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Abstract:  

Introduction: The use of mathematical models to understand the dehydration of amaranth 

improves the efficiency and quality of drying, benefiting costs, sustainability, and product 

innovation. 

Objectives: The main objective was to validate different mathematical models that 

accurately describe the drying process, allowing the determination of the kinetic and 

thermodynamic parameters that govern it, as well as the physicochemical and functional 

characteristics of the resulting amaranth flour. 

Methods: Amaranthus dubius seeds were cleaned, disinfected, cooked at 70°C for 30 

minutes, and then dried at 60, 70, and 80°C in a tray dryer with controlled airflow. Dried 

samples were ground and sieved. Moisture content during drying was modeled using five 

mathematical models, Page, Midilli, Lewis, Logarithmic and the de Henderson y Pabis. The 

effective moisture diffusion coefficient and activation energy were determined using Fick's 

second law and the Arrhenius model. Functional properties such as water retention capacity, 

oil absorption capacity, and gelation capacity were evaluated using standard methods. 

Statistical analysis included ANOVA and Tukey’s test with a significance level of p < 0.05.  

Results: the Midilli model being the one that best adapted to the experimental curves, 

demonstrating precision in representing the drying curve of amaranth flour. On the other 

hand, lower moisture percentages (9.09 ± 0.15%) and water activity (0.45 ± 0.00) were 

found when the drying temperature was 80 °C, and the obtained flour showed a remarkable 

water retention capacity, while the emulsifying capacity showed its highest value in the 

flours obtained at 70 and 80°C. These findings underscore the importance of selecting the 

drying temperature properly in the production process of amaranth flour, as it can 

significantly influence its physical and functional properties, which in turn impacts its 

suitability as a functional ingredient for formulating various types of foods. 

Conclusions: the results obtained in this study allowed us to conclude that the Midilli model 

was the one that best adapted to the experimental curves, demonstrating its precision in 

representing the drying behavior of amaranth flour. Furthermore, it was found that a drying 

temperature of 80 °C resulted in the lowest moisture content and water activity, which 

translates into greater product stability. The flour obtained at this temperature exhibited a 

remarkable water retention capacity, while the emulsifying capacity reached its highest 
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values in the flours dried at 70 and 80 °C. These findings highlight the importance of 

selecting an appropriate drying temperature during the production process, as it can 

significantly influence the physical and functional properties of amaranth flour, directly 

impacting its suitability as a functional ingredient in the formulation of various foods. 

Keywords: Mathematical modeling; drying kinetics; Amaranth flour; Functional 

properties; drying temperature. 

1. Introduction 

Amaranth (Amaranthus viridis M.) is a nutrient-rich plant, primarily in volatile compounds [1]. This 

makes the drying stage critical in its processing, significantly impacting the quality and efficacy of 

foods with elevated nutritional levels [2]. Consequently, inefficient drying can lead to substantial 

nutrient losses and a significant increase in energy consumption, directly affecting production costs 

and the environment [1], [3]. 

To improve drying processes, mathematical models and the simulation of drying curves enable optimal 

process control and the production of high-quality products [4]. The development of robust 

mathematical models enables the integration of thermodynamic variables, mass and energy transfer 

kinetics, and the physical properties of the material, facilitating scenario simulation and the 

quantification of cause-effect relationships for data-driven decision-making [5]. These tools enhance 

operational efficiency and process sustainability by reducing energy consumption, preventing 

premature wear of drying equipment, and preserving final product quality [6], [7]. 

This is because mathematical models allow for the optimization of kinetic and thermodynamic 

parameters in the drying process [8]. For example, Silveira et al. [9], propose the Lewis linear model 

to describe drying kinetics, while Compaoré et al. [10], suggest a nonlinear model such as the Midilli 

model. On the other hand, Attkan et al. [11], and Revaskar et al. [12], argue that nonlinear models like 

the Page model or the modified Page model, respectively, better fit experimental drying curves. Other 

applied models include the convection model [13], the osmotic dehydration-freezing model [14], the 

microwave model [15], [16], and the fluidized bed model equipped with a heat pump dehumidifier 

[17], among others. However, all these models differ in how they express the relationship between 

drying rate and residual moisture. 

