observed to follow the Vogel-Fulcher-Tammann model presented below:

where τ0 is a pre-exponential factor that corresponds to the relaxation time at infinite temperature, D and Tv are the fragility parameter and the Vogel temperature respectively, and T is the absolute temperature. It is common for the dynamic glass-to-rubber transition process to follow the VFT equation 48. Therefore, both α-relaxation processes of the glycerol-rich and starch-rich phases have a VFT temperature dependence. Moreover, the σ-relaxation also obeys the VFT equation which is typical for ion-conducting polymers due to participation of the segmental dynamics in ion hopping 49. The VFT fitting parameters used to describe the α-relaxation processes and σ-relaxation of the examined samples are presented in Table 3.

[image: ]
Figure 4. The average values of the Havriliak-Negami relaxation times as a function of reciprocal temperature. The black dotted line corresponds to the re-created α-relaxation dynamics of pure glycerol based on the VFT parameters provided by Puzenko et al.,50 for comparison reasons. The blue arrows show that the α-relaxations of the starch-rich and glycerol-rich phases for sample 2 are drawn together compared to sample 1.

[bookmark: _Hlk172729958]The temperature dependence of the recorded relaxation processes between samples 1 and 2 do not appear to be significantly different, as supported by Figure 4 and the VFT fitting parameters shown in Table 3. Particularly the α-relaxation dynamics of the glycerol-rich phase between samples 1 and 2 are almost identical. It is evident that compared to pure glycerol, the relaxation times of the glycerol-rich phase are characterized by higher relaxation time values. We attribute this effect to a strong interaction between starch and glycerol that hinders glycerol’s segmental relaxation, also expressed by an increase in Vogel temperature by 15-18 K compared to that of pure glycerol 50. In addition, the increase in relaxation times can be expressed as a measure of miscibility between starch and glycerol as a blend that essentially draws the dynamics towards a common segmental relaxation 51. Under this view, it is evident that the combination of extrusion and kneading (sample 2) affects the relaxation times of both α-relaxations of the glycerol- and starch-rich phases towards a unified segmental relaxation of the perfectly miscible blend, indicative of increased miscibility between starch and glycerol. This is depicted by the fact that compared to sample 1, the α-relaxations of the starch-rich and glycerol-rich phases are moving closer to each other, graphically shown by the blue arrows in Figure 4. However, although the miscibility is improved, still there are two phases with very distinct relaxation time regimes. The findings on relaxation dynamics regarding the improved miscibility between the starch-rich and glycerol-rich phase for sample 2, agree with what we observe in Figure 1 via DSC and TGA. Both techniques show that for sample 2, the glycerol evaporation temperature increases as opposed to the other samples, and thermal stability enhances up to 300 °C. The enhanced thermal stability as observed in Figure 1 via DSC and TGA is attributed to the improved miscibility between the starch-rich and glycerol-rich phases after the combination of extrusion and kneading, as corroborated by the relaxation map presented in Figure 4.
Sample 3 deviates from the other two samples and exhibits significantly reduced relaxation time values throughout all the observed dielectric processes. During the preparation of sample 3, water was also used as a plasticizer. Initially, the α-relaxation of the glycerol-rich process appears to be almost identical to that of pure glycerol, indicating poor interaction between the two polymers 52. A similar reduction was also recorded for the α-relaxation time values of the starch-rich phase indicating that the water/starch system is more mobile than the glycerol/water system. Moreover, it is to be expected that the water/starch system is going to be sensitive to water evaporation 32,34,53. Indeed, with increasing temperature, the relaxation time values of the α-relaxation of the starch-rich phase tend to be comparable to the other two samples, a phenomenon that is attributed to the gradual evaporation of water molecules due to the vapor pressure of free water 32,53. At temperatures above 100 °C, a sudden increase in the relaxation time values is observed which is associated with water’s phase transition from liquid to gas. For that reason, we only fitted the calculated HN relaxation times up to 100 °C. As a result, we conclude that in a starch/glycerol/water system, water molecules, being smaller than glycerol, act as a more efficient plasticizer for starch, thus promoting the phase separation between the starch-rich and glycerol-rich phases. 