Therefore, the purpose of this research is to determine the mathematical model that best fits the 

experimental drying curves of amaranth seeds at different drying temperatures and to evaluate its effect 

on the functional properties of Amaranthus viridis M., during processing and storage. This 

optimization aims to enhance the process from both an energy efficiency and product quality 

perspective, enriching the body of knowledge in agrifood process engineering. Additionally, it 

establishes foundations for future research in this field, opening new opportunities for technological 

advancement and innovation in food processing. 

2. Objectives 

The purpose of this research is to determine the mathematical model that best fits the experimental 

drying curves of amaranth seeds at different drying temperatures and to evaluate its effect on the 

functional properties of Amaranthus viridis M., during processing and storage. This optimization aims 
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to enhance the process from both an energy efficiency and product quality perspective, enriching the 

body of knowledge in agrifood process engineering. Additionally, it establishes foundations for future 

research in this field, opening new opportunities for technological advancement and innovation in food 

processing. 

3. Methods 

a) Raw Material 

240 amaranth plants (Amaranthus dubius M.) were purchased from a supplier at the local market of 

Arenales in Ica, Peru, yielding 6345 g of seeds. These seeds were carefully washed and disinfected 

with 25 ppm sodium chloride solution. Subsequently, the seeds were filtered and cooked at 70°C for 

30 minutes. After cooking, the Amaranthus dubius M., seeds were dried in an ESCO brand tray dryer 

(Model OFA-170-8), equipped with electrical heating elements. This equipment achieved a drying 

speed of 10 m·s⁻¹ and maintained a constant flow of dry air at 3.0 ± 0.2 m·s⁻¹, with a total load capacity 

of 5 kg. The drying temperatures used were 60, 70, and 80°C. The dimensionless moisture ratio (MR) 

was calculated according to the following equation (1): 

𝑀𝑅 =
𝑀𝑡 − 𝑀𝑒

𝑀0 − 𝑀𝑒
     (1) 

Where Mt indicates the moisture content at time (t) until constant weight is reached, Me is the 

equilibrium moisture content, and M0 is the initial moisture content. Once the samples were 

completely dry, they were ground using a Corona® mill and then sieved through a 0.250 mm mesh. 

Subsequently, the samples were packed in polyethylene bags with airtight seals and stored under 

refrigeration at 5°C until the corresponding functional analyses were conducted. 

b) Mathematical Models 

In Table 1 shows five simplified mathematical models that explain the evolution of moisture content 

during the drying of Amaranthus dubius M., seeds. 

Table 1. Mathematical models describing the drying processes of Amaranthus dubius M. 

Model Name Model equation Nº 

Page 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡𝑛) (2) 

Midilli 𝑀𝑅 = 𝑎 ∗ 𝑒𝑥𝑝(−𝑘𝑡𝑛) + (𝑏 ∗ 𝑡) (3) 

Lewis 𝑀𝑅 = 𝑒𝑥𝑝(−𝑘𝑡) (4) 

Logaritmo 𝑀𝑅 = 𝑎 ∗ 𝑒𝑥𝑝(−𝑘𝑡) + 𝑐 (5) 

Henderson y 

Pabis 

𝑀𝑅 = 𝑎 ∗ 𝑒𝑥𝑝(−𝑘𝑡) (6) 

Where a, b, c, k, and n represent the kinetic constants of the models, while MR is the moisture ratio. 

c) Diffusion Coefficient, Activation Energy 

The effective moisture diffusion coefficient (Deff), expressed in square meters per second (m².s-1), 

was calculated using Fick’s second law of diffusion applied to different drying temperatures. This 

determination is based on the assumption that the temperature remains constant during the drying 

process, with no significant changes. For this calculation, the equation modeling the drying process 

was used: 
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−𝑙𝑛(𝑀𝑅) = (
𝜋2𝐷𝑒𝑓𝑓

4𝐿0
2 ) 𝑡 − 𝑙𝑛 (

8

𝜋
)     (7) 

When analyzing the relationship between drying time (t) and moisture ratio (MR) of Amaranthus 

dubius M., seeds, and considering that their geometry resembles a slab (where L₀ represents half the 

thickness of the material and Deff is the measure of moisture’s ability to diffuse through the material), 

the effective diffusion coefficient can be calculated from the slope (m) of the linear plot derived from 

Equation 7 can be used to calculate Deff. 

(
4𝑚𝐿0

2

𝜋2 ) = 𝐷𝑒𝑓𝑓     (8) 

Considering that the Deff in foods exhibits a significantly temperature-dependent relationship with 

drying temperature, and its behavior aligns with the Arrhenius model, it is established that the 

relationship between Deff and drying air temperature (Ta) is accurately described by the Arrhenius 

model. 

𝐷𝑒𝑓𝑓 = 𝐷0𝑒𝑥𝑝
[−

𝐸𝑎
𝑅𝑇𝑎

]
     (9) 

Where R is the universal gas constant (8.314 J·mol⁻¹·K⁻¹), Eₐ is the activation energy (J·K⁻¹·mol⁻¹), 

D₀ is the pre-exponential factor or initial diffusion constant (m²·s⁻¹), and Ta is the absolute temperature 

(K). From the linearized Arrhenius equation, as shown in Equation 10, it is observed how Deff varies 

with the absolute temperature (Ta) measured in kelvin. 

−𝑙𝑛(𝐷𝑒𝑓𝑓) = (
𝐸𝑎

𝑅
) (

1

𝑇𝑎
) + 𝑙𝑛𝐷0     (10) 

D₀ is calculated from the slope (m) and intercept (b), respectively, of the plot derived from Equation 

(10). Additionally, once Ea is known, it is possible to calculate the changes in enthalpy (ΔH), entropy 

(ΔS), and Gibbs free energy (ΔG) using the following equations: 

∆𝐻 = 𝐸𝑎 − 𝑅𝑇     (11) 

∆𝑆 = 𝑅 (𝑙𝑛𝐷0 − 𝑙𝑛 (
𝑘𝐵

ℎ𝑝
) − 𝑙𝑛𝑇)     (12) 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆     (13) 

Where, KB represents the Boltzmann constant (1.38 × 10⁻²³ J·K⁻¹), hp is the Planck constant (6.626 × 

10⁻³⁴ J·s), T is the absolute temperature measured in kelvin. 

d) Functional Properties of Amaranth Flour 

Water Retention Capacity 

The water retention capacity (WRC) of Amaranthus dubius M., flour was determined at room 

temperature (28 ± 2°C) using the Onwuka method [18]. One gram (W₁) of the sample was poured into 

a centrifuge tube and weighed (W₂). Then, 10 mL of distilled water was added to the tube. The contents 

were mixed using an electric vortex mixer for 2 minutes and allowed to rest at room temperature (28 

± 2°C) for 30 minutes. The tubes were centrifuged at 3000 rpm for 10 minutes using a centrifuge 
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(FOUR Model CF-0202003). The supernatant liquid was drained at a 45° angle for 10 minutes. The 

remaining contents of the tube were then removed and weighed (W₃). The WRC was expressed as the 

percentage of water volume absorbed per sample weight, as shown in Equation (14). 

𝑊𝑅𝐶 = (
𝑤3 − 𝑤2

𝑤1
) 𝑥100%     (14) 

Where W₃ is the weight of the centrifuge tube plus the sample after centrifugation and decanting, W₂ 

is the weight of the tube plus the sample before centrifugation and W₁ is the weight of the sample. 