Table 3. VFT fitting parameters based on Equation (4) to describe the relaxation time-temperature dependence.
	dielectric process
	τ0 (s)
	D
	Tv (K)
	R2

	Sample 1

	α-relaxation (glycerol)
	7.00*10-15
	17.892±0.007
	138±0.1
	0.99865

	α-relaxation (starch)
	2.00*10-9
	12.388±0.005
	154.5±0.1
	0.99893

	σ-relaxation
	1.65*10-6
	16.605±0.009
	145.0±0.1
	0.99749

	Sample 2

	α-relaxation (glycerol)
	7.00*10-15
	18.190±0.084
	139.6±0.5
	0.99997

	α-relaxation (starch)
	1.00*10-10
	15.804±0.007
	148.0±0.1
	0.99828

	σ-relaxation
	1.65*10-6
	20.884±0.010
	131.7±0.1
	0.99791

	Sample 3

	α-relaxation (glycerol)
	3.63*10-15
	17.723±0.173
	130.2±1.1
	0.99991

	α-relaxation (starch)
	2.50*10-9
	8.211±0.015
	164.4±0.1
	0.98645

	σ-relaxation
	1.65*10-7
	24.738±0.138
	120.4±0.7
	0.99995



Often the use of various dielectric formalisms is necessary to isolate all the dielectric contributions and examine their characteristics 54–56. By employing other dielectric formalisms than dielectric permittivity, we aim to obtain further information about the underlying physical mechanisms including charge transport. For that purpose, we employed the ac conductivity and impedance as presented in Figure 5 and defined in Equations (5) and (6) respectively:


[bookmark: _Hlk133607939][bookmark: _Hlk133608038][bookmark: _Hlk173078384]where A is the electrode cross-sectional area and l is the distance between the electrodes (which is equivalent to the sample’s thickness). It is well established in the literature that the ionic conductivity σion can be calculated as the plateau value of σ'ac where σ''ac exhibits a minimum 57. In the temperature range that we examine here, the ionic conductivity is significantly higher than the dc conductivity as expected from a carbohydrate polymer. The values of σ'ac and σ''ac for all the samples under study at 70 °C are presented below in Figure 5a. Based on the frequency position where σ''ac exhibits its minimum values, it is evident that charge transport in sample 3 is faster (higher frequency) which aligns with the HN fittings of the σ-relaxation (lower ‹τHN› values) presented in Figure 4. In addition, although both samples 1 and 2 exhibit rather similar σ'ac values, sample 3 is higher by almost an order of magnitude. This significant variation is attributed to two factors: (1) that water molecules contribute charge carriers (ions) to the system 34 and (2) the water/starch system is more mobile (as established in Figure 4) and thus promotes charge transport. According to Figure 1b, the TGA analysis showed that the water loss is stronger in samples 1 and 2, implying that in comparison, sample 3 had more trapped water. The impedance data at 70 °C are presented by means of a Nyquist plot that shows two contributions, one full semicircle and an additional non-fully completed semicircle, as shown in Figure 5b. The full semicircle is attributed to the σ-relaxation with the Z' values to correspond to the resistance of the ions hopping (where Z'' exhibits a strong minimum). The uncompleted semicircle corresponds to the contribution of the electrode polarization. 

[image: ]
Figure 5. Ac conductivity (real and imaginary parts) for the (a) non-dried and (b) dried TPS samples. (c) Charge transport dynamics for dc and ionic conductivities as a function of reciprocal temperature. (d) Application of the BNN relation between the ionic conductivity and the dipolar characteristics of σ-relaxation.