Oil Absorption Capacity 

The oil absorption capacity (OAC) of Amaranthus dubius M., flour was determined at room 

temperature (28 ± 2°C) using the Onwuka method [18]. One gram (W₁) of the sample was measured 

into a pre-weighed centrifuge tube (W₂). Then, 10 mL of soybean oil was added to the tube containing 

the sample. The mixture was blended for 60 seconds and allowed to rest at room temperature (28 ± 

2°C) for 10 minutes. Subsequently, it was centrifuged at 3000 rpm for 30 minutes using the centrifuge 

(FOUR Model CF-0202003). The oil was carefully poured off, allowing it to drain at a 45° angle for 

10 minutes, and the tubes were weighed (W₃). The OAC was calculated as the percentage of oil volume 

absorbed by the samples, as shown in Equation (15). 

𝑂𝐴𝐶 = (
𝑤3 − 𝑤2

𝑤1
) 𝑥100%     (15) 

Where W1 is the weight of the sample, W2 is the weight of the tube plus the sample before 

centrifugation and W3 is the weight of the tube plus the sample after centrifugation and decanting. 

 

Gelation Capacity 

The gelation capacity (GC) of Amaranthus dubius M., flour was determined using the Onwuka method 

[18]. Suspensions of amaranth flour at 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 30% (w.v-1) were 

prepared in 5 mL of distilled water and heated to 100°C for 1 hour in a water bath. The mixtures were 

then cooled in an ice-water bath at 1.0 ± 0.2°C for 1 hour. The minimum gelation concentration was 

assessed as the concentration at which all samples in the inverted tube did not slide. Gelation was 

defined as the lowest concentration at which the sample in the inverted tube did not fall or slide. 

e) Statistical Analysis 

The suitability of the proposed models for the drying kinetics of the two onion varieties was evaluated 

using statistical tests involving the sum of squared errors (SSE), calculated via Equation 16 and 

processed with Excel software. The lowest SSE values (≈0.0) were used as the criterion to select the 

model that best fit the experimental curve. 

𝑆𝑆𝐸 =
1

𝑁
∑(𝑀𝑅𝑒,𝑖 − 𝑀𝑅𝑐,𝑖)

2
𝑁

𝑖=1

     (16) 

In the equation (16), MRe,i represents the experimental moisture content, MRc,i is the calculated 

moisture content, i is the number of terms, and N is the number of data points. The results obtained for 

the functional properties were subjected to analysis of variance (ANOVA) to determine potential 

statistical differences between the properties of the flours produced under the three temperature 
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treatments (60°C, 70°C, and 80°C). If significant differences between means were observed, Tukey’s 

test was applied, setting a significance level of p < 0.05. 

4. Results 

a) Drying Curves 

Figure 1 shows the drying curves obtained experimentally for Amaranthus dubius M., at different 

drying temperatures 60, 70 and 80°C depending on the relative humidity (MR). 

 

Figure 1. Dimensionless moisture content (MR) 

curves as a function of time, under three different 

drying temperatures: 60, 70 and 80 ºC for 

Amaranthus dubius. 

Figure 1 reveals that during the drying of Amaranthus dubius M., increasing the air-drying temperature 

significantly reduces the relative humidity. It is also evident that equilibrium moisture content is 

reached more rapidly at a drying temperature of 80°C, achieving this state within 150 minutes.  

Table 2. Empirical Models and Regressive Statistical Parameters of Amaranthus dubius M. 

Model 
T 

(˚C) 
SMC K n a c b 

Lewis 

60 

0.134 7.9 x 10-3     

Page 0.060 3.4 x 10-2 0.5    

Henderson y Pabis 0.035 5.7 x 10-3  0.69   

Logaritmo 0.028 3.5 x 10-3  1.30 -0.543  

Midilli 0.021 1.5 x 10-5 2.1 x 10-8 0.70  -2.5 x 10-3 

Lewis 

70 

0.059 9.2 x 10-3     

Page 0.045 5.4 x 10-3 2.2    

Henderson y Pabis 0.055 9.9 x 10-3  1.50   

Logaritmo 0.012 6.3 x 10-3  1.60 -0.196  

Midilli 0.008 3.1 x 10-3 1.6 1.21  -9.3 x 10-5 

Lewis 

80 

0.118 3.0 x 10-2     

Page 0.117 3.6 x 10-2 1.1    

Henderson y Pabis 0.098 1.7 x 10-2  1.15   

Logaritmo 0.031 9.7 x 10-3  1.36 -0.365  

Midilli 0.015 1.3 x 10-4 2.0 0.83  -2.0 x 10-4 

0
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When applying a one-way analysis of variance (ANOVA) with a 95% confidence level and Tukey’s comparison test, it was 

determined that, at two of the studied drying temperatures, the Midilli model exhibited the lowest sum of squared errors 

(SSE).  

Table 3. Results of Tukey’s comparison test for different empirical models at a 95% confidence level for various drying 

temperatures of Amaranthus dubius M. 

Modelo Temperatura (0C) 𝑺𝑺𝑬 

Lewis 

60 

0.134 A 

Page 0.060 B 

Henderson y Pabis 0.035 C 

Logaritmo 0.028 CD 

Midilli 0.021 D 

Lewis 

70 

0.059 A 

Page 0.055 B 

Henderson y Pabis 0.045 C 

Logaritmo 0.012 D 

Midilli 0.008 E 

Lewis 

80 

0.118 A 

Page 0.117 A 

Henderson y Pabis 0.098 B 

Logaritmo 0.031 C 

Midilli 0.015 D 

When applying a one-way analysis of variance (ANOVA) with a 95% confidence level and Tukey’s 

comparison test, it was determined that, at two of the studied drying temperatures, the Midilli model 

exhibited the lowest sum of squared errors (SSE). However, at 60°C, the results indicated no 

statistically significant differences between the Midilli model and the logarithmic model, as shown in 

the following table. 

Table 3. Results of Tukey’s comparison test for different empirical models at a 95% confidence level 

for various drying temperatures of Amaranthus dubius M. 

Modelo Temperatura (0C) 𝑺𝑺𝑬 

Lewis 

60 

0.134 A 

Page 0.060 B 

Henderson y Pabis 0.035 C 

Logaritmo 0.028 CD 

Midilli 0.021 D 

Lewis 

70 

0.059 A 

Page 0.055 B 

Henderson y Pabis 0.045 C 

Logaritmo 0.012 D 

Midilli 0.008 E 

Lewis 

80 

0.118 A 

Page 0.117 A 

Henderson y Pabis 0.098 B 

Logaritmo 0.031 C 

Midilli 0.015 D 

Note: Means that do not share a letter are significantly different. 

b) Diffusion Coefficient of Amaranthus dubius 

Fick’s second law was applied to calculate the effective water diffusion coefficient (Deff), and Table 

3 presents the results obtained for Amaranthus dubius M., at different drying temperatures. It was 
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observed that the Deff values for Amaranthus dubius M., increased as the drying temperature rose, 

ranging from 1.2 × 10⁻⁷ to 5.6 × 10⁻⁷ m²·s⁻¹ within the 60–80°C temperature range. 

Table 4. Effective diffusivity coefficient (Deff) for Amaranthus dubius M., at different drying 

temperatures (60, 70 and 80 ºC). 

T (K) Deff (m2.s-1) 

333.15 1.2 x 10-7 

343.15 3.2 x 10-7 

353.15 5.6 x 10-7 

c) Thermodynamic properties of Amaranthus dubius M. 

The values found for the enthalpy differential (∆H), entropy differential (∆S), and Gibbs free energy 

are detailed in Table 5.  

Table 5. Thermodynamic parameters for Amaranthus dubius M. 

T 
(°C) 

ΔH 
(kJ mol-1) 

ΔS 
(kJ mol-1 K-1) 

ΔG 
(kJ mol-1) 

60 73.1 -249 156 

70 73.0 -251 159 

80 72.9 -247 160 

d) Activation Energy 

Understanding the activation energy (Eₐ) allows for the selection of optimal temperature and 

operating time during drying, and using the slope of the linearized Arrhenius equation, the Eₐ for 

Amaranthus dubius M., was calculated as 75.881 ± 0.012 kJ·mol⁻¹. 

e) Functional Properties of Amaranth Flours 

Table 6 presents the functional properties of flours derived from Amaranthus dubius M. 

inflorescences subjected to three drying temperatures (60, 70, and 80°C). 