     Charge migration in dielectric materials is a thermally assisted process expressed in both the dc and ionic conductivities, as depicted in Figure 5c. As a result, like the temperature dependence of the relaxation times, both the ionic and dc conductivities were found to obey the VFT equation with temperature:

[bookmark: _Hlk133611361][bookmark: _Hlk172729579][bookmark: _Hlk173075324]where σ0 is either σion or σdc, σ∞ is the electrical conductivity at an infinite temperature and the rest of the parameters have been already discussed previously. The conductivity VFT fitting parameters for the samples under study are provided in Table 4 below. Based on the information presented in Table 4, it is evident that the contribution of dc conductivity is only significant at the high temperature edge. This effect is also mathematically translated to the Vogel temperature, TV, of the VFT equation. Contrary to dc conductivity, the ionic conductivity values are significantly higher by 1 – 2 orders of magnitude, as represented by the σ∞ values. As discussed previously, the ionic species in thermoplastic starch are hydrogen ions hopping as a result of the presence of hydroxyl groups originating from starch, glycerol, and water 34,42. The Vogel temperature corresponds to an ideal glass-to-rubber temperature 52 and here it takes values between -87 to -75 °C for the ionic conductivities according to Table 4. The Vogel temperature is expected to be approximately 40 °C below the experimentally observed glass-transition temperature which in the case of the ionic conductivity yields a Tg in the vicinity of -40 °C. Therefore, it is evident that the hydrogen ions become mobile at temperatures just slightly higher than the Tg values of both the starch-rich and glycerol-rich phases, a fact that strengthens the notion that the segmental relaxation assists the migration of hydrogen ions in the dielectric matrix. In our recent publication 34, we examined the properties of thermoplastic starch produced via extrusion (the same as sample 1 presented here) and a comparison was established between non-dried and dried samples. Our investigation yielded interesting results by showing that the segmental dynamics originating by both the starch-rich and the glycerol-rich phases appear at temperatures as low as below -50 °C, contrary to what is reported in the literature 33, where the starch-rich phase is assumed to be located close to room temperature. We attributed this discrepancy to the narrow experimental window of observation and how the data were obtained in other publications, i.e., via Dynamic Mechanical Analysis (DMA) which typically is measured in one frequency compared to the broad frequency available via BDS. The two relaxation regimes can be observed in the pioneering work from Forssell et al.35 published in 1997 showing the real part of the dynamic tensile modulus and mechanical loss tangent against temperature at 10 Hz for similar materials. To directly compare their DMA information with our work, we show the dielectric equivalent for the real part of electric modulus and dielectric loss tangent, as shown in Figure S4 in the Supplementary Information.

Table 4. VFT fitting parameters based on Equation (9) to describe the dc (σdc) and ionic (σion) conductivities temperature dependence.
	Sample 
	σ∞ (S/m)
	D
	Tv (K)
	R2