Parámetros 
Tratamientos 

(60 ºC) (70 ºC) (80 ºC) 

Capacidad de 

retención de 

agua (mL.g-1) 

6.3 ± 

0.11a 

7.2 ± 

0.57a 

8,2 ± 0,57b 

Capacidad de 

absorción de 

aceite (mL.g-

1) 

2.0 ± 

0.20a 

1.7 ± 

0.26a 

1,8 ± 0,10a 

Capacidad 

gelificante 

(%) 

No 

gelificó 

No 

gelificó 

No 

gelificó 

Note: Averages within a row with the same letter do not present 

statistically significant differences (p value < 0.05) according to 

Tukey's statistical comparison test. 
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Statistically significant differences (p < 0.05) were observed between the treatments at 60°C and 70°C 

compared to the treatment at 80°C for drying Amaranthus dubius M. The higher water absorption in 

flour dried at 80°C may be attributed to the thermal treatment’s impact on the flour’s functional 

properties. 

5. Discussion 

a) Drying Curves 

Figure 1 shows that during the drying process of Amaranthus dubius M., increasing the air-drying 

temperature significantly reduces the relative humidity. It is also observed that the equilibrium 

moisture content is reached much faster at a temperature of 80°C, achieving this state in just 150 

minutes. The removal of the monolayer of adsorbed water molecules, which occurs in the final stage 

of drying, requires a large amount of energy, resulting in higher energy consumption during the process 

[19]. The observed trend of faster drying time reduction with increasing temperature aligns with 

findings from studies such as those by Avila et al., [20] on timbo leaves, Silva-Paz et al., [21] on muña, 

and Gasparin et al., [22] on Mentha × piperita leaves. This phenomenon can be explained by the 

structure of the dried portion of food products, which decisively influences the formation of a material-

liquid complex. This complex determines the energy required to break the bond between water and the 

material’s structure during drying [19]. 

The model proposed based on the results obtained matches the one proposed by Süfer et al., [16] as 

the most suitable for the investigated drying techniques. Revaskar et al., [12], however, recommended 

the Page model as the best descriptor of experimental curves when evaluated on onion slices and Lopes 

et al., [8] in blueberry the model with the best fit was that of Henderson and Pabis and the two-term 

exponential model. Other authors propose models distinct from linear or nonlinear approaches, such 

as Jafari et al., [17], who introduced a forward backpropagation neural network model using the 

Levenberg-Marquardt training algorithm. 

b) Diffusion Coefficient of Amaranthus dubius 

It was observed that the Deff values for Amaranthus dubius M., increased as the drying temperature 

rose, ranging from 1.2 × 10⁻⁷ to 5.6 × 10⁻⁷ m²·s⁻¹ within the 60–80°C temperature range. These values 

align closely with those previously reported by Süfer et al., [16], who obtained diffusion coefficients 

between 1.962 × 10⁻⁹ and 1.372 × 10⁻⁸ m²·s⁻¹ for convective drying, 9.8 × 10⁻⁹ to 1.7 × 10⁻⁸ m²·s⁻¹ for 

vacuum drying (both processes conducted at 50–70°C), and 3.193 × 10⁻⁸ to 9.139 × 10⁻⁷ m²·s⁻¹ for 

microwave drying. Similarly, Attkan et al., [11] reported effective moisture diffusivity values in onion 

slices ranging from 1.33 × 10⁻⁸ to 2.49 × 10⁻⁸ m²·s⁻¹ using a low-humidity air-assisted hybrid solar 

dryer. 

As observed, the values found for ΔH (enthalpy change) and ΔS (entropy change) are lower than those 

reported by Braga da Silva et al., [23]. On the other hand, the Gibbs free energy (ΔG) values mentioned 

by Silveira Dorneles et al., [9] for pretreated Piper aduncum leaves ranged between 108.955 and 

113.889 kJ·mol⁻¹, while for laurel leaves, the value was 53.038 kJ·mol⁻¹—significantly higher than 

those found for onion [24]. 

c) Activation Energy 
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Understanding the activation energy (Eₐ) is essential for selecting the optimal temperature and 

operating time during the drying process. High Eₐ values indicate slow and prolonged drying, which 

can increase production costs. On the other hand, low Eₐ values result in rapid drying, but this may 

compromise product quality by damaging the material’s structural layers [6]. 

By using the slope of the linearized Arrhenius equation, the Eₐ for Amaranthus dubius M. was 

calculated as 75.881 ± 0.012 kJ·mol⁻¹, which is considerably higher than the values reported by Süfer 

et al. [16] for Allium cepa L. These values ranged from 3.28 to 34.13 kJ·mol⁻¹ for convective and 

vacuum drying, and from 2.25 to 6.08 W·kg⁻¹ for microwave drying. These results confirm that the 

activation energy is independent of drying conditions [10]. 

d) Functional Properties of Amaranth Flours 

Statistically significant differences (p < 0.05) were observed between the treatments at 60°C and 70°C 

compared to the treatment at 80°C for drying Amaranthus dubius M. The higher water absorption in 

flour dried at 80°C may be attributed to the thermal treatment’s impact on the flour’s functional 

properties. Studies have shown that heat treatments can increase water retention capacity and sucrose 

solvent retention capacity in flours, indicating enhanced protein hydration [25]. 

This property relates to the ability of proteins to hydrate, as proposed by Kalayan et al., [25] and is 

critical in food systems due to its effects on food flavor and texture [26]. Similarly, Yeung & Huang 

[27] suggest that minor structural changes in proteins through chemical modifications can improve 

specific functional properties required for food formulation. 

Oil absorption capacity, as shown in Table 3, revealed no significant differences (p > 0.05) between 

samples subjected to different treatment temperatures. Oil absorption is linked to the number of non-

polar side chains in proteins, which bind to hydrocarbon chains in fats [28]. This property is crucial 

for formulating bakery products, soups, and fried foods, as it relates to flavor retention and product 

tenderness [29]. As shown in Table 3, gelation capacity was not observed in amaranth flour 

suspensions. 

The observed trend of faster drying time reduction with increasing temperature aligns with findings 

from studies such as those by Avila et al., [20] on timbo leaves, Silva-Paz et al., [21] on muña, and 

Gasparin et al., [22] on Mentha × piperita leaves. This phenomenon can be explained by the structure 

of the dried portion of food products, which decisively influences the formation of a material-liquid 

complex. This complex determines the energy required to break the bond between water and the 

material’s structure during drying [19]. 

The model proposed based on the results obtained matches the one proposed by Süfer et al., [16] as 

the most suitable for the investigated drying techniques. Revaskar et al., [12], however, recommended 

the Page model as the best descriptor of experimental curves when evaluated on onion slices and Lopes 

et al., [8] in blueberry the model with the best fit was that of Henderson and Pabis and the two-term 

exponential model. Other authors propose models distinct from linear or nonlinear approaches, such 

as Jafari et al., [17], who introduced a forward backpropagation neural network model using the 

Levenberg-Marquardt training algorithm. 
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The Midilli model is the most suitable for representing the experimental data of the drying process of 

Amaranthus dubius M., regardless of variations in drying temperature. Increasing the temperature 

during drying significantly reduced the time required to remove moisture from Amaranthus dubius M., 

leading to a rise in the effective water diffusion coefficient. However, this temperature increase did 

not significantly affect the enthalpy differential, entropy, or Gibbs free energy, demonstrating that 

these thermodynamic properties remain relatively stable under the studied drying conditions. The 

functional properties of Amaranthus dubius M., flour are temperature-sensitive. The flour obtained at 

80°C exhibited a higher water absorption capacity, while the emulsifying capacity peaked in samples 

treated at 70°C and 80°C. In contrast, oil absorption capacity showed no significant variations across 

treatments. 
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