	dc conductivity

	Sample 1
	0.0029
	1.078±0.038
	296.9±3.8
	0.99520

	Sample 2
	0.0630
	4.404±1.414
	235.3±26.4
	0.99892

	Sample 3
	0.0151
	2.626±1.924
	236.9±55.8
	0.98554

	ionic conductivity

	Sample 1
	0.224
	5.755±0.443
	199.6±7.4
	0.99986

	Sample 2
	0.194
	6.274±0.056
	195.1±1.9
	0.99959

	Sample 3
	0.352
	5.947±0.074
	186.1±2.7
	0.99908



[bookmark: _Hlk173083754][bookmark: _Hlk173164067]Although thermoplastic starch is intrinsically an ionically conductive polymer, its ionic conductivity values are still significantly lower in comparison to doped thermoplastic starch ionic liquids 58,59. Various types of starch mixed with ionic liquids yield ionic conductivities from 0.02 up to 50 S/m at 80 °C 60–65, as opposed to our undoped TPS that exhibited σion equal to 1.2x10-4, 0.9 x10-4, and 3.3 x10-4 S/m for samples 1 – 3 respectively, at the same temperature. As discussed in the literature 66–68, it is typical for the electrical conductivity of ionic liquids to follow a universal relationship with what is known as the 'characteristic frequency ωc'. The ωc corresponds to the lowest effective jump frequency of the hopping charge transport mechanism, according to the random free‐energy barrier model, introduced by Dyre in 1988 69. On a similar path, we recently established the proportionality between the dipolar characteristics obtained from the HN fittings, namely Δε and , of the σ-relaxation and σion in thermoplastic starch 34, a rather common feature of ionically conductive polymers 68,70. The 1–1 proportionality between the σ-relaxation and ionic conductivity indicates a coupling between the two and indicates that they are expressions of a common physical process, the migration of hydrogen ions. To examine this proportionality we utilized the Barton, Nakajima, and Namikawa (BNN) relation 71 as seen below:

where  and  are the relaxation dielectric strength and the average relaxation time of the σ-relaxation process, respectively, with  being a constant close to unity 69. As shown in Figure 5d, a common BNN fit appears to fit the data from all samples yielding a parameter p equal to 0.938. The applicability of the BNN relation over at least 4 orders of magnitude showcases that indeed there is a strong coupling between the σ-relaxation and ionic conductivity. Therefore, our findings highlight that both mechanisms stem from a common physical process, the migration of hydrogen ions.

4. Conclusions
[bookmark: _Hlk154607347][bookmark: _Hlk154607456]In summary, thermoplastic maize starch biomaterials were developed based on distinctly different processing conditions. The manufacturing protocols applied were: (1) starch/glycerol mixing and extrusion, (2) starch/glycerol mixing, extrusion, and kneading, (3) starch/glycerol/water mixing and kneading. Subsequently, the resulting thermoplastic starch samples were compared based on their molecular and physical properties. The thermal properties were investigated by means of DSC and TGA showing that the extrusion and kneading, when combined, improve the thermal stability of thermoplastic starch. The relaxation dynamics and charge transport properties were investigated by Broadband Dielectric Spectroscopy at broad temperatures (-20 °C to 150 °C) and frequency (10-1 Hz to 107 Hz) ranges. Overall, four dielectric phenomena were observed, namely the dynamic glass-to-rubber transition processes of the glycerol-rich and starch-rich phases, the σ-relaxation, and the parasitic effect of electrode polarization. Dielectric relaxation dynamics revealed that additional processing via kneading after extrusion, increases the miscibility between starch and glycerol, being the explanation behind the improved thermal stability proven via DSC and TGA. On the other hand, the addition of excess water during the premixing stage promotes phase separation between glycerol and starch. In that case, the interaction between water molecules and starch granules is preferred over glycerol/starch, as a result of the greater mobility of water. The water/starch-rich phase appears to react faster to the applied electric field (lower relaxation time values) whilst the glycerol-rich phase behaves almost as pure glycerol. The faster segmental dynamics of the starch-rich phase due to the addition of water was observed to promote hydrogen ion hopping, based on the ac conductivity and impedance dielectric formalisms. Despite any differences between the samples, the BNN relation is applicable indicating strong proportionality between the ionic conductivity and the dielectric characteristics of the σ-relaxation. The applicability of the BNN relation highlights that the migration of hydrogen ions produces polarization in thermoplastic starch. 

Supporting Information
Structural information of the samples under study via means of FTIR analysis is provided in the Supporting Information (SI) in Figure S1. In Figure S2 the morphological characteristics of the samples under study are presented, namely photographic and SEM imaging. Figure S3 shows the real part of dielectric permittivity as a function of frequency varying the temperature for all the samples under study; the experimental data against the HN fittings can be observed. Figure S4 shows the real part of electric modulus and the loss tangent both as a function of temperature at 10 Hz for sample 1 with the two α-relaxation processes highlighted.
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